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PREFACE

This volume presents summary of activities of the High Energy Physics Division (HEPD) in the five
years period 2002—-2006. It can be considered as a continuation of the previous editions describing the HEPD
activities prior to 1997 (PNPI-XXV, High Energy Physics Division. Main Scientific Activities 1971-1996)
and for the period 1997-2001 (PNPI-XXX, High Energy Physics Division. Main Scientific Activities
1997-2001).

The HEPD of today is a laboratory with the total staff of 360 persons, including 155 physicists and 110
engineers, 112 of them being candidates and doctors of sciences. As in the previous years, the HEPD
strategy was, on one hand, to exploit in a maximum possible way the accelerator facilities available at PNPI
and, on the other hand, to maintain active international cooperation in fundamental research in the world's
most advanced accelerator centers.

The PNPI 1-GeV proton synchrocyclotron remains a valuable and reliable instrument for
nuclear studies, for medical applications, as well as for radiation studies of various materials and
equipment. The beam time provided by the synchrocyclotron in the last years was around 2000
hours per year. Together with PNPI users, scientists from other scientific centers, including research
groups from Japan, France, Italy and USA, participated in the experiments at the synchrocyclotron.
The medical 1-GeV proton beam was successfully used for neurosurgery. The total number of
patients treated at the PNPI Proton Therapy Center reached 1300. Besides the synchrocyclotron, the
PNPI electrostatic accelerator was aso active, being used for sensitive control of the surface
material contamination. At the same time, the PNPI engineers continued construction of the
80 MeV high-intensity isochronous proton cyclotron which should be specialized on radioactive
Isotopes production and on various medical applications.

During this period, the HEP Division participated in many experiments at leading accelerator
centers. Among them: the L3 experiment at CERN, DO experiment at FNAL (USA), PHENIX and
Crystal Ball experiments at BNL (USA), HERMES experiment at DESY (Germany), MuCap
experiment at PSI (Switzerland), severa experiments at GSI (Germany), COSY experiment at
Juelich (Germany), ISOLDE experiment at CERN, and some other experiments at the accelerators
at IHEP (Protvino), at ITEP (Moscow), at JNP (Dubna), as well as at the accelerators in the
Universities in Darmstadt (Germany), in Jyvaskyla (Finland), in Bonn (Germany), in Mainz
(Germany).

One of the major activities of the HEP Division in the last ten years was preparations for the
LHC experiments CMS, ATLAS, ALICE and LHCb. A great amount of various experimental
equipment was produced for each of these experiments at specially organized production sites at
PNPI. More than 100 PNPI specialists were involved in this work. This production was completed
by the end of 2006. The produced equipment was tested and delivered to CERN for installation into
the LHC detectors. The commissioning of the LHC detectors should be completed by mid of 2008.

The future plans of the HEP Division include participation in the experiments at the new
accelerator complex FAIR at GSI (Germany). PNPI will participate in design and construction of
thelarge-scale detectors CBM and PANDA, and also will take part in the NuStar program.

After the start up of the LHC collider, participation in the LHC experiments will be an
important part of the physics program at PNPI. Also, we shall continue participation in the fixed
target experiments, whenever we could offer some new ideas and expect high quality physics.

Alexey Vorobyov,
Director of High Energy Physics Division
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STATUSOF ACCELERATOR FACILITIES AT PNPI



PNPI SYNCHROCYCLOTRON IN 2002-2006
N.K. Abrossimov, G.F. Mikheev, G.A. Riabov, and the accelerator staff
1. The PNPI synchrocyclotron and its facilities
The PNPI synchrocyclotron (SC) was designed for research in the field of elementary particle and
nuclear physics, solid state physics, and for applied physics. SC is intensively used also for proton therapy

and nuclear medicine [1].
Figure 1 shows a view of the PNPI synchrocyclotron complex.
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Fig. 1. A view of the PNPI synchrocyclotron complex

A scheme of the synchrocyclotron experimental area is shown in Fig. 2. The main SC parameters are as
follows: proton energy — 1000 MeV, internal beam intensity — 3 uA, intensity of the extracted proton beam
— 1 A, macro bunch duration — 10 ms, micro bunch duration — 10 ns, repetition rate — 50 Hz, accelerating
voltage amplitude — 8 kV, accelerating frequency range of a dee — 30.2—13.0 MHz, macro duty cycle — 0.52,
magnet weight — 8000 tons, consumed electrical power — 2.3 MW. The experimental area is about 20000 m’.
The SC staff is about 70 persons.

After 35 years of successful operation, PNPI SC remains an actively operating proton accelerator,
executing a competitive research program in the field of nuclear and applied physics. In spite of the fact that
modern "meson factories" exceed considerably PNPI SC in the beam intensity, nevertheless, due to some
accelerator features, there is a significant area of researches which is not overlapped by other facilities.



PNPI SC accelerates protons up to the energy of 1000 MeV, that is to the energy higher than that at the
meson factories. The energy of 1000 MeV is optimal for nuclear physics of intermediate energies, in
particular, for an investigation of nuclear density distributions by measurement of proton-nucleus scattering.
It appeared possible to study the production of K'-mesons and #7-mesons at proton and at pion beams,
respectively. The proton energy of 1000 MeV is also considered to be optimal for transmutation researches.
Due to a higher energy of the primary beam, the energy of secondary z-meson beams of SC is higher than
that of the meson factories, which is essential for partial wave analyses of pion-nucleon scattering and for
baryon spectroscopy investigations. Beam lines of PNPI SC are shown in Fig. 3, and the beam parameters

are presented in Tables 1-3.

Fig. 2. Scheme of the synchrocyclotron experimental area

Table 1
Proton beams
Particle Energy, Energy Intensity, Beam line Comments
MeV resolution, s!
%
p 1000 1 6x10" P1, P2, P3 Primary beam
p 1000 1 10° P2 Medical beam
3-5 mm

p 1000 3x107 10" P2 Monochromatic
beam

p 1000 1 10" Second medical
beam




Table 2
Secondary particle beams

Particle | Momentum, Ap/p, Intensity, Beam line Comments
MeV/c % s
T 450 6 10° ml-channel Achromatic mode
T 450 6 3x10°
" 250 2.5-12 3x10°-10’ n2-channel Achromatic mode
i 250 2.5-12 | 10°-5x10°
u 29 12 3%x10% “Surface” mesons
u 170 10 3%x10° u-channel Separated beams
w 160 10 9%10*
Table 3
Neutron beams
Energy, Intensity*, Pulse duration Frequency,
MeV s Hz
107 eV-10°MeV 3x10'" 10 ns 50

* Total intensity at the neutron production target

Some specialized experimental facilities are developed at PNPI SC.

The IRIS facility is aimed at investigations of short lived isotopes far from f-stability line. New types of
targets for a high production rate of rare isotopes have been developed at PNPI in collaboration with
scientists from Italy, France and Canada. The IRIS Laboratory is a well known world research center. This
laboratory is working in cooperation with other centers, such as ISOLDE at CERN.

The neutron time-of-flight facility. The time-of-flight neutron spectrometer GNEIS has a 10 ns spark
pulse and a 48.5 m flight base. The neutron beam is used for investigations of neutron interaction cross
sections. The cross sections for inelastic neutron-nucleus interaction in the case of heavy nuclei have been
measured in collaboration with Japan scientists in the frame of ISTS-19-72 program.

The proton therapy facility. The proton therapy facility has been developed at PNPI SC in
collaboration with the Central Research Institute of Roentgenology and Radiology (CRIRR) of the Russian
Ministry of Public Health. The main peculiarity of the Gatchina facility is application of the 1000 MeV
proton beam for irradiation of intracranial targets in human brain. Up to now, more than 1300 patients have
been treated.

Cooperation with the scientific community. 9 grants of RFBR and 4 grants of ISTS have been
obtained last five years for support of researches at PNPI SC.

36 scientists from 20 foreign centers of the USA, Switzerland, Japan, France, Italy and others took part
in 2002—-2006 in the SC scientific program.

Also, the Russian research centers — Khlopin Radium Institute, St.-Petersburg; JINR, Dubna; RNC
SHEP, Saratov; GSC PEI, Obninsk; ITEP, Moscow; RSC KI (the Russian Scientific Center “Kurchatov
Institute”), Moscow; SEA SPELS, MEPhI, Moscow; loffe PhTI, St.-Petersburg and others — took part in the
experimental program at SC.
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Fig. 3. Beam lines of PNPI SC. | — the primary proton beam 6x10'2 s™'; 1l — an additional small intensity proton beam 10'* s™";

IIl — a neutron beam; P1, P2, P3 — directions of proton beams; 1 — neutron production target; 2 — meson production target;

3 — distributing magnet of the proton beam; 71 — high energy meson channel; 4, 5 — removable platform with the second magnet
for m2A, 2B — low energy meson beams; 6 — separated u-meson beams u#A, uB; z, — vertical magnet-corrector;

Xy — horizontal magnet-corrector; black squares — intermediate proton beam dampers

2. SC operation in 2002-2006

During this period, PNPI SC was in operation for physical experiment ~2500 hours per year only.
The accelerator time distribution between physical experiments and applied researches is presented in
Table 4 and in Fig. 4.
PNPI SC has a support from the Russian Academy of Sciences and from the Ministry of Science and
Education.
In 2002-2006, SC users published 140 articles and reports including 20 articles on accelerator
technology. 9 candidate and 2 doctor dissertations have been defended.



Table 4

Ne Subject 2002 2003 2004 2005 2006 )y
hours
1 | IRIS 408 384 720 864 648 3024
2 | uSR-experiment 355 336 372 432 850 2345
Pion-nucleon
3 | interactions 384 336 288 288 264 1560
Baryon
4 | spectroscopy 216 - 254 408 360 1238
5 | Proton therapy 240 252 276 228 264 1260
6 | Nuclear fission 149 120 120 - - 389
7 | GNEIS — 384 — - — 384
8 | Radiation test RPL 48 24 60 84 72 288
9 AD 24 36 24 68 48 200
10 | FAMILON 120 - - 12 - 132
11 | Beam channeling and
reflection by bent crystals 0 0 0 120 168 288
Summary time 1944 1872 2114 2504 2674 11108
(o)
R:d.it\t/?on 1.2%
3.5% test "FAMILON" 2.6%
"GNEIS" Beam chaqnellng
and reflection by
3.5% bent cristal
Nuclear
fission
27%
11.5% RIS
Proton —— {
therapy
11%
Baryon
0,
spectroscopy 21%
. 14% USR-
Pion-nucleon experiment

interaction

Fig. 4. Distribution of SC operation time among the experimental programs in 2002—-2006
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3. New experimental facilities at PNPI SC
In parallel with a routine SC operation, an upgrade of the SC facilities has been performed in 2002—2006.
3.1. A new proton beam of variable energy (ISTC Ne 1405)

The purpose of the project is to obtain a proton beam with an energy from 200 up to 1000 MeV by using
the beam moderation in a degrader. PNPI SC accelerates protons up to the fixed energy of 1000 MeV with
an intensity of 1 uA. However, for a solution of some problems of fundamental physics, as well as for some
application tasks there is a necessity for a proton beam with variable energy. It is a common practice to
decrease energy of the primary proton beam using a degrader. An advantage of the degrader method is
absence of z-meson background at the exit channel. A shortcoming of this method is connected with a
decrease of the beam intensity and with an increase of the beam size, as well as of the divergence and the
energy spread due to interaction of the beam with the degrader substance. A Monte Carlo simulation was
used to optimize the proton beam of variable energy. An application of the Monte Carlo method to this
problem makes it possible to find all parameters of the beam in detail. The calculation algorithm consists of
two major stages. At the first stage, the parameters of the beam after the degrader are simulated with the
well-known “GEANT-3” code. At the second stage, the coordinates and momentum vectors of each proton
after the degrader are used as input data for “MESON” and “OPTIMUM?” codes [2, 3]. Experimental studies
showed good agreement with the results of calculations of the intensity, beam size and momentum spread, as
well as of the magnetic fields in dipole magnets and the gradients in quadrupole lenses of the beam line. The
intensity of the variable energy proton beam is presented in Table 5 for two beam-line regimes (with one or
two focusing doublets of quadrupole lenses) when the intensity of the primary beam at 1000 MeV is equal to
3x10"s7".

Table 5
Intensity of the variable energy proton beam when the intensity of the primary
proton beam is equal to 310" s™'

Intensity of variable energy proton beams,
E, P, s

MeV MeV/e one doublet two doublets two doublets

experiment experiment calculations
207 657 1.84 x 10’ 4.02x 10’ 6.36 x 10’
301 810 4.62 %10 2.49 x 10°
404 960 9.69 x 10’ 2.07 x 10° 7.50 x 10°
505 1097 2.07 % 10° 2.11x10°
612 1234 2.58 x10° 5.46 % 10°
802 1466 1.00 % 10° 9.03 x10° 4.26 x 10'°
899 1580 2.13 % 10° 3.09x 10" 177 x 10"

The variable energy beam developed in the frame of ISTS program can be used also for nuclear physics,
for investigation of radiation effects in electronic components, for proton therapy, etc.
The method of calculation tested in our experiment can be recommended for the
implementation at other accelerators to design beam lines with absorbers.
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3.2. Upgrade of the proton therapy facility

The proton stereotaxic therapy facility [4, 5] at PNPI has been in operation since 1975. The upgrade
program includes designing of two new computer-controlled proton beam collimators, a system of proton
beam profilometers for the beam position and size diagnostics, a computer regulation of currents in dipole
magnets and quadrupole lenses of the beam line and a computer control of dosimetry and beam
diagnostics at the irradiation point [6, 7]. A necessity of modernization is prescribed by the fact that the beam
collimators components have come close to the radiation damage limit, and computer control and regulation
systems have become out of date. The first collimator, located at the accelerator hall, consists of two pairs of
horizontal and vertical copper plates cooled by water, with a length of 250 mm along the beam, which
can be moved transversely to the beam. Four remotely regulated electric drives are used to move the plates
and to adjust the collimator hole. A regulation range of the size of this hole for a beam is from zero (that
is when the beam is completely blocked) up to 180 mm x 180 mm.

The second halo collimator, located in the accelerator experimental hall, has a fixed hole with the
diameter of 20 mm. The external diameter of this collimator is 150 mm, the length along the beam is
700 mm, 5 electric motors for an alignment of the collimator components along the beam being used. A new
mechanical construction with new electric drives has been developed and manufactured. Step-by-step motors
are used for an electric drive, and an automatic control system with a new hardware and software has been
designed and manufactured. The beam position and size along the beam line are measured using new
profilometers. Each profilometer consists of two pairs of semi-conducting plate-probes which can be moved
transversely to the beam axis to measure the X- and Y-profiles of the beam. A semiconductor probe
measures the beam current distribution along the X- and Y-coordinates with a 1 mm step. A beam scanner at
the irradiation point with a measurement range of 25 mm x 25 mm was reconstructed also. A computer
system regulates the probe movement, performs on-line processing of the results of the beam profile
measurements, and makes it possible a visualization on a computer display of the horizontal and vertical
profiles and 2D isocount contour distributions. A new absorbed dose monitor is used to control the expose
dose and beam current stability, and to switch off the accelerator in case when a planned dose is reached
over. Four PCs with Windows XP operation system, integrated in a local area network, are used for the
current control of the proton therapy facility.

In the frame of the proton therapy facility upgrade, new collimators with a long guaranteed lifetime and
a new computer control system have been developed. This increases reliability of the irradiation, reduces
time for a beam tuning and enlarges the facility capacity. The upgrade program has been executed with a
financial support of the Leningrad district Government.

3.3. Modernization of the SC equipment

The PNPI synchrocyclotron has been in operation since 1970, and some SC equipment is out of the
guaranteed lifetime, and is morally outdated. A program of the equipment repair, replacement and
modernization was carried out during 2002—2006.

1. The water-cooling system goes out of operation before other systems due to corrosion effects. A new
compact water-cooling tower with forced air ventilating such as GRD-350, fabricated at the St.-Petersburg
plant "TEPLOMASH", has been put into operation in connection with a productivity decrease and
degradation of the old aerobic water-cooling tower. The main parameters of the new tower are as follows:
water expenditure — 350 m’/hours, thermal flux — 2x10° kW, air expenditure — 165x10° m*/hour,
ventilator power — 7.5 kW, weight — 3.2 tons. Two new heat exchangers have been installed between the
first and second loops of the water-cooling system. It is a high-performance, turbulent, plate-type heat
exchanger T40 MHL/CDS16/86 with a total power heat transfer of 2.3 MW.

2. A number of high-power and high-voltage underground cables between the transformer substations
and the SC building have been replaced to save efficiency of the 10 MW SC power supply system.

3. A modernization of the SC radiation control (RC) system has been carried out. A new system provides
the data acquisition of radiation fields in technological zones and on workplaces of SC. The RC system
provides the personal radiation monitoring for all SC users (about 400 persons). The thermo-luminescent
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dosimeters on the basis of detectors DTG-4 are used for the individual radiation control. The RC system
passes an annual Government trial and metrology certification.

4. Plans for future

At present, the program of improvements of the PNPI accelerator facilities is in the stage of discussion.
The SC maintenance is the top task of the accelerator staff. The next task is an upgrade program for SC and
the experimental area. By now, this program includes the next stage upgrade of the proton therapy facility,
the development and modernization of the facility for radiation tests of electronics components, and putting
into operation of the new isochronous cyclotron.

4.1. Development and modernization of the radiation test facility

The radiation test facility for the investigation of electronics components is in operation at a PNPI SC
proton beam. Usually test experiments are fulfilled in cooperation with specialized organizations, such as
Research Institute “Electronstandart” in St.-Petersburg, the Scientific Research Institute of Apparatus in
Lytkarino, Moscow district, Scientific association “Specialized Electronic Systems SPELS”, MEPhI,
Moscow, etc. We are going to improve the service quality by using new computer-controlled equipment. In
addition to the existing proton beam, we intend to develop a specialized neutron beam to perform radiation
tests also at a neutron beam. According to the international regulation JEDEC STANDARD, all integrated
schemes used in aircraft should pass through a radiation control on neutron beams with a neutron spectrum
similar to that in the near-earth space. A neutron facility simulating a neutrons flux spectrum in atmosphere
with an intensity of 10® times higher than that in the atmosphere has been developed at the Los Alamos
accelerator with 800 MeV protons. One hour of irradiation at such a beam is equivalent to 100 years of
flight. Due to high proton energy of PNPI SC, a similar neutron beam can be developed at PNPI. Such a
neutron beam would be the second in the world, and unique in Europe, for electronics components tests. A
commercial use of such a beam will be possible as far as the European corporations show interest to this
beam in Europe. The cost of an exposition on such a beam is approximately 600—800 € per hour.

4.2. A 80 MeV H -ion isochronous cyclotron with the beam intensity of 100 zA

The status of this project in more detail is presented in Ref. [8].

Putting into operation of a new cyclotron will provide:
— further development of the existing at PNPI fundamental and applied researches (investigation of short-
lived isotopes, nuclear fission, study of nucleus structure, biophysics, etc.);
— production of high quality radioactive isotopes for medicine, which are inaccessible in reactors (fluorine-
18, potassium-43, iron-52, gallium-67, bromine-77, indium-111, iodine-123, thallium-201, efc.);
— proton therapy of eyes melanoma, surface cancer, etc.

4.3. A project of multiple-discipline proton therapy facility at PNPI SC for treatment of oncological
internal organs diseases and brain diseases

The proton stereotaxic therapy facility on a 1000 MeV proton beam has been in operation since 1975.
The irradiation is performed in a specialized medicine appendix. A special proton beam with the diameter of
3-5 mm with a small background of secondary particles was formed. By now about 1300 patients have been
treated in the Gatchina center. The proton therapy at 1000 MeV yields very good results, but its application
is expedient for a limited set of diseases only. In this connection, it was decided to investigate an opportunity
of developing at the PNPI synchrocyclotron a proton beam with an energy of 100—200 MeV for traditional
treatment of oncological diseases of internal organs using the Bragg peak. Preliminary investigations show a
possibility to produce such a beam. The use of a beam with an energy of 200 MeV for irradiations of cancer
diseases will raise a treatment potential of the Gatchina proton therapy facility.

Thus, on the basis of the existing in Gatchina proton therapy facility it is possible to develop — without a

13



new civil work and at rather modest expenditures — a new multiple-discipline proton therapy facility with the
following capabilities:

5.

O Existing patients treatment by the 1000 MeV proton beam using “Gatchina method®;

a Patients treatment of oncological internal organ diseases by the 200 MeV proton beam using the
Bragg peak irradiation method;

O Treatment of eyes melanoma and skin oncological diseases by the 80 MeV proton beam;

a Development of PET — tomography using cyclotron isotopes;

O Production of high quality medical isotopes for all Northwest region.

Conclusion

The PNPI synchrocyclotron has been actively operating since 1970 for a purpose of physical

experiments in the range of intermediate energies up to 1000 MeV. A rich arsenal of research installations
and equipment and the availability of world-rate experts and scientists allow us to carry out at the PNPI
synchrocyclotron a wide spectrum of fundamental and applied research programs and to fulfil a competitive
scientific programs in close cooperation with foreign and Russian research centers working in the given
scientific direction.
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DESIGN AND CONSTRUCTION OF A 80 MeV H -ION ISOCHRONOUS CYCLOTRON
WITH BEAM CURRENT OF 100 A

N.K. Abrossimov, S.A. Artamonov, V.P. Gres, V.A. Eliseev, E.M. Ivanov, Yu.T. Mironov,
G.F. Mikheev, A.S. Pokrovsky, G.A. Riabov, V.A. Smolin, I.A. Petrov, B.B. Tokarev

1. Introduction

Design and construction of a 75—-80 MeV H -ion cyclotron with the beam current of 100 yA are in
progress at PNPI. When making the decision to build such a cyclotron, the following considerations were
taken into account: increasing production of radioisotopes for medicine, organizing at PNPI an ocular
melanoma irradiation facility, as well as extending traditional studies of short-lived isotopes. The accelerator
itself is installed in the building of the existing PNPI synchrocyclotron in the available area of the
experimental hall. To minimize the expenditures while designing the cyclotron, an attempt was made to use
at most the existing synchrocyclotron infrastructure, i.e. the building, the bridge crane for 30 tons, the
electrical power, water cooling, ventilation systems, etc. The iron yoke of the existing synchrocyclotron
magnet model is used for the magnet system. For protection against synchrocyclotron secondary beam
radiation, a wall from concrete blocks with a thickness of 1.2 m and a height of 4.6 m has been constructed.
Figure 1 shows a view of the cyclotron magnet.

Fig. 1. The cyclotron magnet

To have an access inside the chamber, the upper magnet bar with a pole and the chamber lid can
be lifted on 450 mm using four hydraulic jacks.

The cyclotron parameters are given in Table 1.

The project has been published in the Proceedings of the International and National cyclotron
conferences [1, 2]. The status of the project development before 2000 is described in Ref. [3]. The progress
report for the period of 2001-2006 is presented below.
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The cyclotron parameters

Table 1

MAGNET

Pole diameter 2.05 m
Valley gap 386 mm
Hill gap (min.) 156 mm
Number of sectors 4
Spiral angle (max.) 65 degree
Isochronous field in the center 1.352T
Flutter (max.) 0.025
Extraction radii 0.40-0.90 m
Ampere — turns 3.4x10°
Power 120 kW
Weight 250 t
RF SYSTEM

Frequency 41.2 MHz
Voltage 60 kV
Harmonic 2

RF power 2 x40 kW
VACUUM

Pressure 107 torr
2 cryogenic pumps 2 x 6500 /s (H,)
Turbo molecular pump

H™ SOURCE

Surface-plasma, d. c. 2.5mA
Multipole source d. c. 1.5mA
Injection energy 26 kV
AXIAL INJECTION SYSTEM

Transport beam line from source:

Solenoid lens,

The solenoid,

Inflector

EXTRACTION

Energy 45-80 MeV
Method Stripping
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2. Progress in development of the cyclotron subsystems and the project upgrade in 2002-2006

The magnet and the magnetic field. The cyclotron magnet has been installed by 2002 simultaneously
with the radiation protecting wall, power supplies and a system of water-cooling. After that, magnetic
measurements have been started.

The cyclotron magnetic field must meet some requirements: isochronism of particle orbits in the whole
energy range is needed, the magnetic rigidity on the final radius of acceleration must correspond to 80 MeV
energy, an azimuthal variation of the magnetic field must provide axial focusing. In addition, for accelerating
H™ -ions, there is a supplementary and very essential requirement related to H losses due to electro-
dissociation in the magnetic field. In our case, to limit beam losses by 5%, the maximum field (in the field
hills) on final radii should not exceed 17 kGs. To accelerate H -ions up to the energy of 80 MeV in the 2 m
diameter magnet, a special structure of the magnetic field has been developed. This structure is characterized
by a low level of the magnetic field in the hills, a small flutter and the greatest spiral angle about
65—70 degrees. A view of the cyclotron magnet tips with the spiral sectors is shown in Fig. 2.




Fig. 2. A view of the cyclotron magnet tips with the spiral sectors before installation in the magnet

The iron sector pieces, usually named as shims, were used to correct the cyclotron magnetic field and to
bring it to the required conditions. The initial set of shims has been chosen on a small model magnet with the
scale 1:8 and has been manufactured at a plant together with other magnet components. The first
measurements showed that the magnetic rigidity and vertical focusing can be provided in the magnet with
the initial shim set, but the isochronism cannot. An azimuthally average magnetic field on radii near
r =170 cm was lower by 500 Gs than necessary. A correction of the shim configuration is to be done on a
full-scale magnet as a result of consecutive approximations and tedious measurements. For this purpose,
special equipment was developed: a computer-controlled measuring system with an accuracy of 107 based
on 20 Hall probes, a computer-controlled magnet current regulator with an accuracy up to 107, a NMR-
probe for an exact field level fixation, an additional power supply for demagnetization of the magnet iron
after the magnet is switched off. A new set of shims was found by using the method of trial-and-error. Four
additional shims were installed on the magnet poles at the positions corresponding to the magnetic field hills
and valleys as it is shown in Fig. 3.

a) b)

14500 4

I<Bll§) L Gs

14000

LI B B S S 2 e B e B S B e 2 e S s e e e e o e m e I_{f; 11 —
60 65 70 75 80 85 90 60 70 80 a0 100 R(cm)

R, ecm
Fig. 3. Four additional shims installed on the magnet hills and valleys in 2006.
a) Azimuthally averaged magnetic field versus radius: 1— isochronous field; 2 — experimental situation at the end of 2006.
b) Modification of the shim set in 2006. Additional shims on hills are shown by red color, on valleys by green: 1 — 10 mm shim
is replaced by 5 mm one, 2 — 18 mm shim is replaced by 9 mm one, 3 — 2 mm thickness shim is added on hills, 4 =5 — two
45 mm shims are added on valleys, 6 — harmonical coils
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The installation of additional shims in the field valleys gives rise of the averaged magnetic field without
increasing the field in the hills to restrict H -ions electro-dissociation below 2%. The new set of shims has
allowed to approach the necessary isochronous field to within 70 Gs. This process is in the correct direction,
and it should be continued to achieve the isochronous magnetic field with an accuracy of several Gs.

The process of experimental selection and shims manufacturing appears to be very time-consuming and
expensive. As a consequence, in parallel with measurements, attempts of shim selection by using three-
dimensional magnetic field calculations has been undertaken. The Novosibirsk code MERMAID was used to
calculate our complicated geometry magnet. In a test calculation, 20 million nodes have been used, and the
results of the calculations agree with the experimentally measured ones within 10-20 Gs. Thus, with the help
of calculations, we hope to find a combination of the magnet current and the shim configuration providing
isochronism with an accuracy of 10-20 Gs. We expect that the final isochronism tuning with an accuracy of
several Gs will be performed by experimental shimming.

H -ion sources. Two types of H -ion sources have been considered as prototypes of the cyclotron source.
Each of the sources is installed on its own test facility. The first one is a surface-plasma Novosibirsk H -ion
source developed for the a. c. operation regime with the repetition rate of 100 Hz and 300-500 us pulse
duration. For the d. c. mode of operation the discharge power was increased up to 1 kW, and extensive anode
and cathode cooling by water at 10 atmospheres was introduced. By now, the surface-plasma source
generates 3.5 mA of d. c. H -ion current at the energy of 4 keV and the cathode current of 3 A during a short
time period. The lifetime of the cathodes is about one hour only due to the cathode material sputtering.

Our volume-plasma or multi-cusp source has been developed at the Efremov Institute for Gatchina
cyclotron. Recent years, the source parameters have been considerably improved, and the source yields of
2 mA H-ion current in the d. c. regime have been achieved. The lifetime of a 1 mm diameter cathode at
10 A cathode current is about 60 hours. The axial injection system tuning is to be started using this source.

Project upgrade. The project upgrade motivation can be formulated as follows:

— Recently, an essential progress in external sources and axial injection technology has been achieved.
A rejection of the inner source and connected with it hydrogen leakage in the chamber has to offer essential
relaxation for requirements to a productivity of the cyclotron pumping and vacuum equipment cost. In
addition, a cyclotron with the external source is a clean machine — having in mind the radiation
considerations — due to elimination of H -ion losses on gas molecules emitted from the source.

— A copper cladding manufacturing with the explosion technology was replaced by a traditional one to
reduce the project cost and production time.

— Furthermore, a new round vacuum chamber, a new arrangement of the chamber mechanism and
extraction windows allow to increase adaptability to manufacturing and to reduce the project cost.

The chamber. The external diameter of the chamber is 3.3 m, the height of the chamber is 0.5 m in the
region between the magnet coils and 162 mm in the magnet gap region, the thickness of the top and bottom
lids being equal to 16 mm. The weight of the chamber made of stainless steel is 980 kg. To produce the
vacuum of 1077 torr inside the chamber, two cryopumps of the HBK-400-6.5 type with the total pumping
capacity of 13000 1/s, a turbo molecular pump 01AB-1500-004 and a for-vacuum pump HBP-90 were used.
For pumping the external injection channel, two pumps 01AB-1500-004 and two pumps HBP-25 were
applied.

Accelerating system (AS). The cyclotron accelerating system is composed of two identical Y4-wave dee
subsystems excited at a fixed frequency of 41.2 MHz (the second harmonic of ion revolution). Two 60° dees
are conductivity coupled in the center, and together with the resonance tanks form a uniform 2-wave system
with a maximum voltage in the center and a 17% voltage drop at the final radius. At 60 kV, AS provides 200
keV energy gain per turn to limit the number of revolutions to ~ 400 and the total H -ion losses to 5% due to
electro-dissociation and dissipation on residual gas. The design of AS is presented in Fig. 4 where only one
right half of AS is shown.

The resonant tank of the rectangular form has a bolted connection in a median plane. The top and bottom
half of the resonant tank are jointed with the top and bottom claddings in a uniform one-piece construction.
Usual claddings are fastened to the vacuum chamber lids. In our case, the claddings are attached to the
central plug. An inflector is placed within the plug which represents a grounded box electrode. In the central
region, the top and bottom dee plates are connected with each other by the vertical short-circuit with
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diaphragms for a beam passage. The grounded box electrodes and the windows in the dee vertical partition
form the central beam optics system intended for effective beam acceleration and focusing on the first
several revolutions. This is a rather sophisticated system, which to a great extent defines the cyclotron beam
intensity and quality. Each half of AS consists of the resonance tank, dee and top and bottom claddings
which are integrated in the unified construction fastened to the vacuum chamber wall, and can be removed
from the vacuum chamber as an unitized construction for the repair and setting work outside the accelerator.
By contrast with the initial AS variant when the modeling was used, the three-dimensional program ISFEL
3D' was applied to calculate both the resonant frequency and the current distribution for the new design.
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Fig. 4. Design of the accelerating system (AS) in the vacuum chamber

The high-frequency generator. Within 2002—-2006, the excitation generator on frequency f=41.2 MHz
and the pre-amplifier of power up to 15 kW with a voltage stability of 10 have been constructed. The
output of this pre-amplifier is switched via two feeder lines with two final cascades of 40 kW, which are now
constructed and tested. The power supply rectifier of 10 kV and 160 kW with a fast response protection
against breakdown has been constructed also. A thyristor rectifier on 160 kW power to feed the generator
anode is under construction. An external view of the pre-amplifier and power amplifier is shown in Fig. 5.

'SA. Silaev, in Proceedings of the International University Conference on Electronics and Radiophysices of Ultra-
High Frequencies (St.-Petersburg, 24 — 28 May 1999), St.-Petersburg, 1999, p. 356.
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A full scale model of the accelerating system with the feeder line was used as a load of the generator to
investigate the system Q-factor, power dissipation, and to tune the generator at a low level voltage.
Additional investigations on full power will be performed when the dee system is manufactured.

Fig. 5. The external view of the power amplifier, on the back plane is shown the pre-amplifier with the feeder

External injection system (EIS). EIS is the mostly-used technology for a modern cyclotron design. It
allows to use a complicated and unhandy construction of an ion source, such as multi-cusp in our case, to
produce a beam with necessary parameters and gives opportunity to improve vacuum in the chamber. The
beam from the source is transported through a hole drilled in the magnet pole, and then it is turned by 90
degree in the median plane by a spiral inflector. By now, the conceptual design of the external injection has
been accomplished. The technical project and working drawings have been developed. A conceptual scheme
of the external injection is shown in Fig. 6.
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Fig. 6. The optical scheme of the axial injection: zero distance corresponds to the ion source exit,
1 — solenoidal lens, 2 — correction magnets, 3 — solenoid, the distance between the ion source exit
and the accelerator median plane is about 273.5 cm
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For this design, the following input data have been used: injection energy — 26 keV, continuous current
from the source — 1.5 mA, beam diameter — 15 mm, beam divergence — 25 mrad, normalized emittance
— 0.57 mm X mrad.

The beam transportation line from the source into the median plane consists of the solenoidal lens, the
solenoid and the inflector. Optical element parameters have been selected on the assumption of a successful
beam transportation along the injection line and matching with the cyclotron accelerating system. Main
parameters of the optical elements can be presented as follows:

Solenoidal lens: maximum magnetic field — 0.35 T, beam aperture — 70 mm, effective length — 350 mm,
lens center position — 520 mm from the output flange of the source.

Solenoid: maximum magnetic field — 0.14 T, beam aperture — 70 mm, effective length of the magnetic
circuit — 450 mm; solenoid center position — at the distance of 760 mm from the cyclotron median plane.

Buncher: A buncher is used to increase a part of the d. c. beam from the source captured in the
acceleration. The buncher transforms the continuous beam from the source to a short packet bunch with the
repetition rate of the acceleration frequency at the first acceleration gap. The bunched beam is delivered to
the acceleration gap only in the moment when the accelerating RF phase is suitable for acceleration.

Inflector: An inflector is to turn the H -ion beam with 1.5 mA current and 26.07 keV energy from the
vertical injection beam line into the median plane. Beam dynamics in the inflector was investigated by
integration of the equations of movement in pre-set electric and magnetic fields. The inflector electric field
was calculated using a 3D code with the mesh size of 0.25 mm. The influence of diaphragms on the inflector
entrance and exit was taken into account. The inflector with a twist parameter £ = 0.04 was selected via
axial trajectory calculations in a 3D electric field with account of an edge effect in the electric field
distribution. Axial trajectory parameters at the first acceleration gap were calculated. Calculations of
trajectories along the inflector showed an average current of 320-380 4A to be obtained at the inflector
entrance, the beam loss within the inflector being less than 6%. A great number of trajectories were traced
from the inflector exit through the cyclotron central region resulting in an average current of 250-300 yA
achievable in our cyclotron.

Present status and the coming years prospects. The design of the main cyclotron systems of the
80 MeV H -ion isochronous cyclotron with the beam current of 100 A has been completed, and the
working drawings have been developed. The cyclotron magnet has been installed in the unused part of the
existing experimental hall of the synchrocyclotron. The cyclotron magnet is now in operation, and extensive
magnetic measurements are in progress in order to obtain the magnetic field distribution within the necessary
tolerance. The 41.2 MHz high frequency generator on 80 kW is in operation also. Two types of the H -ion
sources are investigated. To put into operation the isochronous cyclotron and to obtain the first beam, the
following tasks should be accomplished:

¢ manufacturing of the vacuum chamber, the acceleration system and the axial injection system;

e purchase of vacuum pumps and vacuum equipment for all cyclotron systems;

e design and construction of automatic and computer-controlled cyclotron sub-systems.
Additional equipment is to be designed to use the cyclotron for isotope production and for proton therapy:

e isotope production target station;

e beam transport lines;

e radiochemical equipment for the isotope separation;

e aspecial cabin and chair for patients irradiation.
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STATUSOF LHC EXPERIMENTS



PNPI PARTICIPATION INLHC EXPERIMENTS

The outstanding discoveries in the experimental and theoretical physics of elementary particles resulted
in formulation of the Standard Model that provides now a self-consistent picture of the elementary particles
world and describes with remarkable precision practically al observed experimental facts. These
achievements were closely related with the progress in the accelerator technology. In particular, very
important contributions to development and validation of the Standard Model were made by recent
experiments at the e'e -collider LEP (90 GeV +90 GeV) at CERN and at the pp -collider Tevatron

(1 TeV + 1 TeV) a FNAL. Note that PNPI took an active part in the L3 experiment at LEP, and it
participates now in the DO experiment at Tevatron.

In the tremendously successful Standard Model one important link is still missing. The spontaneously
broken SU(2) x SU(1) gauge symmetry introduced by this model leads to existence of a scalar Higgs field.
The observation of the predicted Higgs Boson is at present the most fundamental task in the high energy
physics. Recent fits within the Standard Model to all available electroweak data combined with the
measured top quark mass predict the Higgs Boson mass to be in the range 100-500 GeV with the most
probable value around 130 GeV. The on-going Tevatron experiments DO and CDF with the upgraded
luminosity of 5x10*cm™ s have some chance to discover the Higgs Boson if its mass is below 120 GeV.
More extensive search (studies) of the Higgs Boson will be the primary goal for the Large Hadron Collider
(LHC) at CERN. The energy of the colliding proton beams will be 7 TeV + 7 TeV, and the luminosity
will reach 10* cm™ s™. With these parameters, LHC will have high discovery potentia for the Higgs
Baoson in the whol e predicted mass region.

It is generally accepted that the Standard Model is not yet a complete theory, and some “new physics’
should appear at the energy scale of severa TeV. A possible extension of the Standard Modd is
Supersymmetry that allows unification of the three coupling of the gauge interactions at the very high energy
scale. Superpartners for all the presently observed particles are expected at the TeV mass scale. At the LHC,
the search for the Superparticles could be carried out over the entire theoretically plausible mass range.

The other research areas covered by LHC, where the “new physics’ could appear, are searches for new
heavy gauge bosons ( Z',...), the compositeness of the leptons and quarks, the extra-dimensions. Also, LHC
offers rich possibilities to extend studies of the “classical” subjects, such as physics of the top-quark, gluon
density at very low x-values, diffraction processes, total cross sections behavior at the highest energies.

Study of the CP violation in decays of B mesons is also one of the mgjor goals at LHC. The LHC
colliding beams will be an incomparable in intensity source of By and Bs mesons as well as B-baryons. This
could allow to study CP violation in many decay channels, thus providing a stringent test of the Standard
Model. Also, study of rare B-decays, forbidden in the Standard Model, offers a way to search for the “new
physics’ beyond the Standard Model.

In addition to running as a proton-proton collider, LHC will be used to collide heavy ions at the center-
of-mass energy of 5.5 TeV per nucleon. The collision energy densities will be well above the predicted
threshold for formation of the quark-gluon plasma. The search for the new state of matter will be
among the important physics goalsat LHC.

LHC will be congtructed in the existing 27 km tunnel (former LEP tunnel). There will be four
intersection points where four detectors (ATLAS, CMS, ALICE, and LHCb) will be located, designed to
explore the full discovery potential of LHC. Among these detectors, ATLAC and CMS are general purpose
detectors aimed at search for the Higgs Bosons and the “new physics’ using the colliding beams at the
highest achievable luminosity.  The LHCb detector will be specialized on studies of the B-physics
emphasizing powerful particle identification, while ALICE is designed for investigation of the heavy nuclei
collisions with the goal to detect signatures of the quark-gluon plasma. These experiments will play the
leading role in the world’s fundamental research program in the forthcoming decades, and they may have a
decisive impact on the future of the particle physics. The LHC experiments should be ready for running by
mid of 2008.
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Since 1997, PNPI participates in construction of the ATLAS, CMS, ALICE, and LHCb detectors with
important contributions to each of these projects. In particular, PNPI shared responsibilities for design and
construction of some major parts of the detectors, such as the Endcap Muon system for CMS, the Muon
systems for LHCb and ALICE, the Transition Radiation Tracker for ATLAS. This work was conducted
under general Agreement between CERN and the Government of Russian Federation on participation
in construction of the LHC. The Government of RF provided the financial support for these activities. The
unprecedented for our institute large amount of experimental equipment to be produced at PNPI for the LHC
projects required organization at PNPI of several production sites equipped with unique tooling and
measuring devices. The work was carried out in close cooperation with Western groups following the
strategy: most of the materials are provided by the collaborations, while the assembling and testing of the
created equipment is performed at PNPI.  More than 100 PNPI specialists were involved in this tremendous
work during nearly 10 years. Finally, by the end of 2006, this work was successfully completed. Strictly
according to the production schedule, al the equipment was produced, tested and delivered to CERN for
installation in the experimental setups. All collaborations pointed out the high quality of the equipment
produced at PNPI. The next step is installation and commissioning of the LHC detectors. The PNPI
specialists play important roles in this work. The presented below reports describein some details the work
done at PNPI for preparations of the LHC experiments.
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CMS EXPERIMENT

A.A.Vorobyov, D.M. Sdliverstov, Yu.M. lvanov, V.L. Golovtsov, V.S. Kozlov, N.F. Bondar,
A.S. Denisov, A.G. Golyash, Yu.l. Gusev, V.l. Lazarev, V.D. Lebedev, P.M. Levchenko,
G.V. Makarenkov, E.M. Orischin, A.A. Petrunin, A.l. Shchetkovsky, L.A. Schipunov,

V.A. Sknar, V.V. Sulimov, V.I.Tarakanov, lI. Tkatch|, L.N. Uvarov, SA. Vavilov,

G.N. Vdichko, S.S. Volkov, An.A. Vorobyov, V.l. Yatsura, G.F. Zhmakin

1. Introduction

The Compact Muon Solenoid (CMS) is a genera -purpose detector designed to study physics of proton-
proton collisions at center-of-mass energy of 14 TeV at full LHC luminosity up to L = 10* cm™ s, The
primary goals of the CMS experiment will be the Top-quark physics, search for the Standard Model Higgs
bosons, as well as search for physics beyond the Standard Model (super-symmetric particles, new heavy
gauge bosons, extra-dimensions ...). The design of the CMS detector emphasizes the importance of precise
momentum measurements of muons, electrons, and photons, resulting in excellent mass resolution needed
for discovery of the new particles. Figure 1 shows genera view of the CMS detector. The basic elements of
this detector are:

* Superconducting solenoid

* Returniron yoke

* Inner tracker

* Crystal electromagnetic calorimeter
» Hadron calorimeter

* Muon system

* Very forward calorimeter
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Fig. 1. General view of the CMS detector
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2. Muon System of the CM S detector

The Muon System has three functions: muon identification, muon momentum measurements, and muon
trigger with well defined p, threshold from afew GeV/c to 100 GeV/c in therapidity range up to n =2.1.
The momentum resolution dp,/p; in the stand-alone mode is around 10% at p, = 10 GeV/c and around 30%
a p,=1TeV/c. The globa momentum resolution after matching with the Central Tracker is about 1.5% at
p:= 10 GeV/c and about 15% at p, = 1 TeV/c. The Muon System is embedded inside the magnet return
yoke. It consists of two parts— Barrel and Endcaps.

The main PNPI responsibility in the CMS project is participation in design, construction and operation of
the Endcap Muon System. This work was carried out since 1994 in close cooperation with the teams from
Fermilab, from University of Florida, and from some other US Universities.

In fact, development of a muon system for collider detectors began at PNPI aready in 1991, when
construction of the proton-proton Super Collider SSC for the energy of 20 TeV + 20 TeV was started in the
USA. At that time, PNPI together with Brookhaven National Laboratory proposed the Muon System for the
GEM detector, which was one of the two collider detectors to be constructed at SSC. This system was based
on application of multiwire Cathode Strip Chambers (CSCs). During preparation of this project, severa
CSC prototypes have been constructed and tested. Also, various gas mixtures were investigated, and one of
them (Ar/CO,/CF,) was recommended. It was demonstrated that such system can provide the required spatial
and time resolution, and it can generate the stand-alone muon trigger. At the beginning of 1993, this project
was considered by the GEM collaboration together with two other competitive projects. As the result, our
CSC based project was selected for the whole GEM Muon System. Unfortunately, construction of the SSC
was stopped by the USA Congress in October 1993. After that decision, several US teams organized new
collaboration which proposed in February 1994 to build the Endcap Muon System for the CMS detector,
similar to that designed for the GEM detector. PNPI became a member of this collaboration.

The CMS Endcap Muon System (EMU) consists of two symmetric parts (forward and backward). Each
of these parts contains four Muon Stations (MEL to ME4). The Muon Stations are composed of muon
chambers placed between the iron discs of the magnet return yoke. Each of these discs has 14 meters in
diameter. The station ME1 has three rings of muon chambers (MEV/1, MEL/2, MEY/3). The stations
MEZ2 and ME3 are composed of two rings of the chambers (ME2,3/1 and ME2,3/2), while the station ME4
has only one ring of the chambers (ME4/1), the  conceptual design of a CMS EMU CSC
construction of the ring ME4/2 being staged due to
financial limitations. The total area covered by the
muon chambers is about 2000 m?.

The muon chambers [1-4] are specially designed
six-plane CSCs of trapezoidal shape as shown in
Fig. 2. Cathode planes are formed by honeycomb
panels with copper clad FR4 skins. Strips run
radialy in the endcap geometry and provide the
p-coordinate of muon hits with an accuracy of
~100 um. Wires are stretched across the strips
and, for readout purposes, are grouped in
bunches from 5 to 16. They provide the radial
coordinate of the muon hits with a few cm
precision. In total, the EMU system comprises
540 muon  chambers which  contain  about
2.5 million  wires grouped into 210,816 anode _ .
channels. Also, there are 273,024 cathode channels. Fig. 2. Sketch view and some parameters of a CSC

trapezoidal chambers
length up to 3.4 m

width up to 1.5 m

6 planes per chamber

9.5 mm gas gap (per plane)

6.7 to 16.0 mm strip width
strips run radially to measure
p=coordinate with ~100 um precision

50 pm wires spaced by 3.2 mm
5 to 16 wires ganged in groups
wires measure r-coordinate

gas Ar(40%)+C0,(50%)+CF ,(10%)
HV~3.6kV (Q_, . ~110fC, Q__ ~140fC)

‘cathode ‘anode
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3. Assembling of EMU muon chambers at PNPI

The design of the muon chambers and development of technology for the chamber production were
performed with active participation of the PNPI team. The assembling and testing of the chambers was
distributed between several laboratories. PNPI was responsible for assembling and tests of all muon
chambers for the regions ME2/1, ME3/1, and ME4/1. In total, 120 muon chambers (40 chambers of each
type) were to be produced at PNPI. Each chamber contains six sensitive planes. So, in fact, we had to build
720 one-plane chambers with total area of more than 1400 m? and with total number of the anode wires
about half amillion.

To accomplish this task, a specia facility (muon chamber factory) was prepared at PNPI. This facility
occupied about 500 m? area, including some clean rooms. It was equipped with special tooling devel oped
jointly by PNPI and US_CMS specialists. In particular, this equipment included a wire-winding machine, a
wire pitch and tension measuring machine, special gluing tables, assembling tables, a setup for cleaning the
anode wires with ionized nitrogen gas, a gas leak test stand, a y-rays test stand, a cosmic raystest stand, and
some other tooling. This equipment allowed to organize the chamber assembling under well controlled
conditions with the necessary production rate of one six-plane chamber per week. The developed chamber
assembling technology was approved by the EMU collaboration after the Production Readiness Review
which was held at PNPI in June 2001.

The mass production of the muon chambers at PNPI was started in October 2001. The US CMS
collaboration provided prefabricated parts of the muon chambers (honeycomb panels, anode and cathode
bars, etc.) and most of the materials needed for assembling the chambers. The metallic chamber frames were
produced at PNPI. The assembling procedure was controlled at each step: flatness of the honeycomb
panels, height of the gas gaps, wire tension, wire pitch, gas tightness. The assembled chambers were
trained under high voltage with simultaneous measurement of the dark current. It was required that the dark
current should not exceed 100 nA in each plane at the nomina high voltage HV = 3.6 kV. In case of
problems, the chambers could be disassembled for additional cleaning. The gas gain uniformity was
controlled on the jrays test stand by measuring current induced by a collimated y-source movable over the
chamber surface (Fig. 3). The variations of the gas gain should not exceed + 50%. All details of the
assembling procedure for each chamber together with the results of the control measurements were collected
in specia folders (Fig. 4) which will accompany the chamber in its further life. Also, this information was
placed in a special data base reachable for the EMU collaboration via Internet.

Fig. 4. Muon chamber ready for installation of
the on-chamber electronics

Fig. 3. Muon chamber on the yraystest stand

The on-chamber electronics was installed on the chambers which passed the above mentioned tests
(Fig. 5). After that, the chambers were tested on the cosmic raystests stand (Fig. 6).
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Fig 5. Installation of the on-chamber electronics Fig. 6. Final tests of the muon chambers
on the cosmic ray test stand

The on-chamber electronics included anode and cathode FE
boards and aso logical boards ALCT and CLCT which allowed
on-line reconstruction of thetracks using hits from the six layers
of the chamber. Thefinal test program included 36 various tests
with pulse generator and with cosmic muons. Figure7 shows one
of the cosmic rays events detected by the muon chamber.
The measured amplitudes of thesignals in the cathode stripsin all
six layers are shown by red bars, while the blue bars represent the
hits in theanode wire groups. After fina tests, the chambers
were stored in a specia room for one month training under
nomina high voltage.  Then the chambers were prepared
for transportation to CERN — see Figs. 8-9. By the end of 2006,
al 120 muon chambers produced at PNPlI were safely delivered
to CERN.
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Fig. 7. Display of acosmic ray event

Fig. 8. The PNPI team in front of the last muon Fig. 9. Thetrack with twenty muon chambers
chambers ready for transportation to CERN prepared to move for CERN
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4. Testing of EMU muon chambersat CERN and installation in the CM S detector

All muon chambers produced at PNPI, FNAL
(USA), and IHEP (China) were transported to
CERN where they have been tested again on a
special test stand, following the same test program
asin the production centers. The PNPI team played
the leading role in these tests. In total, about 500
chambers have been tested. All chambers showed
very good performance: high detection efficiency
with a large HV plateau, low noise. During these
tests, some minor problems in the electronics have
been detected and fixed.

Some of the muon chambers were tested on the
y-radiation facility GIF at CERN to study their
aging properties. It was demonstrated that the
chamber performance is not deteriorated noticeably
up to the integrated radiation dose corresponding
about 30 years operation of the EMU system.

Figure 10 illustrates attendance of the
EMU test stand by high-level visitors.

Fig. 10. High-level visitors at the EMU test stand.
CERN Genera Director R. Aymar, Minister of Science and
Education of the Russian Federation A. Fursenko and others

The assembling of the CM S detector was performed in two stages. First, al the subsystems were installed
in the on-surface hall. Figure 11 shows how one of the muon chambers is lifted by a special transporting
system for installation on the iron disc of the magnet return yoke. One can see also the chambers already
fixed at the disc. All the infrastructure and electronics are installed at the same time. This allowed to perform
some tests of the EMU system aready in this phase of installation. In particular, important tests were carried
out in 2006 with cosmic rays using a part of the assembled EMU system comprising muon chambers in all
muon stations. In the second phase of installation, the separate pieces of the CM S detector are lowered down
in the underground hall for the final assembling. Figure 12 demonstrates the process of lowering of one of
the iron discs with the muon chambers and al related infrastructure. Note that the weight of the disc exceeds
1000 tons.

The PNPI team takes an active part in installation of the EMU system. The full installation of the CMS
detector should be finished at the beginning of 2008.

Fig. 11. Installation of a muon chamber on
the iron disc of the magnet return yoke

Fig. 12. The lowering down of oneiron disc
with muon chambers in the underground hall



5. Multi-channel high voltage supplier for the EMU system

The EMU system comprises 468 six-plane muon chambers. In addition, the HV line in each layer is
divided in several sections (5 sections in chambers ME2,3/2 and 3 sections in all other chambers). So in
total there are more than 9000 sections with independent HV lines. This increases essentially the redundancy
of the system as, in case of problems, only one section will be switched off that should not deteriorate
noticeably performance of the whole EMU system. Such design dictated development of a special multi-
channel HV system which could satisfy the requirements of the CM S experiment. This problem was solved
by joint efforts of speciaists from PNPI and University of Florida. The block diagram of a quarter of the
designed HV system is presented in Fig. 13, the stand for tests of EMU high voltage system at PNPI is
shown in Fig. 14. The high voltage from the Primary HV power supplier is distributed for about 2400 HV
lines with independent regulation of the voltage in each line. Also, the current in each line is under control
with a possibility to switch off any line by burning off a fuse, if necessary. The HV distribution is done in
two stages. First, it is distributed by nine Master Boardsinto 72 HV lines with HV regulation from 0to 4 kV.
These lines go via ~100 meter long cables to 72 Remote Distribution Boards. Each such board has 30 or 36
outputs going directly to the muon chambers. The Board 30 feeds one big chamber ME2,3/2, the Board 36
feeds two smaller chambers. The Remote Distribution boards can regulate the voltage in each output channel
by 1 kV down from HV o .The maximal current in each channel of the HV systemis 100 uA.
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Fig. 13. Block diagram of aquarter of EMU HV system

The HV system is controlled by computors via the
Host Cards (not shown in Fig. 13). Each Host Card
controles up to 16 Distribution or Master boards. An
important requirement is radiation hardness of the
Remote Distribution boards as they are placed close to
the muon chambers. The tests of the designed boards
with gamma and neutron radiation showed that they
can operate without problems in the expected radiation
environment. The production of the designed HV
system was accomplished by the PNPI-UF ¢
collaboration. By mid of 2006, all modules for the
9000-channel  HV system (plus spare modules for
2500 HV channels) were  produced, tested, and
delivered to CERN for installation.

Fig. 14. Tests of EMU high voltage system at PNPI
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6. Track-finding processor for the EMU system

The Track Finding Processor (TFP) is a basic element of the EMU trigger system [5-6]. The purpose of
the TFP is to link track segments from the individual muon stations into complete tracks, to measure the
transfer momentum from the sagitta induced by the magnetic bending, and to report the number and quality
of the tracks to the Level-1 global trigger. The TFP was designed by PNPI engineers in cooperation
with the University of Florida. It is implemented as 12 processors working in paralel. Each of them should
identify up to three best muons in the corresponding 60° azimuthal sectors. The block diagram of the TFP is
shown in Fig. 15, the demonstration of Track-Finding Processor is presented in Fig. 16. The design of
the TFP is based on the most advanced Field Programmable Gate Array (FPGA) chips, each of them
containing more than one million logical elements.

Extrapolation
TInits

Track
Mssembler

Final
Selectdon
TInit

Assignment
Tmnit

ATT

+

Fig. 15. Block diagram of Track-Finding Processor

The first TFP prototype was fabricated in 2000
and successfully tested in 2000-2001. This was H&"
guite a big system containing forty eight 9U VME
modules. The processing time of this TFP was |
375 ns. The experience obtained from testing of this
prototype and also appearance on market of more
powerful FPGA chips alowed to design a new,
more advanced TFP. The total volume of this TFP
was decreased by a factor of 4 (twelve 9U VME
modules), and the processing time was reduced
down to 175 ns. The TFP was fabricated in the US
industry, while testing and commissioning of this
system was done by PNPI engineers in cooperation
with specialists from University of Florida. The .
combined tests of the EMU trigger system |
performed in the proton beam (2004) and with

cosmic rays (2006) showed very good performance
of the constructed Track-Finding Processor.

Fig. 16. Demonstration of Track-Finding Processor

32



7. Anode front-end electronics

The PNPI engineers in cooperation with Carnegie-Mellon
University designed the anode front-end electronics for the EMU
muon chambers [7]. For this purpose two integrated circuit chips
were designed. One of them (CMP16 — see Fig. 17) included 16-
channel amplifier-shaper-discriminator. The other one (DEL16)
provided a programmable delay line for each channel which allows
time alignment of the signals with a delay step of 2 ns. On the
basis of the CMP16 chip, a 16-channel Anode FE (AD16) board
was designed. The designed board passed through various
reliability and radiation tests. The fabrication of the CMP16 and
DEL16 chips, as well as the AD16 boards was carried out in the
US industry. The tests of the produced chips (22,000 chips) and
boards (12,000 boards) were performed by the PNPI specialists.
These tests showed that the major part of the produced electronics

was of good quality. By the end of 2002 all the boards were
tested and provided for installation onto the muon chambers.

Fig, 17. CMP16 (Bondar'schip) layout

8. Alignment of the muon chambersin the EMU system

The 468 EMU muon chambers are fixed on the magnet return discs covering the area of 1000 m? Their
geometry position in the CM S absol ute coordinate system should be known with 100 micron precision in the
azimuthal plane and with 1mm precision in the Z-direction. This task becomes even more complicated
because of significant deformation of the iron discs in the magnetic field. Therefore, permanent control for
positions of the muon chambers is needed. For these purposes, a complicated system was developed
comprising several hundreds of position-sensitive detectors irradiated by the laser beams. This work was
done by engineers from the Wisonsin University with active participation of PNPI speciaists [8]. The global
tests of this alignment system were carried out in 2006 with the half of the EMU system assembled in the on-
surface hall. These tests showed very satisfactory results. The second half of the EMU system will be
equipped with alignment devices in 2007.

9. Photodetectorsfor CM S Endcap Electromagnetic Calorimeter

The CMS Electromagnetic Calorimeter (ECAL) is based on lead tungsten crystals (PbWQ,).
These crystals offer excellent energy resolution due to high density (8.28 g/lcm®), asmall Moliere radius
(2.0 cm), and a short radiation length (0.89 cm). Also, they provide a quite fast (~10 ns) output signal, and
they can operate in high radiation environment. ECAL consists of the Barrel part (|77] < 1.48) and two
Endcaps (1.48< |n] < 3.0) with 61200 and 21528 crystals, respectively. The total volume of the crystals
amounts to 8.14 m® (67.4 tons) in the Barrel and 3.04 m® (25.2 tons) in the Endcaps.

The light from the crystals should be detected with radiation hard photodetectors, especialy in the
Endcaps where the radiation level is much higher than in the Barrel. After extensive studies, the preference
was given to the Silicon Avalanche Photodetectors (APD) in the Barrel and to the more radiation hard
Vacuum Phototriods (VPT) in the Endcaps. PNPI in cooperation with the Research Institute Electron (RIE,
St.-Petersburg) carried out studies of various kinds of VPTs produced at RIE [9-10]. These studies resulted
in construction of aVPT (FEU-188) which could satisfy the requirements of the CMS experiment. This
VPT has a flat geometry with a photocathode (25.5 mm in diameter) followed by a mesh and by a solid
dynode. The VPT provides the required gain of 10-12, and (what is most important) this gain does not
decrease in the presence of magnetic field up to B = 4 T. Another advantage of the developed VPT is low
sensitivity to variations of the anode voltage.
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As afirst step, a sample of 500 VPTs was produced at RIE. The gamma radiation tests of these VPTs

showed that the gain degrades only by ~7% after the radiation doze of 20 kGy (the doze expected for 10

LHC years). Also, VPTs were tested
with a real ECAL prototype showing
very good performance. Based on these
results, the CMS collaboration decided
to equip the ECAL Endcaps with the
FEU-188 and has signed a contract
with RIE for production of 16000
VPTs. The production of the VPTs
was completed by mid of 2006, and
they were delivered to CERN. The new
tests demonstrated high quality of the
produced VPTs. Asthe result, the CMS
collaboration has taken decision to
reward the Research Institute Electron
by a specia CMS Gold Medal 2007
for outstanding contribution of the

. . industry to construction of the CMS
Fig. 18. The CMS Gold Medal-2007 to Research Institute “ Electron” detector — see Fig. 18.

for outstanding contribution to construction of the CM S detector
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TRANSITION RADIATION TRACKER FOR ATLASPROJECT

O.L. Fedin, E.G. Danilevich, A.E. Khristachev, L.G. Kudin, S.N. Kovalenko, V.P. Maleev,
A.V. Nadtochy, SK. Patrichev, Yu.F. Ryabov, D.M. Seliverstov, V.A. Schegelsky,
E.M. Spiridenkov, A.Yu. Zalite

1. Introduction

PNPI is participating in the ATLAS project in creation of the Transition Radiation Tracker (TRT).
TRT is one of the three sub-systems of the Inner Detector of the ATLAS experiment [1]. Besides TRT,
the ATLAS Inner Detector includes the Pixel Detector and the Semi-Conductor Tracker (Fig. 1).
TRT is designed to operate in a 2T solenoidal magnetic field at the design LHC luminosity (10* cms™).
TRT provides a combination of continues tracking, based on individual drift-tubes (straws), and of electron
identification based on registration of the transition radiation (TR) photons which are produced in the
radiators foils interleaved between the straw " ‘
layers. The TRT geometry provides \L
registration of the charged particles with
p>0.5 GeV/c and with pseudo-rapidity |77|<2.1.
TRT contributes to the accuracy of the
momentum measurement in the Inner Detector
by providing a al Iluminosities precise
measurements in the R-¢ plane. The accuracy
of this R-¢ measurement, expressed as an
average over all drift-time measurements in
the straws, is required to be close to 30 um
statistically and not worse than 50 #m if one
includes systematic uncertainties. It means that
the accuracy of one straw measurement should
be about 180 um. TRT contributes to the
electron identification together with the
ATLAS liquid argon  electromagnetic
calorimeter. Electron identification at LHC is
much more difficult than at existing hadron Fig. 1. ATLAS Transition Radiation Tracker
colliders, and it has been demonstrated that the
TR-signature is needed to identify a clean sample of inclusive electronsin the p,-range between 20 and
40 GeV/c. The TR-signature is crucial for extraction of the signals from decay processes with huge
combinatorial background of charged-particles pairs and also for identification of soft electrons in h-quark
jets.
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2. Straw design and basic properties

The operating conditions in the ATLAS experiment at LHC demand stringent requirements on the straw
properties [2]. All choices of materials, the straw design, the active gas and the operating point were made to
ensure safe and efficient operation in the high radiation environment. A large tube diameter would assure a
high hit efficiency but it would not be able to collect all electrons in the short bunch crossing time of 25 ns.
The straw diameter was chosen to be 4 mm as a reasonable compromise between speed of response, number
of ionization clusters, and mechanical and operational stability. The straw tube wall is made of 35 um thick
multilayer film which is produced on the base of 25 um Kapton film. On one side of the Kapton film an
aluminium layer of 0.2 um thickness is deposited. The Al-layer provides good electrical conductivity. The
aluminium layer is then protected against damage from cathode etching effects and from occasional
discharges by a 5-6 um thick graphite-polyimide layer containing 55% of carbon. The other side of the film
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is coated with a 4-5 ym polyurethane layer acting __
as a heat-sel compound. The straw is |
manufactured by winding two 10 mm wide tapes
on a precisely tooled rod at temperature of ~260°C.
The Kapton film aone has poor mechanical
properties. The straw would be affected by thermal
and humidity variations. In order to improve the |
straw mechanical properties, they were reinforced
along its length with four sets of thin carbon fibre
bundles. The C-fibres were bounded to the tube
outer surface at 90° with respect to each other,
using a special machine (Straw Reinforcement
Machine — SRM), which was designed at CERN.
The SRM is a semi-automatic device. After a
group of naked straws is loaded into the drum, the
carbon fibre pass over a series of rollers, and an
impregnation pot wets the fibres with epoxy resin
ensuring uniform resin distribution and tension. A
specialized workshop has been organized at PNPI
for the straw reinforcement (Fig. 2). The PNPI
SRM workshop has produced ~110,000 long
reinforced straws (1650 mm length). Stringent
quality control steps were implemented in the 25
straw reinforcement process. They include fibre
delamination tests and straw  geometry
measurements  (straightness, inner and outer
diameters and local deformations or defects). The
production yield was 98% at the production rate
of ~6000 straws per month.

The anode wire for the TRT straws was chosen
to be of golden-plate tungsten 30 m in diameter. To achieve high registration efficiency of the TR photons,
a xenon-based gas mixture is used. The xenon fraction of 70% marks the balance between transition
radiation performance, operational stability and electron collection time. The optimal gas composition was
found to be 70%Xe+27%C0O,+3%0,. The TRT is typically operated at 1530 V, corresponding to a gas gain
of 2.5x10" for the chosen gas mixture [3]. The energy deposition in the straw is the sum of ionization losses
of charged particles (~2 keV in average) and of the larger deposition due to TR photon absorption (>5 keV).

At the LHC design luminosity, the straw counting rate is very high, about 12 MHz [4]. This counting rate
comes from the ionizing particles, slow neutrons and low-energy photons. The heat dissipation is directly
proportional to the straw counting rate and estimated to be 10-20 mW per straw at the LHC design
luminosity. The temperature gradient along each straw should not exceed 10°C to keep straw operation
stability and gas gain uniformity. To evacuate the dissipated heat, a flow of CO, gas along the straw is used.
The flow of CO, aso evacuates any xenon gas which could leak out of the straws and thereby reduce the
transition radiation registration efficiency.

Fig. 2. View of Straw Reinforcement Machineat PNPI

3. Straw preparation

To use the straws for the TRT modules assembly, it should pass through several steps of the preparation
procedure (a genera view of the straw preparation workshop is shown in Fig. 3). Each of the reinforced
straws is 1650 mm long, and at the first step they need to be cut into few short straws (four ~400 mm long
straws for the A/B type modules, or three ~500 mm long straws for the C type modules). The straw pre-
cutting is not precise and is chosen only for convenient work. The pre-cut straws pass through the test for the
inner surface conductivity because high voltage distribution and signal propagation along the straw depend
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on it. Then a conductive past is put on one edge of [l "[v i |
the straw to provide conductivity between the inner
and outer surfaces. After that an end-piece (which | i
provides gas distribution into the straw, wire | :
fixation, and fixation of the straw in the wheel) is T N
glued on the straw. At the fina step, the straw is
cut precisely with an accuracy of ~100 gm. |
Fully equipped straws passed several quality
tests. First of al they were checked for gas
tightness under overpressure of 1 atm. If the
pressure drop was more than 0.1 mbar/bar/min, the
straws were rejected. Then the straws were
checked for straightness, and simultaneoudly their
length was measured. The straws with the sagitta
less than 200 um and the length deviated from the
specification by not more than 100 um are used for Fig. 3. Straw preparation workshop at PNPI
the TRT modules assembly. At the last step, a
visual inspection of the straws was done to check for any damages, bubbles in glued parts, runs of glue etc.
The described procedures require unique devices which were designed and produced in collaboration of
PNPI with CERN. A specia workshop was organized at PNPI to accomplish this task. The straw preparation
team has produced and tested more than 170,000 straws for the A/B wheels, and more than 47,000 straws for
the C-type wheels. The production yield was 96% at production rate of 320 straws/day.
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4. Design and construction of the TRT endcaps

The TRT design [5] follows the tight requirements in terms of rigidity, stability, minimum amount of
material, as well as other requirements typical for any tracking system in a collider experiment. TRT consists
of one barrel and two endcap parts. The full length of the detector is 6.8 meters. The diameter is about
2 meters.

Each of the two endcap TRT parts consists of two sets of identical and independent modules (wheels).
They are called the 8-plane wheels, because they contain eight planes of radially oriented straws. Each TRT
endcap contains two different types of wheels called A and B.

Twelve 8-plane wheels of type A per side are located closest to the interaction point between
827 < Z < 1715 mm. Each whedl contains 6144 straws positioned in eight successive layers spaced by 8 mm
along Z. Each layer contains 768 straws in the azimuthal plane. The free space of 4 mm between successive
layersis filled with 15 u4m thick polypropylene radiator foils. The distance between straws in the azimuthal
plane varies from 5.2 mm at the inner radius of 640 mm to 8.4 mm at the outer radius of 1010 mm. The
A-type wheels were assembled at PNPI.

Eight 8-plane wheels of B-type per side are located between 1719 < Z < 2725 mm. The B-type wheels
are identical to the A-type wheels except for the spacing between the successive straw layers which is
increased to 15 mm. This free space is filled with larger number of radiators foils. The B-type wheels were
assembled at JINR in Dubna.

Originaly the TRT endcap was designed with extension the rapidity region up to |7=25
(Z <3363 mm) by using the third ring of wheels (C-type wheels). They should contain 4608 straws
positioned in eight successive layers spaced by 8 mm along Z (as for the A-type wheels). Each layer,
however, should contain only 576 straws in the azimuth plane, a smaller number than for the A/B-type
wheels. The C-type straws should be longer by 14 cm than the straws of A/B-type to extend the r-coverage
of the TRT. The construction of the C-type wheels has been staged, and they will not be assembled at
present.

The endcap TRT therefore comprises a total of 245,760 straws with a quite uniform occupancy.
A typical track will cross between 32 and 45 straws.
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5. Wheel design and assembly

The 8-plane wheel is assembled from two back-to-back 4-plane wheels, which are the basic assembly
unit for the detector. A 4-plane TRT module is assembled in the first stage.

The straws are inserted and glued (Fig. 4) into precisely drilled holes in the inner and the outer C-fibre
rings, which serve as support structures for the straws. To ensure optimal uniformity in the number of straws
crossed by particles as a function of azimuth, each straw in a given layer is angularly displaced with respect
to its neighbor in the previous layer by 3/8 of azimuthal spacing between straws in the same layer. The
straws themselves are reinforced and are part of the mechanical structure of the module. The straw
straightness is required to be remained better =
than 300 um, because their operational stability Pk
strongly depends on the displacement of the [
anode wire from the tube axis. Each straw is
therefore visualy inspected after insertion and =~
after gluing. The problematic straws were
replaced. The assembled 4-plane mechanical
structure (C-fibre rings and straws) passed
through  inspection and  quality-control
measurements (dimensions and gas tightness of
the mechanical structure).

Flex-rigid printed circuit boards (Wheel
Electronic Board — WEB) are used to distribute
high-voltage to the straw cathode and to readout
signals from the anode wires. There are 32 | =
separate WEBs per one whedl. The flex-rigid =~
printed circuit board contains two flexible layers
of the circuit made from polyamide film. Each
flex circuit contains holes with inward-printing
petals. The first layer of the flex circuit is used to provide a reliable high-voltage connection to the straw
cathode. The high-voltage plastic plugs are inserted through the petals into the straw making contact with the
inner straw walls. The signal connection is done in an analogous way using the second flexible layer and the
custom-designed copper crimp-tubes inserted through the petals in the second layer. These copper crimp-
tubes are used to fix the anode wires on the outer radius (Fig. 5). The other custom-designed copper crimp-
tubes with isolation are used to fix the anode wires on the inner radius. The WEB transmits the signals to the
front-end electronlcs boards through three connectors each corresponding to 32 channels.

2 : A third C-fibre ring at the outer radius is glued
to the rigid part of the WEB. On the opposite side of
the rings fixed to the WEB, the glass-fibre boards
are glued. They provide a sturdy box-like support.
This box-like structure serves as an outer gas
manifold for the 4-plane wheel. The inner gas
manifold is made of reinforced polyamide material
and glued to the inner C-fibre ring. The gas flows
into one of the two 4-plane wheels, assembled
together as an 8-plane wheel, through this outer gas
manifold along the straws into the inner gas
manifold and through eight plastic connecting
elements into the second 4-plane wheel, where it
traverses the straws in the opposite direction and is
collected inits outer gas manifold.

Fig. 4. Assembly of TRT wheelsat PNPI. Straw insertion and
gluing into the carbon support rings

Fig. 5. Assembly of TRT wheelsat PNPI. 4-plane wheel
prepared for the wire stringing
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The whole 8-plane wheel is covered with a thin metal-clad polyamide membrane on each side at the
inner radius, which provides a signal-return path from the inner radius of the straws to the outer radius where
the electronics ground is defined. The wheels are held together as a stack through a set of axial metallic tie-
rods.

A specialized workshop has been organized at PNPI for the wheels assembly. The wheels assembly
process includes not only mechanical assembly but also components preparation and final and intermediate
tests, resulting in establishment of a passport for each wheel.

Each component used for wheels assembly, when received from a manufacturer or produced in-house,
has to be checked for conformance and cleaned before use. Some of the components go through several
stages of assembly before going into wheels (straws, flex-rigid printed-circuit boards, inner gas manifolds).
The quality control is performed after each essentia stage of assembly.

The tight tolerance for the TRT, which is placed in-between the SCT and Liquid Argon calorimeter, is
required to comply with the given dimensional envelopes. The critica dimensions of the endcap wheels
(such as the inner and the outer radii, the thickness of the endcap wheels) are checked and compared to the
specifications.

In the gas leak test, the assembled 4-plane or 8-plane wheels are filled with 20 mbar over-pressured
argon. The leak rate is evaluated by measuring the pressure drop in the closed detector gas volume over a
sufficiently long period of 4-8 hours. After applying temperature and volume corrections, only a leak rate of
smaller than 1 mbar/min/bar is accepted.

The tension of the wires is measured during the stringing process itself and after completion of the
module. This test is repeated also after reception of the modules at CERN. Control of the wire tension is
necessary to avoid instabilities from the wires gravitational suffering and electrostatic sag. This required
specia attention since al wiresin the TRT modules are crimped. All straws with less than 55 g wire tension,
that is with tension loss greater than 5 g, were disconnected. A device based on the acoustic feed-back loop is
used to accurately determine the wire tension. The wire is excited acoustically, and the characteristic
frequency is measured by capacitance-oscillation sensing. The device was developed and produced at PNPI.
Typically, one wire out of 3072 (one per 4-plane module) was neutralized because of the wire tension lower
than the specification.

High-voltage tests are carried out at three different steps during assembly to identify and repair
problematic elements. A final high-voltage conditioning is performed, when two 4-plane wheels are
assembled together in a 8-plane wheel. For the binary gas mixture 70%Ar and 30%CO, used in this test, the
high voltage is 1480 V. The voltage was applied to the wheel during several weeks. The current drawn
should remain below 150 nA for groups of about 200 straws.

The problematic wires out of specification were removed and restrung when ever possible during
assembly of the modules. Part of them were neutralized (disconnected from the high-voltage group by
unsoldering the protection resistor), since the design of the endcap does not permit restringing of the wires
after assembly of the module. Basically, al tests were repeated after transportation of the modules to CERN,
before the modules enter the stage of final assembly to the super-modules equipped with front-end
electronics.

6. Thewheelstests and acceptance criteria

The most stringent requirement for accepting the assembled wheels [6] is the need for a stable and robust
operation of the TRT detector over many years of running at the LHC. The aspired goal was to achieve afull
detector with less than 1% of dead channels, although up to 3% are acceptable with respect to physics
performance. Therefore all assembled TRT wheels are passed through various tests and the quality control
procedures. The careful testing and analysis helped to detect non-obvious problems in the production cycle.

All the module characteristics are recorded in the production data base. In the large scale project like the
TRT, the modern database is needed not only for trivial follow up of the component stores, but also to
document more complicated test results, and to provide possibilities to trace the reasons of the detector
failure. Even after many years of running, information on the batch of components used, on the person names
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involved into production and tests,
environment conditions during the tests
can be extracted from the TRT Data
base.

The verification of the straw
straightness, or wire offset (eccentricity)
with respect to its nominal position
within the straw, is the most critical test
of the full set of acceptance criteria. For a
wire offset of more than 400 um, the
local increase of eectric field
substantially modifies the gas gain.
Under such conditions, the rate of
discharges and large-amplitude signals
increases significantly, making the straw
very unstable under standard LHC
running conditions. Therefore such wires

are disconnected from the high-voltage

Fig. 6. View of the 8-plane wheel prepared for the tests on the WTS with Su_pply. The actual overall wire offset can
radioactive source **Fe arise from severa sources, e.g. the

mechanical positioning of the crimp tube

in the straw plastic end-pieces, bent or non-cylindrical straws, etc.

The technical difficulty in direct determination of wire positions in 370,000 straws demands an indirect
way to access eccentricity and other geometric deformations of the straws. The method is based on the
measurements of the gas gain uniformity along the straw tube. The verification is performed by installing the
8-plane wheel under test in a vertical position in the automated setup (called Wheel Test Station) equipped
with an array of *Fe radioactive sources — see Fig. 6.

The WTS is rather complicated setup, it includes all complexities starting from precise mechanics,
sophisticated electronics, computing and data acquisition system, on-line and off-line programming up to a
dedicated data base. PNPI provided main contributions to this project from design to construction of the
WTSkey elements.

The *Fe sources are mounted on arms placed at six different radii on a star-shaped support. Through an
automatic rotation of the arms, the signal amplitude, obtained from the straws filled with a 70%Ar and
30%CO, gas mixture, isread out at six points along the full length of each individual straw. For a perfectly
straight straw with an anode wire exactly centered at the straw ends, the amplitude of the signal should be
uniform along the full length of the straw. With the help of calibration curves, the wire eccentricity can be
extracted from the change in the gas gain and from deterioration of the peak width. The calibration curves
have been determined in experiments with controlled deformation of the straw tubes. The gas gain variation
is defined by the difference of the largest and the smallest gain points. In addition, the shape of the measured
peak provides an indication of the nature of the anomaly. After applying safety factors accounting for
uncertainties, it was decided that straws with amplitude variations greater than 9% are subject to critical
review and possibly to face disconnection. The results of al acceptance tests are stored in production
database and summarized in so-called electronic endcap wheel passports.

The wheels were assembled on time according to the plans of the TRT collaboration. Less than 1% of the
channels were dead. After delivery to CERN, the wheels were tested again with the results reproducing well
the measurements at PNPI.

7. Integration and commissioning
During 2004—-2006, stacking of all endcap wheels with their electronics into the TRT endcaps has been

performed. The endcap services were connected to the detector after rotating the endcap stacks from their
original horizontal position to the vertical position within a service support structure and the Faraday cage.
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Before final installation in the gy
ATLAS cavern in the /g8
beginning of 2007, the TRT
has been fully characterized
and qualified as an operational §
system separately and together #
with the silicon-strip detector
(SCT). Common  survey,
mechanical and geometrical
test, services test and system
test have been done. The
dedicated cosmic runs, stand-
aone and combined with the [
SCT, have been performed.
The major goa of the cosmic
rays studies was to test
combined operation of the
SCT and the TRT (Fig. 7) and
te(f)fe((::thseCkT(;[here;:)r:'ge-r?tet e:tr(])(; I(::ilgll?NYI View of the TRT endcap during integration with the SCT endcap at

analyse the readout data from

the TRT detector, a program called Event Display was written by the PNPI team.

PNPI physicists made principal contribution to the TRT detector description for the GEANT4 detector
simulation. Currently, studies of the TRT performance for electron identification are in progress within the
Physics e/gamma group. PNPI physicists participate also in the work of the Top-physics group and the
Jet/EtMiss working group.
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1. Introduction

The LHCb experiment is aimed at detailed studies of CP-violation effects in various decays of B mesons
and also at search for rare B decays suppressed in the Standard Model. These studies should check the
predictions of the Standard Model on a high precision level and, in this way, may reveal some presence of
the “new physics” beyond the Standard Model. At present, the main information in this research area is
coming from the e'e"-colliders (BABAR experiment at SLAC (USA) and BELLE experiment at KEK
(Japan)). Also, some important results were obtained recently in the CDF and DO experiments at Tevatron
(1 TeV + 1 TeV pp -collider at FNAL (USA)). Compared to the e'e -colliders, LHCb will be much more

abundant source of B mesons. Moreover, a larger variety of b-mesons and b-baryons will be produced. As
concerns the CDF and DO experiments, they are general purpose experiments, not optimized for B-decay
studies. The LHCb experiment, being a dedicated B-physics experiment, will have serious advantages
(forward geometry, particle identification) over the Tevatron experiments.

In the initial stage of formulation the physics program for LHC, there were three different proposals for
dedicated studies of B physics. One of them (COBEX) proposed to use the pp-colliding beams, the other
proposals considered two options of fixed target experiments. None of these proposals was accepted by the
LHC Committee. Instead, it was recommended to the three collaborations to merge in one collaboration and
to present a new proposal oriented on utilization of the pp-colliding beam. Following this recommendation,
such collaboration (LHCb collaboration) was soon organized and started to work out the new project. The
COBEX layout was considered as a starting point. The PNPI group, being a member of the COBEX
collaboration, took an active part in development of the new project. In particular, the PNPI group suggested
the most radical change in the COBEX layout: it was proposed to replace the COBEX magnetic system
(a large quadrupole magnet followed by a small dipole magnet) by one large aperture dipole magnet. This
proposal was based on simulation studies of the detector performance, including the background conditions.
After hot discussions, this proposal was accepted by the collaboration. The Letter of Intent was presented in
August 1995, and it was approved by the LHCC. Since then, the PNPI group focused the efforts on
development of the LHCb Muon System.

2. LHCb detector

The Technical Proposal (TP) of the LHCb experiment was approved in September 1998. The LHCb
detector was designed as a single-arm spectrometer with a forward angular coverage from 10 mrad to
300 (250) mrad in the bending (unbending) plane. The choice of the detector geometry was motivated by the

fact that at high energies both b(l; )-hadrons are predominantly produced in the same forward cone. The

production rate of the bb -pairs being very high, the LHCb experiment plans to operate at reduced

luminosity of 2 x 10** em™s™, still producing unprecedented amounts of the bb -pairs (10'? per year). This
allows to study rare B-decay channels, under condition that these channels could be well separated from the
background reactions. The strategy of the LHCb experiment was formulated as follows:

— powerful particle identification;

— high precision vertex detector;

— high momentum resolution for charged particles;

— efficient trigger for selected B-decay channels with b-tag;

— selection of the bunches with only one interaction per bunch.

These features should make the LHCb detector a unique facility for future B-physics.
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The LHCb detector comprises a large aperture magnet, a vertex locator, a tracking system, two RICH
counters, an electromagnetic calorimeter with a preshower detector, a hadronic calorimeter, and a muon
system. It occupies space of 20 meters along the beam direction. One important parameter of the detector is
the amount of material traversed by the particles before they enter the calorimeter. This material deteriorates
the detection capability of electrons and photons, increases the multiple scattering of the charged particles,
and increases occupancies of the tracking stations. Unfortunately, after completion of the Technical Design
Reports (TDRs) by the end of 2001, it was realized that the material budget of the LHCb detector is a factor
of 1.5 higher than expected in the TP. On the other hand, it was understood that the amount of material can
be reduced to the TP values by reoptimizing some of the detector systems without deterioration of its
performance.

Figure 1 shows the layout of the reoptimized LHCb detector. The basic layout remains unchanged from
that of the TP. The main changes are in the number of tracking stations (4 stations instead of 11), in the
number of stations in the vertex detector (21 instead of 25), in the thickness of the silicon sensors (220 um
instead of 300 um), and in the number of detecting planes in the first muon station M1 (two planes instead of
four). Also, there is some reduction of material in RICHI1 (due to changing the mirror material) and in the
beam pipe (due to replacing the Be-Al alloy by Be in the sections up to the calorimeters. The resulting
material budget in front of RICH2 is now 20-30% of the radiation length X, and 12% of the nuclear
interaction length 4;, compared to the TP values: 40% of X, and 10% of 4;.

The design of the reoptimized LHCb detector was approved in 2003 [1].

ECAL HCAL

SPD/PS M3

Magnet RICH2 )
3

Fig. 1. Reoptimized LHCb
detector layout showing the
Vertex Locator (VELO), the
dipole magnet, the two RICH
detectors, the four tracking
stations TT and T1-T3, the
Scintillating Pad Detector
(SPD), Preshower (PS),
Electromagnetic (ECAL) and
Hadronic (HCAL)
calorimeters, and the five
muon stations M1-M5

3. PNPI participation in design and construction of the LHCb Muon System
3.1. LHCb Muon System. General layout and principle of operation

The Muon System performs two functions: the muon identification and the Level-0 muon trigger. Also, it
should provide matching of the selected muon trajectory to the Tracking System for precision measurement
of the muon momentum. The principle of operation of the Muon System was formulated by the PNPI group
in 1997 [2]. It was demonstrated that the Muon System can provide the muon trigger in a stand-alone mode
using information only from the muon chambers. As it is described in the Muon TDR [3], the Muon System
contains a longitudinally segmented shield to attenuate hadrons, photons, and electrons. The shield
components comprise ECAL, HCAL, and four iron walls. The total weight of the iron shield is 1800 tons.
Five muon stations, M1-MS5, are located as shown in Fig. 1. Muon station M1 is positioned in front of ECAL
Stations M2—M4 are embedded in the 40 cm space available between the iron walls, being mounted on
movable platforms as illustrated in Fig. 2. The inner and outer acceptance (horizontal-vertical) of the Muon
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System is 25 mrad X 15 mrad and 294 mrad x 250 mrad, respectively. The sensitive area of the muon
stations varies from 42 m* (M1) to 106 m* (M5).

Fig. 2. Artist’s view of LHCD.

The muon detectors in stations M2-M3 (red color) can slide
sidewise the beam line to allow access. The figure shows the
right-hand side detectors in maintenance position

As it was proposed in Ref. [2], the muon track
finding procedure starts with detecting a hit in
station M3. Then hits in the other stations are
searched in the “fields of interest” close to the
line connecting the hit in M3 with the interaction
point.  Finally, the muon trajectory is
reconstructed using the hits in M2 and M1, while
the hits in the other stations serve to reduce the
background. Thus found muon trajectory is
traced back to the interaction point. The deviation
of the projected trajectory from the interaction
point (impact parameter) is a measure of the muon transfer momentum p,. The muon trigger selects events
with p, higher than a preset value (~ 1.5 GeV/c). The simulation shows that such trigger can provide ~ 40%
registration efficiency for the B — u events with suppression factor of ~100 for the minimum bias events.
The described above M1/M2 p, cut exploits information from M1 station which is located in front of ECAL
in most severe background conditions. However, in case of problems with M1, the muon trajectory could be
determined using hits in M2 and M3. The performance of such M2/M3 p;, cut is still satisfactory: ~30%
B — u efficiency with the same suppression factor for the minimum bias events. The described algorithm
was implemented in Muon Trigger System which provides the Level-0 trigger signal in less than 3 us time
after the interaction.

3.2. Choice of the muon detector technology

A serious problem in the Muon System is the high background. Our studies with GCALOR simulation
program [4] showed that fluxes of charged particles in station M1 vary from 200 kHz/cm” in the region close
to the beam pipe to 10 kHz/cm” in the outer region. The background in stations M2—M5 is lower by nearly
two orders of magnitude, but still it is very high. To a great extent, the high background level determines the
choice of the detector technology. The detector should be fast and radiation hard. The trigger algorithm
requires the very high detection efficiency in each muon station. It should be 99% in a 20 ns window to
determine reliably the correct bunch crossing. On the other hand, the space resolution of the muon detectors
might be rather modest, coherent with the muon track diffusion due to Coulomb scattering in the iron shield.
To satisfy these requirements, a 2D-pad structure has been chosen with the pad dimensions in each station
scaled so that the pad configuration in M1-MS5 is projective to the interaction point. Each station is divided
into four regions, R1-R4, with different pad sizes. Several technologies have been considered for the muon
station detectors. The PNPI group suggested to use specially designed fast operating wire chambers with
anode and/or cathode readout. The other technologies were so-called Thin Gap Chambers (TGC) and
Resistive Plate Chambers (RPC). After extensive R&D studies, the LHCb collaboration has chosen the wire
chambers proposed by PNPI for the whole Muon System except a small but the most “hot” region R1 in
station M1 where GEM detectors will be used.

The proposed wire chambers have a rectangular geometry with the sensitive area S = H x L, where the
chamber height H varies from 20 cm (M1, R1-R4) to 31 cm (M5, R1-R4) and the chamber length L from
24-37 cm (R1, M1-M5) to 96—150 cm (R4, M1-M5). An important feature of this design is identical
chamber height for all regions within one station. This allows to use the “ladder structure” and to avoid
complications in boundary areas between different regions. This structure is illustrated by Figs. 3, 4.
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Fig. 3. Side view of the muon system in the YZ-plane Fig. 4. XY-view of a quarter of station M2. Regions

R4, R3, R2, and R1 are marked in blue, green, yellow
and red, respectively

The wire chambers have symmetrical cells with the following geometry parameters:
e the anode-to-cathode distance — 2.50 mm,
e the anode wire diameter — 30 um,
e the anode wire spacing — 2.0 mm.
The wire is wound along the short side of the chamber in the vertical (Y) direction. In the region R4, the wire
length coincides with the required pad size in the Y-direction. Therefore, wire pads are used in these regions
by grouping several wires in one readout -circuit. For example, the wire pad size in the region M3R4
is 54 x 270 mm”. The other regions have cathode pads with the pad sizes reduced in both directions by the
factors 2 (R3 region), 4 (R2 region), and 8 (R1 region). The pad size remains constant within each region.
Each chamber in stations M2—-MS5 contains four sensitive gaps which are connected as two double-gap
layers. Such multi-gap structure helps to satisfy the requirements of fast operation and high detection
efficiency. Also, it should provide a sufficient redundancy of the Muon System designed for many-years
operation of the LHCb experiment. Note, however, that the station M1 contains only one double-gap, due to
space and material budget constraints for this region.

3.3. Study of muon chamber prototypes

During the period 1998-2002, a series of
muon chamber prototypes (10 prototypes in
total) were constructed at PNPI and tested in a
pion beam at CERN [5] — see Fig. 5. These
R&D studies allowed to optimize the chamber
geometry parameters, the gas mixture, and the
front-end  electronics  parameters.  Also,
simulation studies of the muon chamber
performance were carried out.

Fig. 5. One of the muon chambers constructed at PNPI

in the T11 test beam area at CERN. In total, 10 muon
chamber prototypes have been constructed at PNPI and
tested in the 3 GeV/c pion beam at CERN. The results
of these tests were decisive for selection of the proposed
detector technology for the LHCb Muon System
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Various gas mixtures have been tested, and the mixture of Ar/CO,/CF,4 (40:50:10) was recommended.
This gas mixture provides high electron drift velocity (~100 um/ns), increased stability again discharges, and
good aging properties. Note that these studies were performed with 1.5 mm wire spacing in the chambers.
The conclusions from these studies were as follows.

e One double-gap layer of the muon chamber can provide the required 99% detection efficiency in a

20 ns time window in the high voltage (HV) range from 3.15 kV to 3.35 kV, the efficiency being not
so sensitive to staggering of the wire planes and to the incident angle of the muons.
With two double-gap layers, the 99% efficiency can be obtained starting from HV = 2.95 kV.

e The gas gain was around 10° at HV = 3.15 kV. Its variation over the whole chamber area was

measured to be within +20% (equivalent to 30 V variation in HV).

e The chambers could operate at high beam intensity. The tests with a 150 kHz beam did not show

deterioration of the detection efficiency.

o The total cross talk probability in a double-gap layer was measured to be less than 10% at

HV <3.2 kV, and it was dominated by the cross-talk to the neighbor pads.
These results demonstrated that the designed muon chambers can satisfy the requirements of the LHCb
experiment with the redundancy which was considered even as excessive. That is why the collaboration
decided to increase the wire spacing from 1.5 mm to 2.0 mm, thus reducing the cost and simplifying the
assembling procedure. Further tests showed that the chamber performance was not deteriorated significantly.
After that, the chamber technology was fixed, and the construction of the Muon System has been started.

3.4. Assembling of muon chambersat PNPI

The LHCb Muon System contains 1380 muon chambers in
total, 600 of them were to be assembled at PNPI. These are the
four-gaps chambers with the wire pad readout for the region R4 in
the stations M2, M3, and M4. They cover 75% of the total area of
these stations (Fig. 4). The sensitive area of each chamber is
120 x 25 cm® (M2R4), 130 x 27 cm® (M3R4), 140 x 29 cm’
(M4R4). In total, they contain about 1500000 anode wires.

According to the specifications, the gas gain should be uniform &8
over the chamber area within £30%. This is translated to the 7
following constraints: the gap size of 5.0 £ 0.1 mm, the anode
wire spacing of 2.0 + 0.1 mm, the anode wire tension of 65+ 5 g.

The chambers have no frames. The chamber planes are glued
together, so the chambers could not be opened after assembling.
This requires a reliable assembling technology with control at
at each step. Such technology has been developed at PNPI, and it
was approved by the collaboration after the Production Readiness
Review on January 30, 2004. Then chamber assembling was
started in a specially prepared assembling facility (PNPI-1) — see
Figs. 6, 7. From mid of 2005, the second facility (PNPI-2) — see
Figs. 8, 9 — joined this activity. More than 40 PNPI specialists
were involved in this project. A clean area (800 m?) was
prepared for this work. Both facilities were equipped  with
special tooling: six bar-gluing tables, two automated wiring
machines, an automated wire-soldering machine, two wire-
spacing and wire-tension control machines, two y-rays test stands,

. . ) . . . Fig. 7. Automated wire soldering and wire
various test equipment. This tooling was designed and fabricated  pitch and tension measuring machines at

jointly by the PNPI and CERN teams. PNPI-1
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Unprecedented production rate has been reached: up to
one chamber per working day in each facility. By the
end of 2006, all 600 chambers have been assembled
and tested. According to the tests, all chambers were
well within the specification requirements.

Fig. 8. Automated wiring machine at PNPI-2 facility

All results from the tests are stored in the CERN
Oracle Database Server accessible via Internet by any
member of the LHCb collaboration — see Fig. 10.

L Rt

Fig. 9. The PNPI-2 team in front of containers with the last
muon chambers assembled at PNPI and prepared for the
transportation to CERN on November 20, 2006.

Fig. 10. Special Web-Application was developed in order to
implement all test results into the CERN Oracle Database
Server. The database contains full information on chamber
tests at all stages from the beginning of construction till
the installation into the LHCb Muon System

3.5. Testing of muon chambersat CERN and installation into LHCb Muon System

By the end of 2006, all 600 muon chambers assembled and tested at PNPI were transported to CERN.
At CERN, the tests were repeated (gas leak tests and HV tests). After that, the chambers were installed in
a storage area and permanently flushed with dry nitrogen. Then the chambers were dressed with Faraday
cages and with low voltage and high voltage lines, and were passed the final “pre-installation” tests on a
special cosmic-rays test stand. Some chambers were also tested in the CERN high-flux gamma-rays facility
GIF. All this work was done by the PNPI team.

After the pre-installation tests, the chambers were sent to the LHCb pit for installation into the Muon
System. The installation process required tremendous efforts from the PNPI team. This procedure included
preparation of the gas lines, tracing the HV, LV, and readout cables, fixation of the chambers in their
positions in the muon stations, alignment of the chambers, gas leak tests, and tests of the readout electronics.
A team of 10 people from PNPI participated in this work from mid of 2006. The installation and
commissioning of the muon chambers should by finished by the end of 2007, when the Muon System should
be prepared for the pilot run of LHC.

All the above mentioned stages of testing of muon chambers at CERN and their installation into LHCb
Muon System are illustrated by Figs. 11-16.
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Fig. 14. Testing of muon chambers at cosmic-rays test stand

Fig. 13. Preparing of muon chambers for final tests

Fig. 15. Installation of muon chambers into the LHCb Muon Fig. 16. PNPI team participating in installation of the
System. LHCb Muon System
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3.6. Design and construction of multi-channel high voltage system for LHCb Muon detector

The LHCb Muon System contains 1380 muon chambers with about 5000 detecting layers. For better
redundancy of the system, it would be important to have independent high voltage supply (up to 3 kV) for
each layer. However, the cost of such multi-channel HV
system available on market proved to be unacceptable
for the LHCb collaboration. A much less expensive HV
system for 11000 channels has been constructed recently
by joined efforts of PNPI and Florida University for the
CMS detector. The LHCb collaboration offered PNPI to
build a similar HV system for most part of the LHCb
Muon detector (for 4000 channels). Taking into account + ———— .
the critical situation in construction of the HV system "]
for the LHCb Muon detector, PNPI agreed with this

MAINFRAME

PRIMARY VOLTAGE POWER SUPPLY
{Systerm Leval Regulation and Monitering)
MASTER TINEAR TEGULATTH

& MONITOR
(Chamber Lavel Repolation and Monitoring)
HOST PRINCESSOR

proposal, though this work was not in the initial PNPI S

responsibilities. As the first stage, it was decided to | —
build a system for 2000 channels in 2007 with further DISTRIBUTION BOX | DISTRIBUTICN BOX 8
extension up to 4000 channels. The designed HV system REMOTE LINEAR RENTE LINEAR
provides in each channel the voltage control with 1 V VREHLATINS et
resolution and the current control with a resolution of (Segment Level Regulaticof f ******** |y (Secment Level Resulation
2 nA (fOI‘ I<1 ﬂA) and 100 nA (fOI‘ I > 1ﬂA) The and Monitoring) ard Monitoring)
maximal current in one channel is 100 #A. During 2006, fuse e

a 108-channel prototype of the HV system was
constructed at PNPI and tested at CERN. Construction
of the 2000-channel system is planned to be completed
by the end of 2007. A block scheme of this HV system
is presented in Fig. 17.

Up to 2502 BV Charmels in Total

Fig. 17. Block scheme of designed multi-channel
HV system for the LHCb Muon detector.
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1. Introduction

The ALICE detector is designed to study heavy ion collisions at the energies of several TeV per nucleon
by detecting hadrons, electrons, photons, and muons produced in these collisions. A special feature of such
collisions is high multiplicity — up to several thousand particles per event per rapidity unit. This feature
demands high granularity in the detector systems. The ALICE detector consists of a central (barrel) part
embedded in a large solenoid magnet (L3 magnet) and a forward muon spectrometer (Fig. 1).
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Time
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L3
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Muon Chambers i

|

Photon
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Fig. 1. The layout of the ALICE detector. The muon spectrometer arm is depicted on the right side of the figure

The barrel part comprises the Inner Tracking System (based on Si-detectors), the Time Projection
Chamber, the Particle Identification System (consists of a time-of-flight detector, transition radiation detector
and a ring imaging Cherenkov detector), and the Photon Spectrometer based on scintillating PbWO, crystals.
There are also several small forward detectors (not shown in Fig.1): ZDC (zero degree calorimeter), EMD
(forward multiplicity detector), TO (collision timing detector), and VO (centrality and collision vertex
detector).

PNPI participates in design and construction of the muon spectrometer. This spectrometer consists of a
large dipole magnet, absorbers, five tracking stations, the muon filter and trigger chambers. It is aimed to
study the heavy quark resonances, i.e. JAy, y', ¥, 1", 1" identified by their decay into muon pairs. The
estimated mass resolution is of the order of 100 MeV at 10 GeV, sufficient to distinguish the fine structure of
the Y resonances.

The physics interests of the PNPI team are concentrated on studies of the ultraperipheral collisions and
polarization effects in production of the heavy quarkonia. We exploit the unique features of the muon
spectrometer — high mass resolution and capabilities to produce various trigger signals. It has been
demonstrated that minor modifications of the standard trigger algorithm may allow to obtain valuable
information on gluon density behavior.
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2. Tracking chambersfor the Muon Spectrometer
2.1. Tracking chamber design

In order to achieve the required mass resolution the tracking stations of the ALICE Dimuon arm should
satisfy several main requirements:
e They must be thin enough in order to introduce negligible deterioration to the muon track (average
X/X, of the station is less than 3%),
e They should be able to operate in high hit density environment (up to 0.01 hits per cm?), and
e To measure the track position with the precision of about 100 gm in bending plane and about 1 mm
in non-bending one.

Moreover, the stations cover large sensitive area (up to 5x5 m?®). The cathode pad chambers (CPC) were

chosen for this purpose.

Following suggestions of the PNPI group [1], the rear tracking stations (stations 3, 4 and 5) have a slat
structure, i.e. they are composed of the overlapping rectangular CPC modules (also called as slats). The
length of the modules varies from 80 cm to 240 cm with the constant height of 40 cm.

Several CPC prototypes were constructed and tested, and the assembling technology was developed. The
CPC body built of two carbon-fiber/honeycomb sandwiches with the PCB cathodes glued onto them. The
cathode segmentation (length of the pads) varies with the behavior of the expected hit density. The signal
wires (made of tungsten, diameter of 18 microns, without gold plating) are glued between the spacers made
of Noryl. The materials were carefully chosen in order to minimize the detector ageing. The front-end
electronics cards are plugged into connectors in the peripheral area of the slats. Special attention has been
paid to perform permanent in-production quality control of the modules from the very beginning of the
assembly till the final tests, to maintain the cathode planarity, uniformity of the anode-cathode distance, the
stress of anode wires, to achieve the correct position of each pad. The special tooling has been developed at
PNPI for this purpose.

The assembly of 38 CPC modules (a quarter of the total number) has been accomplished at PNPI. For
this task, a clean assembly area was prepared and equipped with specially developed tooling and with testing
setups.

2.2. Tooling for production of the tracking chambers

The PNPI team was responsible for design and construction of the tooling for production of the tracking
chamber modules. The PCB trimming machine, the high voltage test bed, the A-source test bench and the
devices to measure the wire tension were developed at PNPI and provided to all teams in the collaboration
involved in production of the tracking chambers for stations 3-4-5 of the ALICE Muon spectrometer.

PCB trimming device

The high spatial resolution requires a precise (about £40 microns) positioning of the cathode pads. In
order to accomplish this task, the sides of the PCBs were trimmed and the fiduciary holes were punched. The
typical linearity of the trim was £15 microns, the trim line being positioned with respect to the pads within
+20 microns. The same precision was achieved in positioning of the fiduciary holes. This device (see Fig. 2,
left) has been used to treat all the PCBs used in the tracking chambers for stations 3, 4, and 5.

A simplified option of the device (Fig. 2, right) has been developed and produced at PNPI for our
colleagues at Saha Institute (Kolkatta, India). In this case the chamber assembling technology did not require
the fiduciary holes, the cathode pads are aligned using the high quality of the PCB edge trimming. The
device has been successfully used in production of the chambers for the tracking station 2.
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Fig. 2. The PCB trimmers developed for preparation of the slats for stations 3, 4, 5 (left) and for station 2 (right) at PNPI

fsour cetest bench

Special attention was paid to monitoring the gas gain uniformity. The variations of the gas gain reflect
defects of planarity of the cathode planes, resulting in degradation of the chamber spatial resolution. We
controlled the gas gain by measuring the current induced in the chambers by a f-source. The constructed test
bench (Fig. 3) performs movement of the collimated Asource across the sensitive area with simultaneous
measurement of the current. The observed irregularities of the 2-dimensional gas gain distribution do not
exceed 30% with typical dispersion around 10% [2].
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Fig. 3. Fsource test bench and an example of gas gain homogeneity distribution in a tracking chamber

High voltage test bed

The High Voltage Test Bed (HVTB) was build to check the quality of assembled chamber wire planes
[3]. The HVTB is a leak-proof box with a transparent cover (see Fig. 4). The cover has a translucent cathode
grid and spacers attached to it. The HVTB is equipped with a pneumatic system which lifts up the wire plane
and presses it to the cover spacers to reproduce the HV geometry close to that of the real slat chamber. The
HVTB is filled with nitrogen — a spark-resistant gas. The applied HV induces corona discharge around the
anode wires. The glow is brighter near locations with abnormally strong electric field, as motes, sharp burrs,
loose wires etc. This makes the chamber defects visible. The small motes and burrs can be burnt out after
6—7 hours of the corona discharge. Such devices were shipped to all teams which produced chambers for
tracking stations 3-4-5.
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Fig. 4. A view of the high voltage test bed

M easurement of wiretension in tracking chambers

The total number of wires in the tracking system is of the order of 100,000. All wires must be stressed;
otherwise the system would be mechanically unstable due to electrostatic repulsion (so-called staggering
effect). For the chosen wire parameters the minimal tension (staggering limit) is estimated to be 17 grams,
while the wire elasticity limit is about 70 grams. The nominal wire tension was chosen to be 40 grams.
In order to guarantee the quality of the wiring, it was foreseen that each individual wire tension should be
measured during the chamber production. Two kinds of devices for measurements of the wire tension have
been built. The first one (see Fig. 5) is designed for use during the chamber production and the other one to
check the fully assembled chambers. Both devices use the relation between the wire tension and its
resonance frequency. Capacitive sensors are used to catch the free wire oscillations, and the Fourier
procedure is used to find the resonance frequency. The difference between the setups is the wire excitation
method: while the in-production procedure uses electrostatic pulses, the assembled chambers are checked
using the mechanical tap.
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Fig. 5. The equipment for wire tension measurement and the wire tension distribution
measured for about 20,000 wires in the chambers produced at PNPI

Both devices can measure the wire tension with the tolerance of £0.5 g within reasonable time (about 20
minutes per 80 wires) [4]. The results of the measurements with the first device are filled in the production
database. The second device is used during the chamber commissioning and in periodical checks during the
LHC shutdowns.
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Beam testsresults

The prototypes of the tracking chambers were tested at CERN using the pion beam at PS with the
momentum of 7 GeV/c and the muon beam at SPS with the momentum of 120 GeV/c. An array of 10
silicon strip detectors (pitch of 50 microns) has been used to reconstruct the track parameters. The beam test
data has been analyzed by several teams. The analyses gave consistent results: the spatial resolution had a
narrow component with sigma of about 70 microns at PS and about 50 microns at SPS (the difference is
caused by the multiple scattering) at the efficiency of 96% (inefficiency is caused by the distribution tails).
The PNPI analysis [5] featured a readout/decoding subroutine, several new methods for the position
reconstruction, wide-range parameterization of the realistic residual distribution (see Fig. 6), and
parameterization of the resolution angular dependence.
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Fig. 6. Parameterization of the residual distribution measured at PS, one can see narrow (~70 microns)
and wide (~300 microns) components of the distribution

2.3. Assembling, tests and commissioning of thetracking chambers

To perform the slat production of the tracking chambers, a dedicated assembling site was organized at
PNPI (Fig. 7). It includes a clean room (equipped with necessary tooling with a climate control) and several
auxiliary rooms.

The final assembling of the tracking stations took place at CERN; the PNPI representatives participated in
this activity (see Fig. 8). During the chamber assembling, the slats were tested for gas tightness and high
voltage, they were equipped with electronics; the electronics was burned and the readout has been tested. By
mid of 2007 the Muon Spectrometer assembling is nearly completed, most of the chambers are equipped
with electronics and installed in the ALICE cave. The time before the run will be devoted to the
commissioning: final installation of the services, tests of the readout, etc.
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(©) T L. (d)
Fig. 7. A view of clean assembling room (a), gluing of the PCB to the composite sandwiches (b), wiring machine (d),
and installation of the signal wires on a wire plane (c)

Fig. 8. Tests of tracking chambers at CERN (left) and the assembled half of the tracking station (right) at CERN

3. Mechanical design of the setup

The PNPI team contributed to mechanical design of the muon spectrometer parts: the muon filter and the
superstructure. The design includes a complete set of the engineering drawings and the finite element
analysis (stress and buckling analysis, simulation of the earthquake). The design was adapted to the
capabilities and features of Russian plants. Unfortunately the price tag proposed by Russian industry was too
high, so the muon filter has been redesigned in order to build elsewhere. The design of the superstructure did
not affected significant changes; it was built at CERN (Fig. 9).
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Fig. 9. Superstructure for support of the tracking and trigger chambers designed by the PNPI group

It has also been demonstrated that the requirements to the quality of the gaps between the elements
of the muon filter could be rather loose [6].

The members of the PNPI team (Fig. 10) also participated in magnetic field mapping, geometry
survey of the detectors and pulling of the cables (together with colleagues from JINR, Dubna).

Fig. 10. Geometrical survey (left) and cabling activity (right) at ALICE

4. Physics activities

Heavy quarkonia photoproduction

In their pioneering article [7], L. Frankfurt, M. Strikman and M. Zhalov demonstrated that the coherent
photoproduction of heavy quarkonia in Pb-Pb collisions at LHC has considerable total cross section and is
sensitive to the small-x behavior of the gluon density. We found that the Level-0 trigger in the muon
spectrometer, with minor modifications, could be used to study the coherent quarkonia photoproduction
(Fig. 11). The two cases were considered: when both muons are detected by the muon spectrometer, and also

56



when one muon hits the muon arm while another one is detected in the barrel. In the first case the standard
muon trigger could be used with TO and VO decisions excluded. In the second case an additional pre-
selection of the events of interest could be achieved including a veto from the Photon Spectrometer. Later,
more sophisticated LO triggers from the pixel Inner Tracking System and from the Time-of flight detectors
could be implemented. The additional clean-up could be done at Level-1 analyzing the (ZDC) information.
The off-line quarkonia p, analysis will make a final selection of the coherent events. The estimated counting
rates are order of 20,000 events in both cases for J/y and few hundreds for the case of Upsilon per heavy ion
running year [8].
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Fig. 11. The theoretical predictions (left) and the AliRoot simulation of the coherent J/y photoproduction (right) in function of
rapidity; the blue peak corresponds to the case when both muons are detected in the muon arm, the red peak corresponds to the case
when one muon is detected in the muon arm, and another one is detected in the barrel

Heavy quarkonia polarization

We considered the possibility of the J/ i polarization measurements in the barrel part of ALICE [9]. The
quarkonium polarization is an important test for understanding the quarkonium production mechanisms and
heavy ion collision dynamics. The simulations were carried out within the A/iRoot framework. An event
generator has been developed; the 3D acceptance analysis (p,, y, cos6) has been carried out. It has been
demonstrated that the polarization parameter can be extracted in five p, bins, with the statistical uncertainties
on the reconstructed parameter ranging from 0.02 to 0.13.
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STUDY OF CHANNELING AND VOLUME REFLECTION EFFECTSIN BENT CRYSTALS

PNPI participants of the Russia-Italy-USA-CERN Collaboration:
Yu.M. lvanov, N.F. Bondar, Yu.A. Gavrikov, A.S. Denisov, A.V. Zhelamkov, V.G. Ivochkin,
S.V. Kosyanenko, L.P. Lapina, A.A. Petrunin, V.V. Skorobogatov, V.M. Suvorov, A.l. Shchetkovsky

1. Introduction

In the last years it has been shown that short bent silicon crystals can be used efficiently to extract beam
particles out of the accelerators. This crystal extraction was applied to the main beam and also to the halo
particles. The idea of crystal based collimation for the Large Hadron Collider (LHC) at CERN is to use bent
crystals for deflecting the halo protons at 6¢ from the central beam orbit onto a special absorber where they
hit with large impact parameters. Due to large deflection angles and high impact parameters the halo protons
can be efficiently removed using crystals from the LHC beams that should reduce background in detectors
and avoid quenches of superconducting magnets at highest luminosities. Below we describe our recent
studies of silicon properties and beam-crystal interactions performed at PNPI, IHEP, and CERN with the aim
to develop high efficient crystal collimation system for the LHC.

2. Observation of elastic quasi-mosaicity effect in silicon

Multiple scattering of high energy charged particles in material restricts an efficiency of the crystals as
beam deflectors. Estimations show that optimal size of the bent silicon crystals in beam direction should lie
in millimeter or sub-millimeter region with the bending angles of the atomic planes not exceeding one-two
hundred microradians. We found that such requirements can be met using elastic quasi-mosaicity effect in
bent silicon plates.

This effect is well-known in crystal-diffraction y- and X-rays spectrometry after studies carried out by
O.1. Sumbaev in 60-es. He showed that bending of quartz plate results in the curving of atomic planes
coinciding with normal cross sections of the plate. It broadens the diffraction profiles of y-lines as if the plate
was the mosaic crystal. In 70-es, A.V. Tyunis, V.M. Samsonov and O.I. Sumbaev generalized the theory of
the effect and predicted that some other materials (i.e. silicon) should reveal elastic quasi-mosaicity behavior.

We investigated with X-rays the properties of silicon plates cut under different angles with respect to the
crystallographic axes and observed the elastic quasi-mosaicity effect for the (111) atomic planes [1]. The
plate orientation respect to the crystallographic planes corresponding to the largest elastic quasi-mosaicity
effect in silicon is shown in Fig. 1.
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Fig. 1. Elastic quasi-mosaicity effect in bent silicon plate: the Fig. 2. Rocking curves before and after bending of the sample
bending of the plate to a cylinder of radius p results in curving of (FWHM:s are 6” and 24", respectively)

the (111) crystallographic planes along thickness 7. The radius p'

characterizes the curvature induced by anticlastic forces
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Using double crystal X-rays diffractometer in the transmission mode we measured rocking curves of the
sample with sizes 20(X) x 60(Y) x 0.43(Z) mm’ before and after bending. The measurement results are
shown in Fig. 2, where both rocking curves are presented. The FWHM of the rocking curve for unbent plate
is equal to 6" and close to the width from two ideal crystals. After the bending of the sample to a radius of
p =92 cm in vertical plane, the rocking curve width and amplitude increase by a factor of 4. The width of
the rocking curve directly characterizes a bending angle of the (111) atomic planes along plate thickness. It is
equal to 24" that means bending angle 120 urad per 0.43 mm. Due to anticlastic forces a shape of the bent
plate is similar to the “saddle” with a radius of p' = 410 c¢m in the horizontal plane.

The control experiment was made with another plate cut from the same ingot. This plate was identical to
the studied above but differed in the cut angle in the (111) plane by 30°. After the bending of the control
plate, its rocking curve practically did not change.

The measured bending angles of atomic planes in silicon were found to be in a good agreement with the
updated theory predictions and close to values needed for crystal collimation.

3. Observation of volumereflection effect in bent silicon crystal with 70 GeV proton beam at IHEP

Using elastic quasi-mosaicity effect in silicon we prepared a series of bent crystals with sub-millimeter
lengths along beam and studied them at the Institute for High Energy Physics (Protvino) with 70 GeV
protons. In the experiment, besides channeling, we observed a volume reflection of protons in the bent
crystal [2, 3], the new effect essential for development of crystal applications at accelerators predicted by
AM. Taratin and S.I. Vorobiev in 80-es. This phenomenon arises from the coherent interaction of proton
with a bent atomic plane in the tangency point of the plane with the proton trajectory and results in a small
angular deflection of the reflected particle opposite the atomic plane bending.

Silicon plate used in experiment had sizes
20(X) x 60(Y) x 0.72(Z) mm® with channeling
(111) planes parallel to the YZ plane. The plate
was bent in the YZ plane using method of
applied moments (Fig. 3) to a radius of 48 cm
that induced a quasi-mosaic bending of the
(111) planes in the XZ plane to a radius of
1.7 m with a full bending angle of ~420 urad.
The saddle radius in the XZ plane was found to
be about 3.2 m in the center of the crystal with
increasing to the clamping areas.

The crystal was mounted on a turntable

Fig. 3. Bending method of Si (111) planes (coinciding with vertical providing 4 mm overlapping with the proton

narrow face of crystal plate) beam in the X-direction (Fig. 4). Alignment of
the crystal was done using a reflection of laser beam from crystal faces to the marks related with proton
beam. Channeling orientation of the crystal was found as an angular position with maximal coincidence rate
between narrow scintillation counters S1 and S2 placed in and out of the primary beam, respectively. A large
counter S3 was used as a primary beam monitor.

Crystal Emulsions
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Fig. 4. Layout of the experiment. S1, S2, S3 — scintillation counters
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In the experiment we used a small-divergent (~15 urad), low intensity (~10° s™'), external 70 GeV proton
beam. The angular spreading of the beam induced by the multiple scattering in the crystal plate was
13.5 prad. Both the divergence of the incident beam and the multiple scattering in the crystal were small with
respect to the critical angle for channeling 8. equal to 24 urad in our case.

The profile of the beam transmitted through the oriented crystal was measured using emulsions of the
R-100 type located 4.6 m and 5.9 m downstream. They were exposed to an integrated flux of about
5 particles/(um)” and displayed three slightly distinct curved lines A, B, and C. The lines were well visible in
a wide background spot from primary beam having a semicircle shape due to cutting a beam by collimator.
The measured profiles were similar in both emulsions, but separation of lines was largest in the most distant
emulsion, which is shown in Fig. 5. For both emulsions we determined the relative positions and widths of
the observed lines in the X-direction of the crystal mid-plane with a microscope (along the white dashed line
in Fig. 5).

X Emulsion 1 Emulsion 2

Emulston 2 Channeled beam

— Primary beam

— Reflected beam

— Primary beam
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S ; Fig. 6. Proton trajectories crossing the crystal and emulsions in the
horizontal plane (top view). The incident beam is shown as parallel
Fig. 5. Part of emulsion 2 with the profile of the proton  (distance between the effective “‘source’ of the beam and the crystal is
beam. The white dashed line indicates the trace of the much larger than a saddle radius of the crystal) with a uniform intensity
measurement with a microscope. The black dashed lines  distribution along the X-direction. The dots within the crystal indicate the
show X-readings, which correspond to the borders of tangency points of the incident proton trajectories with the (111) atomic
the lines A, B, and C planes where the volume reflection takes place

An explanation of the beam intensity distribution observed in emulsions is given in Fig. 6 where proton
trajectories in the horizontal XZ-plane are shown. The crystal has curvature in this plane due to anticlastic
forces so the (111) planes change orientation along the X-direction. In a small X-range, where incident
protons are tangent to the (111) planes on the entry face, part of the protons transiting through this range are
captured in the channeling along the (111) planes (rays between 5 and 6) producing a spot C. For points at
larger X-coordinates, the conditions are adequate for volume reflection, since the trajectories of the incident
protons are tangent to the atomic (111) planes somewhere inside the crystal (rays in between 1 and 3). Out of
the X-ranges for the channeling and volume reflection, incident protons pass through the crystal and
experience only multiple scattering (rays above ray 4 and below 2). In this case, there is an area depleted of
protons in between the reflected and primary beams, denoted by B, and another area where primary and
reflected protons mix, denoted by A.

Above or below the mid-plane, we have the same picture of the proton-crystal interactions, except that
the vertical dependence of the anticlastic curvature produces a continuous shifting of the projected spots. As
result, a joint pattern comprises three lines (two black lines A and C and one light line B) of the same slightly
curved shape.
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The deflection angle of the channeled protons is estimated from the ratio of the distance between lines A
and C to the distance between the crystal and the corresponding emulsion. Averaging over two emulsions,
we found avalue of 435+ 6 urad that coincides with the bending angle of the (111) planes measured with
X-rays.

The deflection angle 2 6; of the reflected protons is estimated from the angular width of lines A and B,
defined as the ratio of the line width to the distance from the crystal to each emulsion. Averaging the widths
of A and B, we found 26; equal to 39.5+ 2.0 urad, or (1.65 +0.08)-6, in terms of the critical angle for
channeling.

The dark color of the line A shows that probability of the reflection is larger than probability of the
channeling. The widths of the reflected and channeled beams demonstrate that an angular acceptance of the
volume reflection determined by a bend angle of the atomic planes is larger than an angular acceptance of
the channeling restricted by a critical angle 4.

4. Study of volume reflection effect in bent silicon crystalswith 1 GeV proton beam at PNPI

In the experiment with emulsion detectors, only a qualitative estimate for the reflection probability was
obtained. In the next experiment with the use of electronic detectors the channeling and reflection effects
were registered separately providing accurate estimates for the probabilities of the processes [4, 5].

Vacuum pipe

Thin
Collimator 2 /winduw

1 GeV p-beam Crystal Y
‘ | L— :
| i

X

(111)

Detector

Sm

Fig. 7. Layout of the experiment on the observation of volume reflection with the 1 GeV proton beam

This experiment was carried out at the 1 GeV proton synchrocyclotron. The method (Fig. 7) involved
the formation of a narrow, almost parallel, proton beam incident on a crystal and measurement of the
distribution of the protons deflected by the crystal using fast-response detectors with high position resolution.

The beam was formed by means of two collimators near 1 m in length and separated by a distance of
31 m from one to another with a deflecting magnet between them. The adjusted proton beam had half-width
in the horizontal plane at the exit of the second collimator equal to 80 + 20 um with the angular divergence
of 160 % 20 urad and intensity of about 2 x 10* protons per second.

A silicon plate similar to the shown in Fig. 1 was used as the working crystal. The thickness of the plate
was 30 um that corresponds to the multiple scattering angle of 105 urad (smaller than a critical angle for
channeling equal to 170 urad for the (111) silicon planes and 1 GeV protons). The plate was bent with a
radius of 22 mm in the vertical plane by means of clamping in cylindrical mirrors with a hole with a diameter
of 3 mm at the center for passing the proton beam. The quasi-mosaic bending of the (111) planes measured
with X-rays was found to be 380 = 20 urad. The bent crystal was mounted on the rotary table attached to the
exit end of the second collimator so that the center of the crystal coincided with the proton beam axis.
Position-sensitive detectors were placed at a distance of 5 m from the crystal outside the vacuum channel.

One of the detectors was a parallel plate gas counter with linear position sensitivity (due to dividing
anode plane into 64 elements with 200 xm pitch), the other was a cross of two scintillation counters (with
80 um widths) placed on a linear carriage and working in coincidence. The both detectors had detection area
for protons limited in the vertical direction and allowed measurements of the beam profile in the horizontal
plane.

Figure 8 shows the typical angular scan with the parallel plate counter. The X-axis is the anode-
strip coordinate in millimeters, zero corresponds to the position of the primary beam axis. The f-axis is the
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crystal angle in microradians, zero corresponds to the tangency of the primary-beam axis with the (111)
planes on the entrance face of the crystal. The color of a point corresponds to the number of protons, the
color scale is shown on the right-hand side from the plot. Two effects are clearly seen in the plot, which
cause particles to deviate oppositely with respect to the initial direction. The right and left spots are easily
identified as the regions of the channeling effect and the volume reflection effect, respectively. The lower
and upper spots correspond to the primary beam passing through the non-oriented crystal.
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Fig. 8. Beam profile vs the angular position of the crystal as measured using the parallel plate position sensitive gas counter

Figures 9 and 10 show the profiles of the beam passed through the crystal in the angular positions
corresponding to the centers of the channeling and volume reflection regions measured with the scintillation
detector. The dashed line presents the beam profile corresponding to the non-oriented crystal.

From fitting of the peaks, the probability of the volume reflection equals to 0.71 £ 0.03 that is higher
than probability of the channeling equal to 0.63 + 0.03. The deflection angle of protons reflected inside the
crystal is equal to 1.39 + 0.04 in terms of the critical angle for channeling. The width of the reflected peak is
equal to 1.76 £ 0.04 in the same units.

The protons that are not involved in channeling undergo volume reflection and are deflected by an angle
of 1.01 £0.05 in terms of the critical angle for channeling, and the width of the reflected peak is equal to
1.94 + 0.08 in the same units.
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Fig. 9. Beam profile in the angular position of the crystal that Fig. 10. Beam profile in the angular position of the crystal
corresponds to the maximum channeling as measured by that corresponds to the maximum volume reflection as

means of the scintillation detector. The collection time at measured by means of the scintillation detector. The
each point is equal to 10 s collection time at each point is equal to 10 s
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5. Study of volume reflection effect in bent silicon crystals with 400 GeV proton beam at CERN

The experiment [6] was carried out with a 400 GeV proton beam from the CERN Super Proton
Synchrotron H8 external line, which had a low divergence and an intensity near 10* particles per second. An
experimental layout is shown in Fig. 11. It consisted of a high precision goniometer (G), where the crystals
under investigation were mounted, and of various detectors to track particles. They were positioned along the
beam line in the vicinity of the crystal and in an experimental area at about 70 m downstream.
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Fig. 11. Sketch of the H8-RD22 experimental setup. M1 and M2 are two bending magnets, part of the H8 beam transport line with
no specific function for this experiment. See the text for more details

For the experiment, several quasi-mosaic and strip silicon crystals were prepared. In fact, the results of
the measurements with all these crystals turned out to be very similar. Below a result from one of the strip
crystals is presented. This crystal had (110) channeling planes bent (due to anticlastic effect) at an angle of
162 urad along its 3 mm length in the beam direction. The multiple scattering angle of 400 GeV protons in
this crystal was equal to 5.3 urad and small with respect to the critical angle equal to 10.6 urad. The proton
beam had a divergence of 8 = 1 urad, also smaller than the critical angle. The beam spot size was of about
1 mm close to the strip crystal thickness.

The goniometer consisted of three high precision motion units, two linear and one angular. With the
linear motions, the crystals were positioned with respect to the beam center with an accuracy of several
micrometers. With angular scans, the crystals were aligned with respect to the beam axis with an accuracy of
1.5 prad.

Six scintillator counters were used to determine the beam transverse offset with respect to the crystal
(S1-S2), to provide the basic trigger signal for silicon detectors (S3—S4), and to measure the beam
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scintillation hodoscope (H) and a position-
sensitive gas chamber (GC) were operated in
2H ' 1" AR il self-triggering mode for a fast prealignment of
PRRRTORLR o _ the crystal. High statistical runs were taken
' : ' = 10° instead with a set of silicon microstrip
detectors (SDn) of spatial resolution in the

range 10-30 ym.
Figure 12 shows a summary plot of a scan
104 performed with the crystal. A deflection angle
of the channeled beam is equal to 165 £ 2 urad
in agreement with the value of the bending
angle of the crystal. An efficiency of the

I divergence and the beam profile (S5-S6). A
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angle of the volume reflected beam is equal
to 13.9 * 0.2y, £ 1.5 mrad, which is in
orientation (Y-axis). Six regions can be distinguished: (1) and (6) non- agreement with the theory predictions. The
channeling mode; (2) channeling; (3) dechanneling; (4) volume volume reflection efficiency has been
reflection; (5) volume capture. The wider angular acceptance of  actimated to exceed 95%. This high efficiency

Fig. 12. Beam intensity recorded by the silicon microstrip detectors as
a function of the horizontal deflection angle (X-axis) and the crystal

volume reflection compared to channeling is clearly visible in the

figure is by far greater than the maximal theoretical

single-pass efficiency for channeling.
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6. Observation of double volumereflection of proton beam by a sequence of two bent crystals

Using the beam and setup described in previous section we have carried out an experiment on double
volume reflection in two quasi-mosaic crystals [7]. Experimental layout is shown schematically in Fig. 13.

I Fig. 13. Schematic top view of the
experimental layout in the horizontal plane.
SD1 — s02 Sp3 GC QM1 and QM2 are two quasi-mosaic crystals
installed on the rotational stage RS of the

goniometer. The QM1 crystal is placed on the
p-beam | — .. - -}t additional linear stage LS that allows to align

Ej’ """""""""""""""""" QM1 with QM2. SD1, SD2, SD3 are silicon
|-Ls microstrip detectors, GC is a position-sensitive
gas chamber. The lines represents the
trajectories of the protons after the crystals, the
unperturbed beam (lower dashed) crossing the
RS crystals both in amorphous position, the beam
reflected by the first crystal only (upper
dashed), and the double-reflected beam (solid)

QM2

Two silicon plates QM1 and QM2 with the (111) atomic planes bent of ~70 urad along the plate
thickness of ~0.8 mm were installed on a goniometer. The (111) planes of QM1 plate were fan-shaped that
made possible to align them with respect to the QM2 plate within the proton beam spot using the transverse
linear motion of the QM1 support.

In Fig. 14 the angular scans performed before (a) and after (b) the fine relative alignment of the two
crystals are shown. The channeling peaks for both QM2 and QM1 crystals are visible as the two isolated
spots at negative values of the beam deflection angles in Fig. 14a. This scan was obtained before the
alignment and, therefore, the two peaks appear at different angular positions of the goniometer.
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Fig. 14. Angular scans performed before (a) and after (b) the fine alignment of the crystals. On the Y-axis the angular position of the
goniometer is shown while on the X-axis the beam deflection angle of the particle measured with the GC detector is reported. The
origin of the X-axis corresponds to the direction of the incident beam. The origin of the Y-axis corresponds to the angular position of
the goniometer when the channeling effect in QM2 crystal is maximal. In (a) both channeling peaks due to QM1 and QM2 are
visible. In (b) the two channeling peaks coincides at about the same goniometer angle and are followed by the double reflection. The
color scale indicates the beam intensity at a given deflection angle for various angular positions of the goniometer

The mean deflection angles of the channeled protons are measured with the SD2 and SD3 detectors to
be 68.6 £ 0.9 urad and 78.1 + 4.8 urad for the QM2 and QM1 crystals, respectively: they are equal to the
bending angles of the (111) atomic planes in the crystals. The region of the scan with the proton beam
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deflected to the opposite direction with respect to the channeled protons is due to the volume reflection
effect. The deflection angle and efficiency of a single reflection are found to be 11.70 = 0.51 urad and
(98.27 £ 0.50)% for QM2 and 11.90 £ 0.59 urad and (97.80 + 0.64)% for QM1, respectively.

The volume reflection regions corresponding to the QM2 and QM1 crystals in Fig. 14a are partly
superimposed resulting in the deflection of the proton beam at larger angles than in the case of a single
reflection. The angle and efficiency of double reflection were accurately measured with finally aligned
crystals, the result is shown in Fig. 14b.

Figure 15 shows the beam profiles for three different cases corresponding to amorphous scattering,
single, or double reflections of protons in the crystals. The deflection angle of the double reflected beam is
found to be equal to 23.23 £ 0.18, + 0.09 urad, that is twice larger than in the single reflection. The
efficiency of the double reflection is equal to (96.73  0.38, + 0.5045)%.

900
800
700

i)
600
500
400
300 \“

Counts

200
100

0 ¥ T T T T l
-140 -120 -100 -80 -60 -40 -20 0 20 40 60

Beam deflection angle, prad

Fig. 15. The beam profiles corresponding to amorphous scattering of protons in both crystals (1),
the reflection case in one of the crystal (2) and in both crystals — double reflection (3)

Thus, the experiment demonstrated a feasibility of multiple volume reflections in a sequence of short
bent crystals with high efficiency and with beam deflection angle proportional to the number of reflections.
This result opens new ways to develop crystal optics for the manipulation of high-energy charged particle
beams.

7. Conclusion

In conclusion, the volume reflection exhibits high performance compared to channeling in terms of
efficiency and angular acceptance, sheds new insight into the physics of interaction of charged particles with
crystals, and suggests new applications in the next generation of experiments in both accelerators and high-
energy physics.
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1. Introduction

Here we report the first result of the MuCap experiment for the rate Ag of the semileptonic weak process
of the ordinary muon capture (OMC) by the proton from the singlet ground state of the ¢ p atom:

Wwphs—n+tv,, BR=0.16%. (1)

In the framework of the Standard Model, this reaction is parameterized by six induced form factors gy, gu,
24, 2p, g5, gr evaluated at the relevant value of the four-momentum transfer qc2 =—0.88 m,f, where m,, is the
muon mass. The second-class (scalar and tensor) form factors ggand gr vanish in the limit of exact G-parity
invariance. The other three form factors gi{q.), gu(q.>), gu(g.) are accurately determined by experimental
data and Standard Model symmetries. According to the conserved vector current (CVC) theorem, the vector
and magnetic form factors gi{q°) and gy(g”) are identical to corresponding electromagnetic form factors
which are determined by the nucleon magnetic moments and by the ep-scattering data:

2/(q.>)=0.976 £ 0.001, gu(g.>)=3.583 +0.003.

The axial form factor g,(0) is determined from the neutron f-decay, and its extrapolation to ¢* = ¢, can be
done using vN-scattering data (Congleton and Truhlik, 1996)

24(q>) = —1.245 = 0.004.

The neutron beta decay is sensitive only to the gj(0) and g4(0) form factors. On the contrary, due to its larger
momentum transfer g.> = —0.88 m,,z, the muon capture reaction (1) is also sensitive to the magnetic and
pseudoscalar form factors g,(g.”) and gp(g.’) which vanish at g — 0. That is why the OMC reaction (1) is
considered as a source of information on the pseudoscalar form factor gp(g.’). In particular, gs(g.”) can be
obtained from measurements of the muon capture rate Ag from the 1S ground state of the x p atom. One
should point out, however, that such measurements should be very accurate as a 1% error in Ag results in a
6.5% error in gp(¢.>). In principle, gp(g.”) could be measured also in the radiative muon capture (RMC)
reaction
W +p— n+v,+y, BR=10" )

Though the sensitivity of the RMC rate to gp(¢>) is by a factor of 3 higher than in OMC, however the RMC
studies are complicated by the very low branching ratio and some difficulties in interpretation of the
experimental data.

The form factor gp(g.”) arises mainly from the coupling of the weak leptonic current to the nucleon via an
intermediate pion, which generates a pole term that dominates at ¢.>. Early theoretical expressions for gx(¢.”)
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were derived using current algebra techniques; now gp(g.”) can be systematically calculated within the
heavy baryon chiral perturbation theory (HBChPT) up to two-loop order. The precise QCD result
gr(g.”) = 8.26 + 0.23 (V. Bernard et al., 2002) follows from the basic concepts of explicit and spontaneous
chiral symmetry breaking, and thus its experimental confirmation is an important test of the QCD
symmetries. The observed deviation of the experimental data on gp(g.”) from the theoretical prediction might
be also an indication of the “new physics” beyond the Standard Model.

Experimental OMC efforts span a period of more than forty years, and more recently one RMC
experiment was performed at TRIUMF (Joukmans ef al., 1996). However, as shown in Fig. 1, the situation
prior to the present experiment was inconclusive, as the results lacked sufficient precision due to ambiguities
in the interpretation as well as to technical challenges.
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Fig. 1. Experimental and theoretical determinations of gp(g.>) presented vs the ortho-para transition rate Aop in the pup molecule.
The most precise previous OMC experiment (Saclay, 1981) and the RMC experiment (TRIUMF, 1996) both depend significantly on
the value of A, which itself is poorly known due to mutually inconsistent experimental (/lopE"l, lopE"z) and theoretical (kopTh) results.
In contrast, the MuCap result for gp(¢.>) is nearly independent of molecular effects

Table 1 presents the experimental data on the OMC rates available prior to our experiment. Two
experimental methods were applied to measure the OMC rate:
* detection of neutrons from the reaction (1);

* lifetime measurements of 4 in hydrogen by detecting electrons from the muon decay, u” —>e + v, + v,.

A serious limitation of the neutron detection method is an inevitable uncertainty in determination of the
neutron detector efficiency. This leads to an error in measurements of muon capture rates 0A/A. > 9% that
corresponds to too high error (>60%) in the determination of gp(g.”). The lifetime method has no such
limitations. In this method, the muon capture rate is determined by the difference between the measured u~
lifetime in hydrogen, 7,7, and the known x" lifetime, 7,,’, assuming that free i and u" decay with identical
rates according to the CPT theorem. The contribution of the muon capture rate to the total muon
disappearance rate being quite small (0.16%), this requires very high precision in measurements of 7, . For
example, in order to reach ~1% precision in determination of the muon capture rate, one should measure 1,
with a precision of At, /1, = 107, This method was used in the Saclay experiment resulting in the most
precise measurement of the OMC rate (Table 1). Unfortunately, this experiment was performed with a liquid
hydrogen target where unambiguous derivation of gx(¢.”) from the measured 7, was not possible.
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Table 1
Status of pu-capture measurements prior to MuCap experiment

Year Exptl. place H,-target At 0A,, s OAJSNA Method
1962 Chicago liquid 428485 20% neutron
detection
1962 Columbia liquid 515485 17% -
1962 CERN liquid 450+50 11% -
1963 Columbia liquid 464442 9% -
1969 CERN gas, 8 atm 651+57 9% -
1974 Dubna gas, 41 atm 686+88 13% -
1981 Saclay liquid 460420 4.5% lifetime
measurement
1981 Saclay liquid 531+33" 6%

*) corrected for ortho-para transitions in the ppu molecule

The problems of interpretation of the experimental data can be explained by considering the chain of
reactions (Fig. 2) possible for negative muons after stopping in a hydrogen target of density ¢ relative to
liquid hydrogen (LH;). Stopped muons immediately form ground state up atoms whose hyperfine states are
populated in a statistical manner.
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Fig. 2. Scheme of reaction after stopping of negative muons in a hydrogen target. Panels in the right-down corner show percentage of
the muon captures from various molecular states for two target densities (LH, and 0.01 LH,) in function of time after the muon stop
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The upper triplet spin state is rapidly depopulated in collisions with H, molecules, and for densities
¢>0.01 all muons reach the up singlet state 15 well before 100 ns. From there, muons can either decay with
a rate close to 4, = 1/z," = 0.455 X 10° s or be captured via reaction (1) at the predicted rate Ag~ 710 s™'.
Complications arise at higher densities, however, as the up atoms increasingly collide with target H,
molecules to form pup molecules. The pup molecules are initially created in the ortho state at the density-
dependent rate @A.r, where Ao = 2.3 X 10° s_l, and then de-excite to the para state at rate A,,. The nuclear
capture rates from the ortho and para states, Aom =~ 506 s~ and Apm = 208 s™' are quite different from each
other and from Ag, so knowledge of the relative populations of the up and pup states is crucial for a correct
determination of gp(q.”). Alas, Jop 1s poorly known. The available experimental and theoretical data are
mutually inconsistent. This prevents a clear interpretation of the Saclay OMC experiment which was
performed on LH, target where muon capture occurs predominantly in pup molecules (Fig. 1).

The RMC process is less sensitive to Ao, but it difficult to draw firm conclusions from the RMC
experiment, whose results suggested a nearly 50% higher value for gp(q.>) than predicted (Fig. 1).

2. Strategy of the MuCap experiment

The MuCap experiment employs a new experimental method, first suggested at PNPI [1], aimed to avoid

the described above problems. The main features of this method are as follows.

e The capture rate is determined by measuring the y lifetime in ultra-clean deuterium-depleted
hydrogen gas at relatively low density ¢ ~ 0.01, where the formation of pup molecules is slow and
96% of all captures proceed from the up singlet state. The hydrogen contamination by impurities
with Z > 1 should be on a level of C; < 10~ to avoid the muon disappearance due to capture by these
impurities. The concentration of deuterium in hydrogen should be C, < 107 to prevent the formation
of du atoms which could diffuse far from the muon stop.

e The muons are detected in an active target consisting of a hydrogen time projection chamber (TPC)
which determines the muon stopping point well isolated of all materials of the chamber [1]. The
trajectory and the emission time of the muon decay electrons are measured with an external detector.
The space-time correlation of the muon stops and the electron trajectory serves to reduce the
accidental background. TPC also provides a self-control for presence of Z > 1 impurities on a level
of 107 by detecting recoil nuclei from the xZ capture.

e The high intensity muon beam in combination with fast read out electronics enables collection of the
required statistics (~ 10'° events) for reasonable running time to provide measurements of the muon
capture rate Ag with a precision of 107 or better.

The experiment was planned to be carried out at a muon beam at the Meson Factory of Paul Scherrer
Institute. The proposal was presented and approved with the high priority in 1997 [2]. The first physics run
was performed in 2004. Then measurements were going on in 2005, 2006 and 2007 with continuous
improvements of the experimental setup and the muon beam line. This report contains the results of analysis
of the 2004 data set. The analysis of the data obtained in 2005-2007 runs will require some more time.

3. The MuCap experimental setup

The MuCap experiment was conducted in the zE3 beam line at Paul Scherrer Institute, using @ =20 kHz
DC muon beam tuned to a central momentum of 32.6 MeV/c. As illustrated in Fig. 3, incident muons first
traverse a plastic scintillator (4SC) and a multiwire proportional chamber («PC), and then pass through a
0.5-mm-thick hemispherical beryllium window to enter an aluminum pressure vessel filled with ultra-pure,
deuterium-depleted hydrogen gas at a pressure of 1.00 MPa and at ambient room temperature. In the center
of the vessel is the TPC (sensitive volume 15 x 12 x 28 c¢m?), which tracks incoming muon trajectories and
thus enables the selection of muons that stop in the gas at least 15 mm away from chamber materials.
Approximately 65% of the muons passing through the uSC stop within this fiducial volume. The ionization
electrons produced by incoming muons drift downwards at velocity 5.5 mm/us at applied field of 2 kV/cm,
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towards a multiwire proportional chamber containing perpendicular anode and cathode wires. The anode
plane consists of wires with 25 um diameter and 4 mm spacing, and a high voltage of 5.0 kV across the
3.5 mm half-gaps provides a moderate gas gain of ~100 in hydrogen. Digital signals from three-level
discriminators are recorded, with the energy thresholds adjusted to trigger on (i) the fast muons, (ii) the
Bragg peaks near the muon stopping points and (iii) the larger energies that may be deposited by recoiling
nuclei following muon capture by gas impurities.

Fig. 3. Simplified cross-sectional diagram of the MuCap detector.
The detector components are described in the text

The TPC is surrounded by two cylindrical wire chambers (ePC1, ePC2), each containing anode wires and
inner/outer cathode strips, and by a hodoscope barrel (eSC) consisting of 16 segments with two layers of
5-mm-thick plastic scintillator. This tracking system detects outgoing decay electrons with 3m solid angle
acceptance. All data are recorded in a trigger-less, quasi-continuous mode to avoid dead time distortions to
the lifetime spectra. Custom-built time-to-digital converters (TDCs) digitize hit times for the TPC and the
electron wire chambers. The muon and electron times ¢, and ¢, are established by the £SC and eSC detectors,
and recorded in separate CAEN V767 TDC modules. Figure 4 shows a general view of the MuCap
experimental setup.

Fig. 4. General view of the MuCap experimental setup
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4. Purity of hydrogen gasin TPC

All TPC materials were carefully selected for high vacuum operation. Prior to the run, the TPC system
was heated to 115°C under vacuum for several weeks to remove impurities. The system was filled with
deuterium-depleted hydrogen through a palladium filter. However, these precautions were not enough to
provide the high gas purity during the run. It was found that, due to outgasing of the TPC materials, the
impurity concentration (N,, H,O) increased in time with the rate of dCy/dt = 107" per day. Therefore, a
special gas circulation/purification system was designed and constructed at PNPI [3], and implemented into
the MuCap setup. During data taking, the gas was continuously circulated via an adsorption cryopump
system and cleaned by cooled Zeolite filters, which achieved an equilibrium concentration of C, <5 x 107%,
as monitored by direct TPC detection of recoil nuclei from muon capture by impurities. The primary
contaminant was H,O outgasing, while concentration of N, was below 107 as shown by gas
chromatography measurements.

The isotopic purity of the hydrogen is critical. Muons preferentially transfer from up to ud at the rate
¢ Cy-Apa, Where Cy is the deuterium concentration and 4,; = 1.4 X 10" s7'. Whereas the up diffusion is of the
order of mm, ud atoms can diffuse cm-scale distances due to a Ramsauer-Townsend minimum in the ud + p
elastic scattering cross section. As a result, the ud atoms can drift sufficiently far away from the muon’s
original stopping point so that the decay event will be rejected by the u-e vertex reconstruction cut in a time-
dependent manner. In addition, the ud atoms can drift into surrounding materials and be captured there. Our
target gas was produced via electrolysis of deuterium-depleted water, provided by Ontario Power Generation
Company (Canada). The accelerator mass spectrometry (AMS) analysis of this gas determined that
C, = (1.44 + 0.13) x 107, roughly 100 times below deuterium’s natural abundance. This was the best
deuterium-depleted hydrogen available on market, and it was used in our 2004 and 2005 runs. Later, a new
cryogenic isotopic exchange column was designed and constructed at PNPI [4], which was able to reduce the
deuterium concentration in hydrogen down to C,; < 0.06 x 10°°. This highly deuterium-depleted hydrogen
was used in our 2006 run.

5. Measurements and results

The time differences between muon arrivals and decay electron emission, At = ¢, — t,, are histogrammed
into lifetime spectra (Fig. 5). Only muons that are separated in time by + 25 us from other muon arrivals are
accepted. While this condition reduces considerably the usable statistics, it is essential for avoiding
ambiguities in resolving multiple muon tracks in the TPC. Note, that this pile up protection was not needed
in our 2006 run when the so-called “muon-on-request” facility was put into operation on the muon beam at
PSI. This facility deflected the muon beam for a requested time as soon as a signal on the muon stop in the
TPC was registered. Implementation of this method in our experiment allowed to increase the data taking
rate by a factor of 3 and also helped to reduce the background. As shown in Fig. 4, the background
suppression can be improved by performing a vertex cut on the impact parameter between each decay
electron’s trajectory and its parent muon’s stopping point. In the final analysis of the 2004 run data we
employ a loose impact parameter cut of 120 mm as an optimal compromise between the competing demands
for a good signal-to-background ratio and minimization of losses due to ud diffusion out of the cut volume.

We fit x4~ lifetime spectra with a simple exponential function f{#) = N-w-A-¢™ + B, where the free
parameters are the number of reconstructed decay events N, the disappearance rate A, and the accidental
background level B; w is the fixed 40 ns histogram bin width. The typical time range was 0.1-24 us. The
result was stable under variation of different cuts with typically y*/dof = 0.95-1.02 for 600 degrees of
freedom. The main corrections to A were derived directly from experimental data, with some additional
information from external measurements and literature. These corrections are summarized in Table 2.
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Fig. 5. Lifetime spectra of negative muons. The signal-to-background
rate is improves with tighter cuts on the u-e vertex

Table 2
Systematic corrections and uncertainties applied to the observed x~ disappearance rate

Source Correction, s~ Uncertainty, s
Z> 1 impurities -19.2 5.0
ud diffusion -10.2 1.6
up diffusion 27 0.5
i+ p scattering 3.0
u pileup veto efficiency 3.0
Analysis methods 5.0
Total —32.1 8.5

The final result for the 4~ disappearance rate in pure hydrogen, based on N = 1.6 x 10° fully tracked,
pileup-protected decay events from our 2004 data set, is A, = 455851.4 £ 1254 + 8.5 st As a
consistency check, we also measured the x" decay rate from N = 0.5 x 10’ events to be A, =455164 +£28 s,
in agreement with the world average.

The observed .~ disappearance rate can be written as

A= (}“#+ + Adyp) + Ast ANy, (2)

Here A4,=-12.3 s' describes a small reduction in the muon decay rate in the bound up system
(H.C. von Baeyer and D. Leiter, 1979). The term AA,,, = —-23.5 £ 4.3 £3.9 s”' accounts for captures from
pup molecules and is calculated from the full x4 kinetics in pure hydrogen. Its error terms come
from our estimates Ao = (2.3 + 0.5) x 10° s™" and Jop = (6.9 £ 4.3) X 10* s, respectively, which cover most
of the existing literature values. Using the new world average 4, = 455162.2 + 4.4 s (uLAN experiment, to
be published), we determine the rate of muon capture by the proton to be

AP =725.0 £ 137 £ 107 57 (3)
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To compare with theory we consider the two recent NNLO calculations of Ag: 687.4 s™' (V.Bernard et al.,
2001) and 695 s (S. Ando ef al., 2000) here are averaged to 691.2 s™'. Adding the very recently calculated
radiative correction Ag=19.4s™" (A. Czarnecki, W.J. Marciano, A. Sirlin, to be published) increased from
Ag=4.5s"" (M.R. Goldman, 1972) yields the value As™"=710.6 s and enables us to calculate

2 (q2) = gp (gD + (dgpldAs) (AP — Ag™) =73 1.1, “4)

where g5""(¢.%) = 8.26 (V. Bernard et al., 2002), dgp/dAs = —0.065 s (J. Govaerts and J.L. Lucio-Martinez,
2000), and only experimental uncertainty from Eq. (3) is propagated. The linear expansion in Eq. (4) is valid
because of the small difference Ag"® — Ag™.

The current information on gp(¢g.”) is summarized in Fig. 1; the constraints (T.Gorringe and
H.W. Fearing, 2004) from the Saclay OMC experiment (G. Bardin et al., 1981) are updated to reflect the
larger Ag. The situation before the MuCap experiment was inconclusive and exhibited mutually inconsistent
theoretical predictions and experimental determinations of both gp(¢.”) and Jop- The low gas density in the
MuCap experiment renders our result relatively insensitive to 4., and thus avoids most model dependence,
enabling us to report the first unambiguous, precise determination of gx(¢.”). This experimental result agrees
with present theory to within 1o and does not support a dramatic deviation from the chiral prediction as the
RMC result originally had implied.

6. Conclusion

We should point out that analyzed up to now the 2004 data set constitutes only 10% of the statistics
collected in the 2004—2007 runs. Moreover, the 2006 and 2007 runs, besides the largest statistics, had other
important advantages (reduced deuterium concentration, C; < 0.06 ppm, and the “muon-on-request” mode)
which should help to reduce the background and possible systematic errors. So one could expect that the
presented in this report error in gp(g.>) will be reduced by a factor of three in the final analysis of all MuCap
data.

Earlier, in 1998, we have studied the muon capture on *He [5]. The muon capture rate in the channel
u +°He —» *H+ v, was measured with a high precision: A. = 1496.0 = 4.0 s”'. This result have been used
in some theoretical analyses (T. Gorringe and H.W. Fearing, 2004) for deriving the proton’s pseudoscalar
coupling gp(¢.”). They applied the microscopic theory based on impulse approximation supplemented by
explicit calculations of the meson exchange corrections. Their result was gx(g.>) = 8.77 £ 1.58. Though this
result was considered as the best measurement at that time, however, it is model-dependent, its precision
depends to a large extent on calculations of the meson exchange corrections. Now one can reverse the task,
using our direct measurement of gx(¢.%), to control various aspects of the microscopic theory of z°He capture.
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1. Introduction

The SELEX experiment (E781) at Fermilab is a fixed target experiment aimed at studying charm baryon
production in the forward hemisphere and charm baryon spectroscopy. However, the versatility of the
apparatus also allowed for the study of such reactions as elastic scattering of electrons on X~ hyperons (in
inverse kinematics), Primakoff scattering of 7~ mesons, and some others. The data were taken in 1996-1997.

Results on charm-anticharm production asymmetries, A’ production x-dependence in different beams, the
A’ lifetime, the total cross section for interaction of 7z, £~ and protons with nucleons at ~600 GeV, the

charge radius of the X~ hyperon, and some other results have already been reported [1]. Since then, new
results from the SELEX data have been obtained. The polarizations of the T hyperons produced by
800 GeV/c protons on Be and Cu targets have been determined [2]. An upper limit on the width of the
radiative decay of X(1385) to X y has been set, and the cross section for the reaction yX — Az at

\/E =1.4 GeV has been evaluated [3]. In this report, the most interesting recent SELEX results on

—+

observation of the doubly charmed baryon =7 [4, 5] and of a narrow charm-strange meson D, (2632) [6]
are presented and discussed.

2. Experimental setup

The SELEX experiment used the Fermilab charged Hyperon beam which is composed of 50% X~ and
50% # with the energy of about 600 GeV for negative polarity and 92% p and 8% 7z~ with the energy of
540 GeV for positive polarity. The beam was run at the forward production angle (@ = 0°). Beam particles
were identified by beam Transition Radiation Detectors (TRD). The experiment was designed to have high
acceptance and resolution in xr region 0.1< xr <1. The spectrometer schematic layout is shown in Fig. 1.

510 ey Slicon  PWC+DC DC DC  PWC+DC
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.. ............................................................
o | IS : 5
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Rrotors BTHD EGAL ETRD RICH ECAL ECAL NCAL
target hodoscopes
l " L " " M ]
0 650m

Fig. 1. Schematic view of the experimental setup. BTRD — beam transition radiation detector, ETRD — electron transition
radiation detector, ECAL — electromagnetic calorimeter, PWC — proportional wire chambers, DC — drift chambers, RICH —ring
image Cherenkov detector, NCAL — neutron calorimeter, M1, M2, and M3 — analyzing magnets
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Interactions occurred in a target stack of 5 foils. 2 made of copper and 3 made of carbon. The total
interaction length of all targets was about 5% for protons. Each foil was spaced by 1.5 cm from its neighbors.
An additional Pb target was also employed in someruns. Trigger requirements (for charm physics) were:
> 4 charged tracks in the forward 150 mrad cone and > 2 hits in a counter hodoscope located behind the
second analyzing magnet. Triggering took place for about 30% of inelastic interactions.

Downstream of the target region, charged reaction products were measured in 20 vertex silicon planes
having the position resolution of 4 um for high momentum tracks. Beam tracks were measured in 8 planes of
2 um pitch beam silicon. The downstream tracking system included 18 silicon planes for precise
measurement of high momentum (100-600 GeV) tracks. In total, the SELEX silicon system had 74,000
strips with analog and digital information.

Another distinct feature of SELEX was an extensive particle identification system, which included 3,000
phototubes Ring Imaging Cherenkov detector (RICH) with K/z separation up to 165 GeV, beam TRD for
beam tagging (X /7, p/x’), downstream electron TRD to identify secondary e, 3 lead-glass photon
calorimeters covering the forward hemisphere. The downstream tracking system had 3 analyzing
magnets, 26 Proportional Wire Chamber (PWC) planes with position resolution ~0.8 mm, and 3 vector drift
chamber (DC) stations with 24 ~100 xm resol ution planes each.

PNPI has made a significant contribution to the apparatus of the SELEX experiment, providing good
particle identification (Beam and Electron Transition Radiation Detectors, BTRD and ETRD) and tracking
capabilities (Proportional Wire Chambers). The readout electronics (CROS) for these detectors and also for
other detectors (RICH, NCAL) — 11,000 channels in total — was fabricated at PNPI as well. Another
important contribution of PNPI was the design and commissioning of 60,000 FASTBUS readout channels
for the Si vertex detector. PNPI has also provided SELEX with the front-end electronics for the drift
chambers, as well aswith the electronics for BTRD.

3. First observation of the doubly charmed baryon =,

In the SELEX experiment, a signal was observed [4] which was interpreted as due to the doubly charmed
baryon Z’ . in the charged decay mode Z°. — A’ K r*. The experiment selected charm candidate events

using an online secondary vertex algorithm. A scintillator trigger demanded an inelastic collision with at
least four charged tracks in the interaction scintillators and at least two hits in a positive particle hodoscope
after the second analyzing magnet. Event selection in the online filter required full track reconstruction for
the measured fast tracks (p > 15 GeV/c). These tracks were extrapolated back into the vertex silicon planes
and linked to silicon hits. The beam track was measured in upstream silicon detectors. A full three-
dimensional vertex fit was then performed. In the course of the experiment, data from 15.2x10° inelastic
interactions were recorded and 1x10° events were written to tape using both positive and negative beams.
67% of eventswereinduced by £, 13% by z, and 18% by protons.

The E’ analysis began with a sample of A’ single-charm baryons decaying to pK "7 [1]. Candidates
were selected with a topological identification of three-prong positively-charged secondary vertices,
requiring a momentum measurement for each track. The RICH identification of the proton and kaon was
required. Charged tracks with reconstructed momenta which traversed the RICH (p > 22 GeV/c) were
identified as protons or kaons if those hypotheses were more likely than the pion hypothesis. The other
positive track was identified as a pion when possible; otherwise, it was assumed to be a pion. The primary
vertex was refit using all other found tracks.

A Cabibbo-allowed decay of a doubly charmed baryon must have a net positive charge and contain a
charmed quark, a strange quark, and a baryon. In the discussed work, a search for decay modes such as
2! — A’ K 7 with an intermediate K 7" secondary vertex between the primary vertex and the A”, vertex

was performed.
Events were analyzed for evidence of a secondary vertex composed of an opposite-signed pair between

the primary and the A’ decay point. All tracksnot assigned tothe A’ candidate were used in the search.
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A new primary vertex was formed from the beam track and tracks assigned to neither the A" nor the K 7"
vertices. The new secondary vertex had to have an acceptable fit 3* and a separation of at least 1o from the
new primary one. The A% K 7" transverse momentum with respect to the incident beam direction was

required to bein therange 0.2 < p, [GeV/c] <2.0.
Most tracks from the K “z" vertex have insufficient momentum to reach the RICH. Masses were assigned
according to topology. For the signal channel, negative tracks were assigned the kaon mass and positive

tracks the pion mass. A candidate event fromthe A*, K~ 7" sampleis shown in Fig. 2.
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Fig. 2. A candidate event with the production target, 1o track error corridors, and vertex error ellipses.
Thisisaplan view of three-dimensiona tracks and vertices. Three additional found tracks which form
the primary vertex with the beam track are not shown

Figure 3a shows the invariant mass of the A* K 7" system, the A", mass being fixed at 2284.9 MeV/c’.

The data, plotted in 5 MeV/c? bins, exhibit a large, narrow excess at 3520 MeV/c”. This excess is stable for
different bin widthsand bin centers. Figure 3b shows the wrong-sign invariant mass distribution of

the A", K "7~ system with the same binning asin Fig. 3a. Thereis no significant excess.

In Fig. 3c the shaded region from Fig. 3a is replotted in 2.5 MeV/c? bins and fit with a maximum
likelihood technique to a Gaussian plus linear background. The fit has #°/d.o.f. = 0.45, indicating that the
background islinear in thisregion.

The combinatorial background under the signal peak was determined under an assumption of the
linearity of the background, which is justified by the fit. Two symmetric regions of the mass plot are
defined in Fig. 3c: (i) the signal region 3520+5 MeV/c* with 22 events and (ii) 115 MeV/c* sideband regions
above and below the signal region, containing 162 — 22 = 140 events. The estimated number of expected
background events in the signal region from the sidebands is 140 x 5/(115) = 6.1 = 0.5 events. This
determination has a (Gaussian) statistical uncertainty, solely from counting statistics. The single-bin
significance of this signal is the excess in the signal region divided by the total uncertainty in the

background estimate: 15.9/4/6.1+0.5° = 6.30. The Poisson probability of observing at least this excess,
including the Gaussian uncertainty in the background, is 1.0x10°°.
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The reconstruction mass window is 3.2-4.3 GeV/c? with 110 bins of width 10 MeV/c? in this interval.
The overall probability of observing an excess at least as large as the one which is seen anywhere in the
search interval is 1.1x 10™*. The width of the observed state is consistent with the experimental resolution,

less than 5 MeV/c. An analysis of the flight path from the primary vertex to the E decay point indicates

that the lifetime of =7 isvery short, smaller than 33 fs (at 90% confidence level).

Thus, the narrow state seen in this experiment at 3520 MeV/c? is interpreted as the doubly charmed
baryon Z, which decaysinto A K™ z". Thisisthe first observation of doubly charmed baryons. In order to
confirm the interpretation of this state as a doubly charmed baryon, it is essential to observe the same state in
some other way, in particular in a different decay mode. The further analysis of the SELEX data has allowed
tosee E' inthechanne =’ — pD K~ [5]. This study was begun with the SELEX D* sample that was

previously used in lifetime and hadro-production studies [1]. Intermediate vertices were looked for using all
charge zero pairs of tracks from the set of reconstructed tracks not assigned to the D-meson candidate. The
additional positive track in thisfinal state had to be RICH-identified as a proton if it traversed the RICH. The

-t

negative track in the new vertex was assigned the kaon mass. The = signal search was based on
a 10 MeV/c* window centered on the =’ mass 3519 MeV/c? from Ref. [4]. The expected mass resolution

for the decay £, — pD* K~ was 4 MeV/c®. The right-sign mass combinations in Fig. 4a show an excess

of 5.4 events over a background of 1.6 events. The wrong-sign mass combinations ( ¢ quark in the decay) for

the pD™ 7" final state are also plotted in Fig. 4b, scaled by 0.6 for the D*/D™ ratio. The wrong-sign background
shows no evidence for a significant narrow structure near 3519 MeV/c?. The average wrong-sign occupancy
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is 0.4 events/bin, exactly the background seen in the right-sign channel. This confirms the combinatoric;
character of the background population in the right-sign signal. All possible permutations of particle

assignments were investigated. The only significant structure observed is in the channel = — pD"K ™,

the place where the decay of adoubly charmed baryon can occur.
The estimated single significance is 4.8c. The Poisson probability of observing at least this much excess,
including the Gaussian uncertainty in the background, is 6.4 x 10™.
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In order to estimate the mass of the 2. — pD* K~ statein light of the sparse statisticsin Fig. 4a, the width

of the Gaussian was fixed to 4 MeV/c” and the data distribution was fit around the signal peak. The fit mass
was 3518+ 3 MeV/c% This result agrees with the measurement of 3519+2 MeV/c? from the original doubly

charmed baryon report [4]. The weighted average mass is 3518.7+ 1.7 MeV/c?. The observation of the B

+
cc

decay into the pD"K * fina state is an independent confirmation of the doubly charmed baryon =

previously seen [4] inthe Z7 — A7 K™z decay mode.
4. Observation of a narrow charm-strange meson D;, (2632)

In 2003, the BABAR Collaboration reported the first observation of a massive, narrow charm-strange
meson D, (2317) below the DK threshold. Confirmations quickly followed from CLEO and BELLE. The
CLEO Caollaboration showed that a higher-lying state, suggested by BABAR, existed and was a partner to
D/, (2317). A number of theory papers suggested different explanations for the unexpectedly low mass of
the state which had been thought to lie above the DK threshold. It was predicted that the pattern of parity-
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doubled states is expected to continue to higher excitations with similar splittings. In the SELEX experiment,
a search for D, with higher masses was undertaken [6]. This search was begun with the SELEX

Df — K"K~ 7" sample used in lifetime and hadro-production studies [1]. The D, meson momentum vector

had to point back to the primary vertex with x* <8, and its decay point must have a vertex separation
significance of at least eight from the primary. Tracks that traversed RICH (p > 22 GeV/c) were identified as
kaons if this hypothesis was most likely. The pion was required to be RICH-identified if it went into its
acceptance.

Because of high-multiplicity, the photon detection in an open charm-trigger is challenging. SELEX has
three lead glass cal orimeters covering much of the forward solid angle. The energy scale for the detector was
set first by using electron beam scans. Then 7” decays were reconstructed from exclusive trigger data, which
selected low-multiplicity radiative final states: 7 — yyand 77 2", w — 77 2" as well as 77 and f{1285)
mesons. The final energy scale corrections were developed using 7° decays from the high multiplicity charm-
trigger data. Further checks in the charm data set were made using single photon decays, e.g. X"— Ay The
uncertainty in the photon energy scale was less than 2 %. Candidates for 7 — yy were selected in the yy
mass range 400-800 MeV/c”. Each photon of the pair had E,>2GeV. The photon pair had E,> 15 GeV.
The yy mass distribution from 10° charm-trigger events (0.1% of the data) is shown in Fig. 5 where the 77
signal over a large combinatorial background is seen. A fit to a Gaussian plus an exponentially falling
background yields an 7 mass of 544.8 + 2.9 MeV/c* consistent with the PDG value. The observed
resolution of 28 + 4 MeV/c? is consistent with the SELEX simulation result, 30 MeV/c?.
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photon pairs in the 7 mass
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sample. The inset shows the
background subtracted 77 signal.
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signal region
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High-mass charm-strange decays that followed the pattern D, plus pseudoscalar meson were searched.
The event selection used included the 77 selection discussed above and the D, selection described previously.
The 77 signal region is shown in Fig. 5. The results of the D,, search are shown in the M(KK 7z 1) — M(KK 1)
mass-difference distribution in Fig. 6. The 7 four vector was defined in this plot with the measured
77 momentum and the PDG 7 mass. A clear peak is seen in Fig. 6 at a mass difference of 666.9+3.3 MeV/c’.

To estimate the combinatoric background, each D, candidate was matched with 7 candidates from other
sample events to form an event-mixed sample representing the combinatoric background of true single
charm production and real 7 candidates. As can be seen in Fig. 6, the event-mixed background models the
background shape very well, but does not produce any signal peak.
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To estimate the signal yield, the combinatoric background (light shaded area) was subtracted from the
signal data. The resulting difference histogram is plotted in the inset in Fig. 5 in the mass-difference range

appropriate to the D,;, search (D, masses up to 2900 MeV/c?). Outside the peak region the data scatter

about 0. The difference histogram was fit with only a Gaussian with no residual back-ground terms. The
Gaussian width was fixed at the simulation value of 10.9 MeV/c®. Thefit yield is 43.4+9.1 eventsat
amass of 2635.4+3.3 MeV/c’.
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The Poisson fluctuation probability for this excessis 3 x 10 including the uncertainty in the background.
A conservative estimate of the fluctuation probability anywhere in the search region (up to 2900 MeV/c?) is
6 x10°°.

The decay D!, (2632)— D°K " is kinematically alowed. After the D, (2632) — D the n signal had

been found, this second decay mode was searched for as confirmation. The D° samplewas the X - induced
D°— K7 subset of the sample used in the SELEX measurement of the D° lifetime [1].

The results are shown in Fig. 7a, where both the known D/, (2573) state and another peak above the

D/, (2573) are clearly seen. Each peak was fit with a Breit-Wigner convoluted with a fixed width Gaussian
plus a constant background term (as suggested from the wrong-sign data discussed below). The Gaussian
resolution was set to the simulation value of 4.9 MeV/c®. The mass difference and width of the D/ (2573)

returned by the fit, AM = 705.4+ 4.3 MeV/c” and T" = 147 MeV/c?, respectively, agree well with the PDG

values of AM = 707.9+1.5 MeV/c* and T = 15" MeV/c?. The fitted mass difference of the second Breit-

Wigner is 767.0+2.0 MeV/c?, leading to a mass for the new peak of 2631.5+2.0 MeV/c”. The fitted yield is
13.2+ 4.9 events. The signal spread is consistent with the Gaussian resolution, even when plotted in
2.5MeV/c? bins, limiting the possible natural width. For the Breit-Wigner fit, a limit for the width of
<17 MeV/c® at 90% confidence level was found. This signal has a significance of 5.3c in a + 15 MeV/c?
interval. The mass difference between this signal and the one seen in the D 77 mode is 3.9+ 3.8 MeV/c?,

statistically consistent with being the same mass. The combined measurement of the mass of this state in the
studied decay modesis 2632.5+1.7 MeV/c?. Unlike the D, case, the D°K ™ decay contributes a small fraction
to the SELEX D° sample.
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The combinatorial background will be equally likely to produce a D°K ~ combination (wrong-sign kaon)
asaD°K*. The wrong-sign combinations are shown in Fig. 7b. There is no structure in these data which fit
well to a constant background. Therefore, it may be concluded that the peak at 2631.5 MeV/c? is real and
confirms the observation in the D77 mode.

The relative branching ratio T(D°K™) /T'(D!n) was estimated to be 0.14+0.06. The observed D, (2632)
state is very narrow, consistent with a width due only to the resolution in the D°K * decay mode. The
mechanism that keeps this state narrow is unclear. The D°K * channel is well above the hreshold, with a Q
value ~275 MeV. The branching ratios for this state are also unusua. The D77 decay rate dominates the
DPK* rate by afactor of ~7 despite having half the phase space.
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RECENT PHYSICS RESULTS FROM THE D0 EXPERIMENT

PNPI participants of the D0 Collaboration:
G.D. Alkhazov, V.T. Kim, A.A. Lobodenko, P.V. Neustroev, G.Z. Obrant,
Yu.A. Scheglov, L.N. Uvarov, S.L. Uvarov

1. Introduction

DO is an international collaboration of about 670 physicists from 83 institutions, who have designed, built
and are operating a collider detector at the Fermilab Tevatron.

Main physics goals are precision tests of the Standard Model (SM), the weak bosons physics, top quark
physics, QCD, B physics and a search for particles and forces beyond the SM: super-symmetric (SUSY)
particles, gravitons, candidates for the cosmic dark matter, and a search for extra dimensions.

During Run II, the Tevatron is operated at an increased pp center-of-mass energy of 1.96 TeV. The

luminosity has been increased by a factor more than ten, to 210** cm™s™".

PNPI has been involved in the DO project through the design and programming of the electronic readout
for mini drift tubes (50,000 channels) and operation of the Forward Muon System [1]. PNPI physicists take
part in the data analysis, including QCD, B physics, and Electroweak physics studies. Main DO physics
results are the top-quark mass, B; mixing frequency, cross section for single top-quark production and
inclusive cross section.

2. The DO detector

The Run II DO detector (Fig. 1) [2] consists of a central tracking system, a liquid-argon/uranium
sampling calorimeter and an iron toroid muon spectrometer.
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Fig. 1. A schematic view of the DO detector
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The central tracking system (Fig. 2) is composed of a silicon microstrip tracker (SMT) and a central fiber
tracker, both located into a 2T superconducting solenoidal magnet. The SMT detector has about 800,000
individual strips, and its design is optimized for tracking and vertexing capabilities allowing heavy flavor
tagging. The calorimeter is longitudinally segmented into electromagnetic and hadronic layers and is housed
into three cryostats. The muon system [3] resides beyond the calorimeter and consists of a layer of tracking
detectors and scintillation counters before the toroidal magnet, followed by two similar layers after the
toroid. Tracking in the muon system relies on wide or mini drift tubes depending on the acceptance. The Run
II DO detector allows to work at the luminosity of >10°* cm™s™". The DO detector is described in detail in
Ref. [2]. Most important recent physics results are presented below.

3. Top quark production cross section and mass

The ¢ quark, the heaviest particle known, was discovered at

the Tevatron in 1995. Since then, the study of the top quark was Mass of the Top Quark (*Freliminary)

one of important directions of investigations at DO. In the  Measurement M, [Gevic’

triggering and analysis, the event selection was done with high COF-l didl b 1874 +11.4

pr leptons, high E;r multiple jets, large missing energy Er algi 0o did . ! 1684 +128

displaced vertices for b-jets. The cross section for the #f ! -

production was measured by several methods. Two most precise COFIl dil* —8— ! 1845+ 55
i

results [4] for the ¢/ production cross section are derived from D2l dirf —r 1766+ 11.8

the lepton + jets channel: 0; = 7.2 £1.2+1.9 — 1.4 pb, with  ¢pf p3j . 1761+ 73

an impact parameter tagging, and 0, =82+1.3+1.9- 1.8 pb, DZ-l 14 ! —0— 1801+ 53
. . I

using a vertex tagging. COF-Il 14* HF 1734+ 28

Last measurements using the vertex tagging combines the
1+ jets and e + jets channels, using 422 pb™' and 425 pb™' of

I
A —I+
1
data. The measured 7 production cross section for a top-quark PPl @l i ' 8 186.0+£115
|
i
I

1706+ 48

mass of 175 GeV is 0 =6.6 +£0.9 (stat +syst) £ 0.4 (lum) pb.

The top-quark mass is a fundamental SM parameter. Together
with the W mass, it provides a constraint on the Higgs mass.  Tevatron Run-il*
Different methods were used at DO to derive the top-quark mass. | ; |
The combined result for the top-quark mass, obtained by the D0 150 170 180
and CDF collaborations from the data of Run I and Run I, is [5]: M, [GeVic'
m;=172.5+2.3 GeV/ ¢’ (Fig. 3). This is the most accurate Fig. 3. Results of the -quark mass measurements in
measurement of the top-quark mass by now. the experiments DO and CDF

i fdof = 8.1/8

1725+ 23
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4. Search for single top-quark production

For the first time, the top quark was observed in its ¢/ production mode. The single top-quark production
with the b or tgb final states is possible via the electroweak interaction. A measurement of the single top-
quark production cross section can be used to constrain the magnitude of the CKM matrix element V,, and
study the Wtb coupling. An events selection in the search for single top quarks is similar to the search for the
top-quark pairs in the / + jets mode. Backgrounds of W + jets, ¢ and dibosons are substantial.

The DO Collaboration presents a first evidence for the production of single top quarks at the Fermilab
Tevatron pp collider. Using a 0.9 fb~' data set and applying a multivariate analysis to separate signal from

background, the cross section for the production of single top quarks in the reactions pp — tb + X,
pp — tgb + X was measured to be 4.9 +1.4 pb [6] (Fig. 4). The probability to measure a cross section at this

value or higher in the absence of signal is 0.035%, corresponding to a 3.4 standard deviation significance.
The measured cross section was used to directly determine the CKM matrix element that describes the Wb
coupling. The found value of V;, is 0.68 < |V;| < 1 at the 95% CL, which agrees with the SM.
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5. QCD studies

Motivations of the QCD studies are to use the strong interaction processes for an investigation of the
internal proton structure, a search for the quark substructure, a study of the diffractive and heavy flavor
production, a study of new objects, like X(3872), and for the understanding of backgrounds to the physics
beyond the SM.

The DO Run II results [7] cover the QCD cross section which changes up to 8 orders of magnitude. One
of the most new QCD results is the inclusive photon cross section in the central rapidity region for p; range
of 23 < pr[GeV/c] < 300 (Fig. 5). The dominant source of the photon production for pr < 150 GeV/c is the
prompt Compton quark-gluon scattering. The cross section for the inclusive photons is sensitive to the gluon
parton distribution function. The gamma pr values measured at DO are much higher than those covered in
previous experiments. The NLO QCD predictions describe the data within the experimental uncertainties in
the whole prrange considered.
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6. Electroweak physics. Diboson production

One of the main motivations of the electroweak physics is to constrain indirectly new physics by means
of precision measurements of electroweak parameters. The experimental cross sections for WW, WZ, ZZ, Wy
and Zy production provide a test of the SM and give information about boson self-coupling. Besides, the
electroweak processes are backgrounds to many interesting searches, like H — WW.

Measurements of a single and multi-boson production, a W production asymmetry, a forward-backward
asymmetry in the Z-boson production and other electroweak processes are underway at DO [8]. New
experimental limits on Anomalous Couplings are set (Fig. 6) for ZZy and Zyy: |hs3'|<0.23, |h4’|<0.019,
|h307]<0.23, |h4o?|<0.20 at the 95% CL for A=1 TeV, where A is a form factor scale displaying the scale of
new physics. All cross sections are in good agreement with the SM.
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Fig. 6. The 95% CL two-dimensional exclusion limits for CP-conserving (a) ZZy and
(b) Zyy couplings for A =1 TeV. Straight lines illustrate the unitarity constraints

7. Search for the B; — 2|1 decay

B physics is one of the important directions of studies at DO [9]. A search for B, — 2u of the flavor-
changing neutral current decay helps to find an evidence of possible SM enhancements — the MSSM , SUSY,
etc. The decay By — 2u is strongly suppressed in the SM. A contribution from all possible B; — 2u SM
diagrams gives the branching ratio ~3.5 x107°. At the same time, in the MSSM this branching ratio can be up
to 107,

- 2=
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The silicon microstrip tracker allows to realize a search for the B; — 2u rare decay. Since 7z, = 1.46 ps
(400 um ), the secondary vertices of the B, decay could be selected from the primary vertices. Figure 7

shows an invariant mass spectrum of (u'u ) events in the search region of the B, — 2u decay. The DO
published an upper limit for this process: BR (B, — 2u) <5.0 x 107 at the 95% CL [10]. A very recent new
DO preliminary result is: BR (B, — 2u) <1.1 x 107" at the 95% CL.

The obtained results provide restrictions to many SUSY models. For example, last DO and CDF results
(the CDF result is BR (B, — 2u) < 1.0 x10™" at 95% CL) provide very strong restrictions to the parameters of
the minimal supergravity scenario model mSUGRA and SO(10) SUSY symmetry breaking model.
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8. B;oscillations

One of the most interesting topics in B physics is the B oscillations (or B’ mixing — a transition of
neutral By mesons between particle and antiparticle) and measurement of the oscillation frequencies Am, and
Am, (correspondingly of B, and B, mesons). The values of Am; and Am, provide powerful constraints to the
Vi and Vi elements of the CKM matrix. The oscillation frequency Am, for B; mesons was measured
previously in the DO and CDF experiments. As for B, mesons, they are expected to oscillate much faster than
B, mesons. Consequently, their oscillations are more difficult to detect. Note that the ratio of the frequencies
Amg and Amy is free of several theoretical uncertainties.

A search for the B! oscillations was performed at DO using a semileptonic decay B, — uDX. D, mesons

were reconstructed via their decay channel Dy — ¢z, ¢ — KK. As a result of this search, the DO collaboration
determined not only the lower boundary, but also the upper boundary of possible values of the Bf oscillation

frequency. The amplitude fit method of the data analysis gives a lower limit on the B? oscillation frequency

at 14.8 ps™' at the 95% CL. At Am, = 19 ps ™, the amplitude deviates from the hypothesis of an oscillation
amplitude of zero by 2.5 standard deviations (Fig.8), corresponding to a two-sided CL of 1%.
A likelihood scan over the oscillation frequency Am; gives a most probable value of 19 ps™' and a range of
17 < Am, < 21 ps™" at the 90% CL [11]. This is the first direct two-sided bound on the Bf oscillation

frequency measured by a single experiment. The DO result was confirmed shortly after by the CDF precise
measurement: Am,=17.3 - 0.2+ 0.4+ 0.1 ps".
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Systematic uncertainties of these measurements were addressed by varying inputs for a fitting procedure,
cut requirements, branching ratios, and probability density function modeling. The branching ratios were
varied within known uncertainties and large variations were taken for those not yet measured. The K-factor
distributions were varied within uncertainties, using measured instead of generated momenta in the Monte
Carlo simulation. The fractions of peaking and combinatorial backgrounds were varied within uncertainties.

The lifetime of B’ was fixed to its world average value, and AI', was allowed to be nonzero. The scale

factors on the signal and background resolutions were varied within uncertainties, and typically generated the
largest systematic uncertainty.
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9. Search for extra dimensions

A search for a virtual graviton exchange in Kaluza-Klein modes and Large Extra Dimensions in the
channel of a real graviton emission is underway. A signal would be an excess of ee, uu or yy events at large
invariant masses due to the virtual graviton exchange (Fig. 9). The latest DO limit from the pp — ee, pu and

yy events is MS (GRW) > 1.43 TeV at the 95% CL. This result is the most stringent limit to date on the
Large Extra Dimensions [12].
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Fig. 9. Invariant mass spectrum in the (a) diEM and (b) dimuon channels. An open
histogram is the signal from an RS graviton with the mass M, = 300 GeV and coupling
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10. Search for SUSY particles

SUSY solves the “Hierarchy Problem” and provides the Grand Unification on the energy scale less than
10'® GeV. SUSY particles are good Dark Matter candidates. The DO experiment realizes a search for the
Chargino/Neutralino production in the 3/ + missing Er-channel and a search for Squarks and Gluinos
(Fig. 10) in the channel jets + missing £7. The Run Il DO data have allowed to improve the Run I limit
of 1.6 pb in the 3-lepton search to 0.26 pb and to extend the LEP mSUGRA search [13].
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Fig. 10. DO Run II observed limit for squark and gluino in comparison with the NLO production cross-section
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11. Standard Model Higgs search

In the SM, the Higgs boson is crucial to the understanding of electroweak symmetry breaking and the
mass generation of electroweak gauge bosons and fermions. However, this particle has not yet been
observed. The mass of the Higgs boson is not predicted in the SM. Precision measurements in particle
physics constrain the Higgs mass to 114 < my [MeV/c*] < 260. The low mass region of 120-130 GeV/c? is
available to a search for the Higgs at the Tevatron. Therefore, a search for the Higgs boson is one of the most
important goals of the DO experiment.

In 2003, the Tevatron Higgs sensitivity study was updated for the low Higgs mass region. The full
detector simulation was used and an optimization of the analysis was done. Several searches for the SM
Higgs boson have been performed using the DO data from Run II. In particular, the Higgs boson was

searched in the pp — WH — wbb [14] and pp — H— WW™ [15] channels. No evidence for the Higgs

particle has been found. The number of events observed is consistent with the expectation from the
background. Upper limits on the production cross section times the branching ratio have been derived:

o( pp — WH)x BR(H— bb )<9.0pb and o pp — H)x BR(H — WW™)<5.6 pb at the 95% CL for
the expected Higgs mass 115 and 120 GeV/c?, respectively.

12. Conclusion

The DO detector is working well with a high data taking efficiency. A number of physics results have
been obtained recent years. New results in B and Top quark physics based on higher statistics are anticipated.
New measurements in QCD and electroweak physics are planned. The SM Higgs and new phenomena
physics searches are in progress.

During the DO detector upgrade in 2006, a new silicon tracker Layer "0" was installed with improvements
in b-tagging. The Tevatron luminosity is planned to be still further increased. The Tevatron operation and
data taking at DO and CDF will continue to 2009.
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STUDY OF LIGHT VECTOR MESONSAT RHIC BY PHENIX

PNPI participants of the PHENIX Collabor ation:
V.V. Baublis, D.A. lvanischev, A.V. Khanzadeev, B.G. Komkov, V.G. Ryabov, Yu.G. Ryabov,
V.M. Samsonov, E.A. Vznuzdaev, M .B. Zhalov

1. Introduction

Light vector mesons are among the most interesting probes of the matter created in relativistic heavy ion
collisions. The simultaneous measurement of meson propertiesin p+p, d+Au and Au+Au collisions provides
a basis for the observation of anomalous features specific to heavy ion collisions and allows separation of
cold and hot nuclear effects affecting particle production.

One of the most exciting measurements performed by al experiments at RHIC was the observation of
suppression of high transverse momentum hadrons in central Au+Au collisions. Later it was found that
baryons (protons) and light mesons (7°) have different suppression tendencies that brought up the “baryon
puzzle’ [1]. Measurement of nuclear modification factors for vector mesons adds to the picture of particle
suppressions and their dependence on particle mass and composition supporting hydrodynamics or
recombination models.

Properties of the light vector mesons are sensitive to the chiral symmetry restoration expected to occur at
sufficiently high temperatures achieved in heavy ion collisions. Short lifetimes of @ and ¢-mesons
(', =85 MeV, T', = 4.3 MeV) presuppose that significant part of them decays inside the hot and dense
nuclear matter produced in heavy ion collisions. Theoretical models predict that basic properties of the light
vector mesons such as mass, width and branching ratios can be modified in presence of this media. Such
modifications can be studied by comparison of meson properties measured in leptonic and hadronic decay
modesin different collision systems.

2. Experimental setup and data samples

The two central spectrometers of the PHENIX experiment [2] each covering 90° in azimuth and +0.35 in
pseudorapidity have a capability to measure both neutral and charged particles produced in RHIC collisions
(see Fig. 1). Beam-Beam Counters and Zero Degree Calorimeters provide the minimum bias trigger and are

PHENIX Detector

PC.

PC3 Central
Magnet TE

TOF

[ 1
West Beam View East

Fig. 1. Layout of the PHENIX central spectrometer
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used to determine Z-coordinate of the collision vertex and the event centrality. The momentum of charged
particles is measured with the Drift Chamber (DC) and the first layer of the Pad Chamber (PC1). In some
cases the third layer of the Pad Chambers (PC3) is used for track confirmation. For hadron identification
PHENIX has a high resolution TOF subsystem covering about half of the East arm (Jy| < 0.35 and Agp ~ 45°)
and an Electromagnetic Calorimeter (EMC: PbSc and PbGl) covering both arms. The TOF subsystem and
time of flight of the EMC identify kaons within 0.3 < p[GeV/c] < 2.0 and 0.3 < p[GeV/c] < 1.0, respectively.
The electrons are identified with a Ring Imaging Cherenkov Detector (RICH) and by matching of energy
measured in the EMC and momentum measured in the DC for the charged track. The EMC is also used as a
primary detector for the reconstruction of photons and z°-mesons [3].

For hadron decays of @mesons minimum bias and ERT data samples are used. The latter sample was
accumulated with high-pr online trigger realized by adding together amplitudes in 4 x 4 adjacent EMC
towers and comparing them to a threshold of 1.4 GeV in p+p and 2.4 GeV in d+Au collisions. Analyzed

decays, basic analysis cuts and data samples are presented in Table.
Table

Decay Vertex, cm PID Data Sample, events

p—e'e | —28<Z <26 | RICH,EMC | Run4, (Aut+Au, 200 GeV): 9 x 10® MinBias

p—K'K | -30<Z<30 TOF Run 4, (Au+Au, 200 GeV): 4.1 (1.1) x 10° MinBias
(EMC) Run 3, (p+p, 200 GeV): 4.3 x 10’ MinBias
Run 3, (d+Au, 200 GeV): 5.4 x 10’ MinBias

w—e'e | -25<Z<25 | RICH,EMC | Run4, (Aut+Au, 200 GeV): 8 x 10° MinBias

w—n'r'r | -30<Z <30 No PID Run 5, (p+p, 200 GeV): 1.5 x 10° MinBias and
10° ERT (5.7 x 10" sampled MinBias)
Run 3, (d+Au, 200 GeV): 2.1 x 10’ ERT
(3.1 x 10° sampled MinBias)

w—n'y | -30<Z<30 No PID Run 5, (p+p, 200 GeV): 1.5 x 10° MinBias and 10° ERT
(5.7 x 10" sampled MinBias)
Run 4, (Au+Au, 200 GeV): 7.8 x 10® MinBias
Run 3, (d+Au, 200 GeV): 2.1 x 10’ ERT
(3.1 x 10° sampled MinBias)

3. Analysis

For the reconstruction of ¢{w) — e'e” and ¢ — K'K decays we combine oppositely charged identified
particles to form unlike sign invariant mass spectra containing both the signal and combinatorial background
of uncorrelated pairs. The shape of the uncorrelated combinatorial background is estimated in mixed event
technique where identified particles of one sign are combined with particles of the opposite sign taken from
several other events having the same centrality and collision vertex. The mixed event invariant mass

distribution is then normalized to the value of 2,/N,,N__ where N., and N__ are the measured integrals of

like-sign yields. The validity of this method of event mixing was confirmed by comparing the like-sign
invariant mass spectra from mixed events [4]. Raw yields are extracted by the subtraction of mixed event
distributions from invariant mass spectra and counting the particle yields around the known masses of
particles. In the hadronic decay modes one can see a prominent peak in the mass distributions of the
measured mesons but in the di-electron modes it is challenging because of huge combinatorial background
originating primarily from the conversion and Dalitz decays of z°-mesons. For example, in Run 4 data
sampl e the signal-to-background ratio in the range of @ and ¢-meson masses is about 1:500.

To measure hadron decays of the o-mesons we start with reconstruction of z°-mesons in the 7° — yy
decay channel using EMC. For the @ — 7°ydecay we combine selected z°-candidates with all other photons
from the same event. In case of the w — 7°7" 7 decay we combine 7°-candidates with any pair of negatively
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and positively charged tracks assuming them to be z~mesons. Integrals of peaks reconstructed in invariant
mass distributions are extracted by fitting since mixed event technique does not reproduce background shape
due to presence of residua correlations [5]. In Au+Au collisions we loose the possibility to detect @-meson
in the @ — 2°7'7 channel because four particles in the final state produce too much combinatorial
background. However even in the most central collisions we can still extract w-meson yield in the @ — 2y
decay at very high pr.

Extracted raw yields of vector mesons are corrected for detector acceptance and trigger efficiencies
evaluated with full Monte Carlo simulation of the PHENIX layout, detector responses, kinematics of
particular decays and online trigger settings. For three-body decay of @meson we also take into account a
non-uniform popul ation of the phase space.

4. Results

The invariant m spectra of the ¢g-mesonsin p+p, d+Au and Au+Au collisions at 4/s,,, =63 and 200 GeV

are shown in Fig. 2. The PHENIX has an extensive set of ¢ — K'K~ measurements in time-of-flight region
for different collision systems and event centrality bins and also has a preliminary measurement of ¢-meson
production in the ¢ — e*e” channel with the results consistent with the hadronic channel. The latter, however,
israther limited because of small signal-to-background ratio.
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Fig. 2. Transverse mass spectra measured for g-mesonsin p+p, d+Au and Au+Au collisions

at =63GeV and /S,y =200 GeV

S nn
The measured mr spectra were fit to the exponential function to extract integrated yields (dN/dy) and

temperatures (7):
LN dN/dy

—(myr — M)
2rmy dmypdy 2771 + M) )

T

exp

Dependence of the measured temperature and integrated yield per pair of participating nucleons on the
system size is shown in Fig. 3. The extracted temperatures do not change among different collision systems
at the same energy and only dlightly grow between 63 GeV and 200 GeV. Also there is no indication that the
measured temperature is different in hadronic and leptonic channels. The integrated ¢-meson yield per
participant increases by approximately a factor of two from peripheral to central collisions at full RHIC
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energy. Similar growth is also observed at /s, = 63 GeV. Preliminary measurement of the yields in the

leptonic channel looks higher than in ¢ — K'K~ channel. However, statistical and systematic uncertainties
prevent us from making a conclusive statement on this subject.
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The invariant pr spectra measured for @mesons in p+p, d+Au and AutAu collisions at
\Syy =200 GeV are shown in Fig. 4. For two hadronic decays 7°z" 7~ and 2’y having different kinematics

and reconstruction efficiencies we have a very good agreement in p+p and d+Au. In Au+Au collisions we
measured three p; points in each most central, minimum bias and peripheral collisionsin the 7°y channel. In
the di-electron channel the PHENIX has preliminary measurement of @-meson production at low pr.
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Figure 5 shows nuclear modification factors (R,,) defined as the ratio of particle yields in Au+Au and
ptp collisions scaled by the number of binary collisions, measured for @ and ¢-mesons. In peripheral
Au+Au collisions meson yields scale from p+p yields by the number of binary collisions. But in most central
collisions we observe a suppression on the level of 3-5. Such a suppression pattern is consistent within
errors with results previously obtained for 7° mesons [6].
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Fig. 5. R, for ¢ and @mesonsin Au+Au collisionsat /s, =200 GeV

Short living light mesons are considered a good probe of chiral symmetry restoration which can be seen
as modification of meson properties in leptonic channels in heavy ion collisions [7, 8]. Besides, some recent
publications suggest that modification of meson masses can also be observed in hadronic decays and not
only in heavy ion but also in p+p collisions. Dependence of the mass and width of ¢ -mesons reconstructed

in the ¢ — K'K decay channel on the centrality in d+Au and Au+Au collisions at /s, = 200 GeV is
shown in Fig. 6. The PHENIX experiment sees no modification of the ¢-meson mass or width measured in
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Fig. 6. ¢-meson mass and width vs centrality in d+Au and Au+Au collisions at /S, =200 GeV
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hadronic channels. In p+p and d+Au collisions within the errors of the measurement [4] we find that the
reconstructed @-meson massisin agreement with PDG value at pr > 2.5 GeV/c (Fig. 7).
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Fig. 7. Reconstructed in p+p (lower panel) and d+Au (upper panel) collisions @-meson mass versus pr
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HERMESEXPERIMENT AT DESY: SELECTED ANALYSISRESULTS

PNPI participants of the HERMES Collabor ation:
S.L. Belostotski, G.E. Gavrilov, A.A. |1zotov, A.A. Jgoun, A.Yu. Kisselev, P.V. Kravchenko,
S.I. Manaenkov, O.V. Miklukho, Yu.G. Naryshkin, D.O. Veretennikov, V.V. Vikhrov

1. Introduction

The HERMES experiment at DESY studies the spin structure of hadrons. In the experiment, the 27.6 GeV
longitudinally polarized positron beam of the HERA e-p collider is passed through an open-ended tubular
storage cell in which polarized (longitudinally or transversely) or unpolarized target atoms in undiluted
gaseous form are continuously injected. An average beam polarization is typically 55%. The beam helicity is
reversed every month during the period of data taking. The target polarization is about 90%, being reversed
every 90 seconds. The secondary particles are detected with a large acceptance forward spectrometer
described in details in paper of K. Ackerstaff et al., Nucl. Instr. Meth. A 417, 230 (1998). Briefly, the
HERMES spectrometer consists of multiple tracking stages before and after a 1.3 T-m dipole magnet.
Electrons and positrons are identified by the combination of a lead-glass calorimeter, a scintillation
hodoscope preceded by two radiation lengths of lead (the pre-shower detector), and a transition-radiation
detector (TRD). A Ring-Imaging Cherenkov detector (RICH) allows separation of pions, kaons and protons.
Due to reliable particle identification and relatively large acceptance the HERMES experiment measures not
only inclusive reactions in deep-inelastic scattering (DIS), where only the scattered lepton is detected, but
also semi-inclusive DIS events (SIDIS), where hadrons are detected in coincidence with the lepton.

The HERMES experiment started data taking in the year 1995. By the end of 2006, 7.5 x 107 inclusive
DIS events (with 0*> 1 GeV?* where Q7 is the negative four-momentum transfer squared for virtual photon)
were accumulated at the integrated luminosity of 1505 pb~'. Most of the data were collected from the
hydrogen and deuterium targets but in order to study nuclear effects the *He, "N, *’Ne and *Kr targets were
also used. The polarized target data amount about 1/4 of the whole HERMES data set.

The PNPI is involved in the HERMES since its design phase with a substantial contribution to the
hardware and software of the experiment, spectrometer maintenance and data analysis. In this paper selected
analysis topics, in which PNPI plays a leading (or significant) role, are presented.

2. Quark helicity distributions from semi-inclusive deep-inelastic scattering

The HERMES experiment has measured double-spin asymmetries in deep-inelastic semi-inclusive
scattering (SIDIS) [1] in which both scattered electron and produced hadron are well identified. The double-
spin asymmetry is defined as a fractional difference of the cross sections with beam and target helicities anti-
parallel and parallel. It is proportional to the sum over flavor g:

Aq(x)

;Phq (x) q(x) . )

Here, the polarized quark density Aq is the difference ¢" — ¢~ between quark densities with positive and
negative helicities with respect to the helicity of the target nucleon (in the infinite momentum frame), the
unpolarized quark density is given by ¢ = ¢"+ ¢, and x is the Bjorken variable. In the lab frame x =0*/2Mv,
where v is the photon energy and M is the mass of target nucleon. All quantities in Eq. 1 are averaged over
O* and z =E,/v, the fractional energy of the detected hadron, where E,, is the energy of the produced hadron
h. The ratio Ag/q represents polarization of a quark with the flavor ¢. The purity P/ describes the probability
that the hadron % originates from interaction of the virtual photon with a quark of flavor ¢ (struck quark). The
purities were extracted using Monte Carlo simulations with the spectrometer acceptance taken into account.
The CTEQSL parametrization was used for the unpolarized quark distributions. Figure 1 shows semi-

inclusive asymmetries for pions and kaons produced on the deuteron target within a momentum range of
4 < p,<13.8 GeV [2]. The SIDIS asymmetries are measured at O > 1 GeV* and 0.2 < z < 0.8. The lower z
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cut suppresses hadrons from the target fragmentation region. Except for negative kaons, all asymmetries are
positive and rising with x. Since a negative kaon is a sea-only object s, its asymmetry is most sensitive to
the sea quark polarizations, and thus, it is expected to be small.
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Fig. 1. The HERMES results on semi-inclusive asymmetries on deuterium target for identified charged pions (compared to all
charged hadrons from SMC in the x-range of HERMES) and for identified charged kaons. The error bands represent the systematic
uncertainties

Figure 2 shows the x-weighted distributions x-Ag(x) extracted using purity formalism (Eq. 1). Note that
in contrast to the LO QCD fits to inclusive data overlaid in Fig. 2 in the HERMES analysis the only
assumption made on the sea flavor polarization is that As /s =0. The systematic error bands include

systematic uncertainties of the extracted x-Ag(x) distributions dominated by the uncertainties in purity
calculations.
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Fig. 2. The quark helicity distributions x-Ag(x,0°) evaluated at an average value of 0 = 2.5 GeV? as a function of x. The dashed line
is the GRSV2000 parametrization (LO, valence scenario) scaled with 1/(1+R), where R is a kinematical factor ranging from 0 to 0.4,
and the dashed-dotted line is the Bliimlein-Bé&ttcher (BB) parametrization (LO, scenario 1)

98



Averaged over HERMES kinematics, the quark contributions to the nucleon spin are summarized as
follows:

Au+ Au = 0.599 +0.022 + 0.065

Ad +Ad =—0.280+0.026 +0.065
As =0.028+0.033+0.009

Au =-0.002+0.036+£0.023
Ad =-0.054%0.033+£0.011
As =0 (assumed)

Overall contribution X of the quarks dominated by the valence u and d quarks amounts
2£=0.330%£0.011,,, £0.025, +0.028_, [3].

IS S

theo

3. Hyperon production at HERMES

Hyperon yields and fragmentation functions. In the HERMES experiment the A(/_\) hyperons are

identified through their pz~ (p7r") decay channel. Heavier than A charged hyperons (2,x % )and

13932 71388

their antiparticles are identified through their Az decay channels, and 2?“6 through the Ay decay. The
hyperon yields accumulated at the integrated luminosity of 791.4 pb™" are listed in Table.

Table
Yields of hyperons detected at integrated luminosity of 791.4 pbﬁ1
Decay mode, Hyperon Antihyperon
Hyperon % yield yield
A?l 16 pr (63.9) 386000 72000
2 s A’y (100) 19000 5200
e A7 (99) 2500 650
Z 33 A’z (88) 5700 820
2 A7 (88) 6300 1200

In the DIS regime the virtual photon ¥ emitted with the energy v by the charged lepton is absorbed by a
quark in the target nucleon (“struck quark™). The struck quark forms a string (or cluster) with the target
remnant (Lund fragmentation model). The final hadrons are produced due to hadronization of this string. The
multiplicity z distribution describing the number of hadrons /4 per inclusive DIS event is given by:

1 dN" —
m(2) == > w,D}Q%,2), )
f
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where we omit a weak dependence on O replacing it by its average value. Here ay is the fractional
contribution of a quark flavor f to the inclusive DIS cross section .The fragmentation function D;i (z) reflects
the probability that the hadron / is produced due to the fragmentation of a struck quark of flavor f. In the
current fragmentation regime interaction with the target remnant can be neglected and one may assume that
D} =D} due to the isospin symmetry. When extracting D from Eq. 1, it is not specified whether the final
A hyperon is related to the struck quark (current fragmentation) or it is produced via remnant diquark (target
fragmentation). At high energy these two mechanisms are usually separated with the help of Feynman
variable xr. At the moderate energy of the HERMES experiment the distinction between the current and
target fragmentation domains is not very sharp. Nevertheless, with the requirement xz > 0 imposed the
remnant contribution is assumed to be reduced. In order to suppress the target remnant contribution even
more, the data were analyzed under the requirement x> 0.3. Besides, the fractional z variable was redefined

as follows: z — z = (E* — M™)/v [4]. The hadron production in DIS is dominated by the u (d ) quark, i.e. the
contribution from the L_l,g quarks and from the strange quarks is small (@), + @, =1). Due to this fact, the
multiplicity distribution and fragmentation function D are very close one to another.

Figure 3 shows the nA(z) (or D*(z)) distributions measured by the HERMES together with the results

of other experiments [4].
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Fig. 3. World data on multiplicity distribution function for A hyperons produced in lepton DIS experiments

Longitudinal spin transfer. The longitudinal spin transfer D;; to the A hyperon has first been studied
by the LEP experiments OPAL and ALEPH at an energy corresponding to the Z, pole. In these experiments
the hyperons are predominantly produced via the strange quark antiquark decay channel in which the
primary strange quarks initiating the hadronization process were negatively polarized at the level of 91%.

The OPAL and ALEPH (LEP) data show a significant polarization transfer D;; = 0.3 from the s (E) quark

to the A (/_\) hyperon at z > 0.3, thus confirming that the s quark dominates the spin of the A hyperon. In

contrast to the LEP experiments, as it has been mentioned above, the production of A hyperons in DIS is
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originated predominately from the struck u# or d quark emitted from the target nucleon, the contribution
from the strange quark being small.

The HERMES collaboration has preliminary reported on measurements of the spin transfer D;; to the A
hyperon in DIS [5, 6]. Here we present the final results based on a semi-inclusive DIS data sample
containing about 8000 A events [7, 8].

If the longitudinal polarization of the beam is given by P, and the target is unpolarized, the struck quark
will acquire a polarization P,= P,-D(y). Here y = V/E, is the fractional energy carried by the photon and D(y)
gives the "depolarization" of the virtual photon as compared to the incident electron. The component of
polarization transferred along the direction L’ from the virtual photon to the produced A hyperon is given by
P,=PB -D(y)-D,,,, where L is the primary quantization axis directed along the virtual photon

momentum. The spin transfer coefficient D,,. describes the probability that the polarization of the struck

quark is transferred to the A hyperon along the secondary quantization axis L’. In the final analysis, the
quantization axis L’ was chosen along the direction of the A-hyperon momentum (not affected by the
relativistic transformation to the A rest frame).

The spin-transfer coefficient extracted from the data with the requirement xz > 0 is found to be
D

> =0.11 £ 0.104, = 0.034. The dependence on x; is presented in Fig. 4 together with those of the
NOMAD and COMPASS experiments at CERN and E665 at FNAL.
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Fig. 4. Longitudinal spin transfer to the A hyperon in DIS. Compilation of world data

Most of NOMAD data have been obtained at negative xp. At x>0 NOMAD has measured
D,,, =0.09 £ 0.064, = 0.034y, which is in a very good agreement with the HERMES result averaged in the

X, >0 domain. The average COMPASS number is —0.12 £ 0.10. Therefore, for positive x all existing to
date experimental results indicate that the D,,. is compatible with zero within the statistical uncertainty of
10.10. The observation of a small (or equal to zero) value of D,,. points to the dominance of scattering from
u or d quarks whose polarization within the A hyperons is small. On the other hand, the condition
Aq;\ = Aqé\ =0 does not necessarily mean that the D,,. vanishes. In order to produce the A hyperon, a

polarized struck (current) u quark picks up a ds diquark from the string. If the helicity of the u quark is +,
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then the d quark helicity must be —, which fixes the helicity of the s quark depending on the spin state of
the ds diquark. If probability to find the singlet diquark is higher than that for the triplet diquark, one would
expect predominantly positive helicity for the s quark and for the A hyperon and, thus, the positive spin
transfer D, ,.. Further, the fraction of A hyperons produced via heavier hyperon decays is significant: only

about 40% of the A hyperons are produced directly from the string fragmentation. The contribution from
heavier hyperons ZO,Z* or Z, which may decay into the polarized A hyperons and thus modify the D, .,
can be taken into account with the help of the Lund-based polarized Monte Carlo simulations.

Transverse A and A polarization in photoproduction. The transverse (spontaneous) polarization of
A particles and other hyperons has been observed in many high-energy scattering experiments, with a wide
variety of hadron beams and kinematical settings. While the transverse hyperon polarization has been
intensively studied in hadron interactions, very little information exists about this effect in photo- and
electroproduction. Here we present first statistically significant experimental results on the A-hyperon
polarization measured inclusively in the photoproduction regime [9, 10]. Since the scattered positron was not
detected, the final data set of the A events is dominated by the photo-production kinematics with Q* = 0 and
an average photon energy about 16 GeV.

The extraction of the A polarization P, is based on the moment method and up/down symmetry of the
HERMES spectrometer using recently developed iteration procedure [10]. The measured polarizations P,

versus Pr, where Py is the transverse A momentum, are shown in Fig. 5 for ¢ = p,/p, <0.25 and

¢ >0.25, respectively. Here p, is the longitudinal A or A momentum and P, is the beam momentum.

02+t £<0.25 ' 02+t {>0.25

. .
| P
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Fig. 5. Transverse polarization of low momentum (left panel) and high momentum (right panel) A hyperon

Combining all kinematical points together, the average transverse polarization is found to be

P,=0.078 £ 0.00064,+ 0.012,y for the A hyperon and P,= 0.025 £ 0.015,, % 0.018,, for the A hyperon.
As suggested by the PYTHIA Monte Carlo, the mechanism, when the target diquark picks up a strange quark
from the string and fragments into a hyperon, dominates at low A momenta (¢ <0.25). At higher A

momenta the contribution from this mechanism is decreasing while the mechanism, when a photon quark,
i.e. a quark from the photon gq dissociation, picks up a diquark from the string, becomes dominating. As
follows from the data, the first variant results in higher polarization. This is also confirmed by the fact that

the polarization of the A hyperons is found to be compatible with zero.
An overview of hyperon physics at HERMES can be found in Ref. [11].
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4. Exclusive diffractive p-meson production at HERMES

Exclusive diffractive p-meson production in deep-inelastic lepton-nucleon scattering provides the unique
information both on the structure of involved hadrons and the reaction mechanism. The spin density matrix
of the “heavy” photon is well known from quantum electrodynamics, and the spin density matrix of
produced vector mesons can be experimentally reconstructed by measuring the angular distributions of pions

in the self-analyzing p° — 7° + 7~ decay. This allows, in principle, to extract the helicity amplitudes T WA of
14

the process ¥ + N — p+ N’ in the ¥N rest frame. Here 4, and A, are helicities of the virtual photon y

and the vector meson, respectively, and represents the target (recoil) nucleon. At high energies, a
mechanism, in which the created vector meson (pre-hadron) interacts with the target nucleon through the two

gluon exchange (Pomeron exchange), dominates. In the HERMES kinematics with moderate QO the reaction

mechanism is more complicated. In addition to the two gluon exchange, the quark exchange (or equivalent
subleading reggeon exchange [12]) plays a significant role and the helicity amplitudes should be calculated
with both gluon and quark exchanges taken into account.

The spin density matrix of the vector meson is usually decomposed into a standard set of matrices #* and
the results are presented as spin density matrix elements rfy‘ 5, (SDMEs). The matrix elements rfy‘ j, are

expressed through bi-linear combinations of the helicity amplitudes 7, , . As it was established
Vty

experimentally, the dominant contributions to SDMEs come from the diagonal transitions /17 =4,
(S-channel helicity conservation, SCHC), i.e. the only nonzero helicity amplitudes in this case are
1,,1,, and T, . If SCHC is valid, the r0%4,r11_1 =—Im{ril},Re{r£)} =—Im{rlg} are nonzero of 15
SDMEs measured in experiments with the unpolarized lepton beam (“unpolarized” SDMEs), and two matrix
elements (Re{rl%} :Im{rlz)}) are nonzero of 8 ”polarized” SDMEs related to experiments with the

longitudinally polarized beam.
The spin-flip amplitudes 7,, and 7, are small at low momentum transfer to the nucleon ¢ and |71)1| > |7;0|

at high Q2 . These amplitudes vanish if quark Fermi motion in the p meson is neglected. The double spin-flip
amplitude 7, , gives information on soft gluon contribution to the gluon density in the target. Therefore

investigation of these small amplitudes and hence SDMEs, which are zero in SCHC approximation, is of
particular interest. S-channel helicity violation (SCHV) was experimentally observed for the first time at

HERA collider experiments where r050 (~Re TmTOE) was found to be nonzero. The HERMES experiment
measured more nonzero SCHV matrix elements due to high statistical accuracy of the data and due also to
that for the HERMES kinematics with moderate Q° |72)0| ~ |Til ”

, while at collider experiments

|T00| >> |T 1141| » thus giving access only to those SCHV matrix elements which contain the product znToT) .

The HERMES experiment has measured for the first time all 23 SDMEs including 8 polarized ones. The
SDMEs measured under the following kinematical conditions: 1 < 0* <5 GeV* and —¢ < 0.4 GeV* for mean
¥ N center-of-mass energy W = 5 GeV are depicted in Fig. 6 [13], where both results obtained from the
hydrogen and deuterium targets are presented. The vertical line is broken for those SDMEs which are
nonzero in the SCHC approximation. The SCHV matrix elements which deviate significantly (> 20 effect)
from zero are shown with enlarged points. As follows from Fig. 6, the SCHV is well established at HERMES
kinematics. There is no noticeable difference between SDMEs of p-meson production on the proton and
deuteron. This means that the contribution from isovector ggq exchanges with natural parity is not important.
The HERMES measured for the first time the signal of unnatural parity exchange (UPE) which is very likely

pion exchange. The combination of SDMEs U, =1—ry' + 21" =25, =27 is zero if UPE is absent.
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Having combined the HERMES results for the proton (U; = 0.132 £ 0.0264, + 0.043,) and for the
deuteron (U; = 0.094 £ 0.0204, + 0.0414), one may state that the UPE signal is seen on the 30 level.
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Fig. 6. The SDMEs measured under the following kinematical conditions: 1 < Q* < 5 GeV* and —¢ < 0.4 GeV? for mean yN
center-of-mass energy W =5 GeV. Each vertical division corresponds to one SDME

5. Mean hadron transver se momenta and quark transver se motion

In terms of the Quark-Parton Model (QPM) the mean value of the squared transverse momentum of a
hadron produced in DIS on a nucleon can be written as

<Pf> =7 -<qi>+<kf>+<pj>QCD +<pi>mﬁ,

where g, is the transverse momentum of a quark in the nucleon, &, is the transverse momentum related to

oCD

soft
the fragmentation process, < pi> is the contribution from hard QCD processes and < pi> t is the

contribution from soft gluon emission.
Most of existing to date experimental studies report on much higher values of the <P¢> for high z region

in comparison with any conservative theoretical estimates. This might be an indication of either a large quark
. . soft
transverse momentum (<‘]i> =~ 0.65GeV?) or presence of a significant soft gluon emission term < pi> , the

quark transverse momentum <qi> being in latter case at a reasonable level of 0.1—0.2 GeV. Unfortunately,

because of lack of statistical accuracy, available experimental data cannot unambiguously point out at a
unique relevant scenario. Thus, the question of transverse quark motion in the nucleon is still open.

The HERMES experiment has measured hadron transverse momentum distributions with unprecedented
statistical accuracy using hydrogen, deuterium and, also, heavy gaseous target (**He, '*N, **Ne, **Kr and
32X¢ ) [14]. The HERMES data are corrected for the acceptance effect, the radiation of soft photons and the
contribution from p° — 7~ + 7~ decay. In Fig. 7, left panel, the hadron transverse momentum versus z is
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shown for positive and negative hadrons, and also for K 2 meson. The data presented in Fig. 7 were
accumulated on the hydrogen target in 1996-1997 years, being a fraction of the presently existing data
sample still to be analyzed. As one can see, for z< 0.6 the z-dependence of <PL> is universal, while for

z> 0.6 the <P¢> depends strongly on the charge (type) of the hadron. As hard and soft gluon emission is

independent on the quark charge, the difference between positive and negative hadrons can originate either
from the different patterns of the fragmentation or from the different internal transverse momentum
distributions of the u and d quarks. The fragmentation process for a positive hadron (e.g. pion) is
straightforward: the struck u# quark picks up a sea quark from the string. In contrast, the negative hadron

fragmentation cannot be done in one step. For example, as the pion is du object, it cannot be directly
produced by the struck u quark. This would result in larger k, and, respectively, in larger <Pl>. The
experiment, however, shows the opposite trend. Then one has to assume that the average primordial
momentum ¢, for the u quark in the proton is indeed much larger than that for the d quark which would
explain the experimental result. As for the K 2 data, the very large <P¢> in the region of z around 0.7
might be explained by the necessity to pick up the heavy s quark and a multi-step fragmentation process.
Following to the assumption of a large difference in the internal ¥ and d quark distributions, one would
expect that the ratio of <P¢> for the hydrogen target to that for the deuterium target (<PLH > / <PLD >) must be

larger than unity for the positive hadrons and smaller than unity for the negative hadrons. This is confirmed
by Fig. 7, right panel.
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Fig. 7. Dependence of mean transverse momentum of the K g mesons, positive charged hadrons and negative charged hadrons on z

(left panel). Ratio of the mean hadron transverse momentum from DIS on hydrogen target to that on deuterium target (right panel)

Results of investigations of the heavy gaseous target are presented in Fig. 8 where the ratio
Y= < P’ > / < P’ > is shown versus the hadron momentum p. Surprisingly, this ratio is going below unity at
large hadron momenta for all investigated nucleus. The curves shown in Fig. 8 are obtained by fit to the data

performed taking into account that the formation length at the high hadron momenta (~15 GeV) is larger than
the nuclear radius and, thus, the nucleus is transparent for propagation of the pre-hadron state. Under this

assumption it has been obtained <q L>A / <q l>D =0.95+£0.02 which may be explained by the hypothesis that

the size of the nucleon in a nucleus is somewhat larger than that in loosely bound deuteron (“swelled”
nucleons). This gives more space freedom for the transverse quark motion in a nucleus which makes more
compact the internal quark transverse momentum distribution.
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RESULTSOF ELECTROWEEK INTERACTION FROM LEP-II EXPERIMENT AT CERN
V.A. Schegelsky

1. Introduction

Experiments with the Large Electron-Positron Collider at CERN have been started in 1989. Four large
detectors have been constructed at LEP: ALEPH, DELPHI, L3, and OPAL. The simultaneous operation of
all these detectors provided powerful cross checks of the obtained results that made them highly reliable.
PNPI took an active part in construction and operation of the L3 detector. In the first period of 1989 — 1995,
LEP operated at the center-of mass energy of m, (LEP-I phase). The main motivation was investigations of
electroweak (EW) processes and verification of the validity of the most complete theory — the Standard
Model (SM). The first target was the intermediate neutral vector boson, already experimentally discovered,
Z boson. In the six years period several millions of Z’s was produced, its mass and widths (total and partial),
branching ratios into all possible final states were measured. The SM parameters were determined with high
accuracy. There was no evidence of deviations from the SM predictions. Some free parameters of the theory
were estimated. The number of leptons families was established to be equal to three, the same as the number
of quarks families in the strong interaction sector of the SM. The high precision reached provided a
possibility to constrain the mass of not yet discovered top quark from the calculations of the loop correction
to the bare Z-boson mass using in the calculations the value of the charged vector boson mass m,, already
observed in the experiments on hadron colliders. The correction is rather strongly, quadratically, depends on
the quark mass, but there are also contributions from the scalar bosons. To explain the mass splitting of the
EW intermediate bosons — photon, Z and W — there should be at least one scalar Higgs boson (H), which also
enters into the loop calculations. It was not found any scalar boson in the experiments, i.e. the mass of the
boson is high (my > 58 GeV), moreover the loops correction from this source is only weakly (logarithmically)
dependent on the Higgs boson mass. For this reason, the prediction of the mass of top quark was rather

accurate (m, :197j2 GeV). Such low limit gave a chance to observe the top quark production on the

proton-antiproton collider at Fermilab'?. After several years of very difficult studies the top quark was
discovered by Fermilab experiments, confirming once more the high predictive power of the SM. The main
results of the L3 experiments during LEP-I operation have been already presented in the previous reports
[1,2].

Already at the early stage of the LEP project, it was decided to rise up the beam energy to 100 GeV
(LEP-II). At this energy the EW cross section of production of the I pairs is rising first and then is flattened
out. Copious W production studies make possible to determine the parameters of the /' boson with higher
accuracy, making the theoretical constraints much tougher, in particular predicting the range of the Higgs
boson mass.

The data taking on LEP-II was terminated in 2000 but sophisticated analysis is still under way. For
example, during last 5 years the L3 collaboration has published more than 30 papers with the final results. At
the same time, all four LEP experiments — ALEPH, DELPHI, L3, and OPAL — in the frame of the LEP
Working groups (WG) — carried out combined studies of different topics of the SM, with consideration of all
available data including the relevant Fermilab results. Some of the WG reports are already published or
presented during international conferences. In this report, the most spectacular results from the LEP-II
experiments on the SM verifications will be reviewed [3].

"F. Abo et al. (CDF Collaboration), Phys. Rev. Lett. 79, 4327 (1997).
2 B. Abbott et al. (DO Collaboration), Phys. Rev. Lett. 80, 2051 (1998).
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2. ¢'e -annihilation into two photons or two fermions

During 1996-2000 LEP was running at the center-of-mass energies above the Zpole 130—-209 GeV
(LEP-II), and the total luminosity per experiment of 700 pb™' has been collected .

The reaction e’e” — yy(y) provides a clean test of the theory (QED) up to the highest energy available,
and it can be a good tool for search of non-standard physics signals. The total cross sections measured were
found to be in a good agreement with the QED. Table 1 shows the results.

Table 1
Cross section ratios opcas0qep Of the process e'e = yy(y)
from the LEP experiments

| Experiment | cross-section ratio |

ALEPH 0.953+0.024
DELPHI 0.976+0.032

L3 0.978+0.018
OPAL (.999+0.016
global 0.982+0.010

The differential cross sections are also in good agreement with QED (Fig. 1).

8
L3
6 s =207 GeV
- Data

| gwest Order GED

do/d© (pb/srad)
J

| | |
0 02 04 06 08 1
|cos O]

Fig. 1. An example for photon angular distribution of the process e'e”— yy(y), total energy 207 GeV

The modification of the QED model for two photon annihilation is a short-range exponential deviation
from the Coulomb field with the cut-off parameters A. .

do do s 2
—_ = | — + ——(1+cos“@) .
( d“) Ay (dﬂ ) Born 1"":LI: ( s :J

The combined fit of the four LEP experiments provides limits for these parameters A, >392 GeV and
A_>364 GeV.

The process of two fermions production is interesting in particular for a search of new objects, outside of
the SM: an additional heavy vector boson Z’, leptoquark, influence of the extra dimensions. Different models
of the new physics have different sensitivity to such objects. The lower limit of Z” mass is 340-1800 GeV,
depending on the model; the leptoquark mass should be higher than 100—1000 GeV for different quark type.
Limit on the scale of gravity in models with large extra dimensions is higher than 1 TeV.
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3. W-boson production and its properties

LEP-II operated above the W-pair production threshold. The W-pair cross sections and the W-decay
branching ratios have been measured in the whole energy range of LEP-II. Figure 2 shows the comparison
of the SM prediction with the experimental data with the #-mass fixed at 80.35 GeV.

There is good agreement: ¢™/¢™® = 0.995 + 0.009.

Close to the threshold, the cross section is sensitive to the W boson mass. Such estimates are
summarized in Table 2. At higher energies, the cross section has little sensitivity to my. For these energies,
the direct reconstruction of the / boson invariant mass was done from the observed jets and leptons. At the
same time the ¥ width was also estimated. Tables 3 and 4 show the results.

|1 Z/02/2008

o \ ‘ \ '

S 20{LEP PRELMINARY |
=2 YFSWW and RacoonWWwW . —
= . «-f/+/ +—

5 b ]
10 .

0 i 190 wézls 200 | 205
180 200
Vs (GeV)

Fig. 2. Measurement of the W-pair production cross section compared with the SM prediction

Table 2
The W mass measurement from W-pair threshold cross section

Experiment | mw(threshold)/GeV
ALEPH 80.14 £ 0.35
DELPHI 80.40 £ 0.45
L3 80.8010-18
OPAL 80.4010-4%
Table 3
The W mass measurements from direct reconstruction
DIRECT RECONSTRUCTION
WHTW™—qgfr; | WTW™—qgqq Combined
Experiment may [ GeV my/GeV myy [ GeV
ALEPH | 80.429 £0.059 | 80.475 £ 0.082 || 80.444 = 0.051
DELPHI | 80.340 £ 0.076 | 80.310 £ 0.102 || 80.330 £ 0.064
L3 | 80.213 £0.071 | 80.323 £0.091 || 80.253 £+ 0.058
OPAL | 80.449 +0.062 | 80.353 £ 0.081 || 80.415 + 0.052
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Table 4

The W width estimations

Experiment | 'y (GeV) | Dw (GeV)
published COMIMOT

ALEPH 2,14 +0.11 | 2.14 £0.11

DELPHI | 2.40+0.17 | 2.39 £0.17

L3 2,18 £0.14 | 2.24 £0.15

OPAL 2,00 +0.14 | 2.00 £0.14

The ‘published’ column is taken from the individual publications. In the last column, final state interaction
correction common for all experiment was applied.

The combined LEP results for mj and I'y are :

r‘ W =

80.376 + 0.033 GeV,
2.196 & 0.083 GeV.

The branching ratios measured are presented in Table 5. As one can see, the probability of the ¥ decay
into 7 lepton is more than 2 standard deviations above the SM prediction (10.83%) for all four LEP
experiments. However, the averaged leptonic branching ratio BR(W — leptons) = (10.84 + 0.08)% in a
good agreement with the SM value.

Within the SM, the W branching fractions are determined by 6 matrix elements |V,,| of the Cabibbo-
Kabayashi-Maskava (CKM) quark mixing matrix. Using the strong coupling constant a,(My) =0.119 + 0.002
and the sum | V| Vsl H|Vus| Vel H|Ves| = 1.0476 = 0.0074 one can get an estimate of |V, = 0.976 £+ 0.014,
where the dominant contribution into the error is statistical.

Table 5
Summary of W branching fractions
Lepton Lepton
non-universality universality
Experiment | B(W — e7.) | BIW — uw,) | BOIW — 77.) | B(W — hadrons)
[%] [%] %] %]
ALEFPH 10.78 £+ 0.29% | 10.87 £ 0.26* | 11.25 £ 0.38* 67.13 £ 0.40%
DELPHI | 10.55 £ 0.34" | 10.65 = 0.27* | 11.46 + 0.43* 67.45 £ 0.48*
L3 10.78 £ 0.32% | 10.03 + 0.31* | 11.89 + 0.45* 67.50 £ 0.527
OPAL 10.40 £ 0.35 | 10.61 £0.35 | 11.18 & 0.48 67.91 £ 0.61
LEP 10.656 £ 0.17 | 10.59 £ 0.156 | 11.44 £0.22 67.48 £ 0.28
x%/d.o.f. 6.3/9 15.4/11
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In addition to the total W W™ cross section, the differential cross sections were also measured (Fig. 3).
The data are described rather well by the SM predictions.

2 10 . 2 10 .
2 ] Js=1827Gev 2 "] Js=189.1Gev
= 87 W—eviny 1 = 8 W—evinv E
o ] s ]
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8 1 —vrsww o
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Fig. 3. Differential cross sections for the W-pair production. 4 different energy regions are selected.
OPAL,DELPHI and L3 results are combined and compared with the SM predictions

4. Triple gauge boson coupling and search for anomalous vertices

The measurement of gauge boson couplings and the search for possible anomalous contributions are
among the main goals of LEP-1I. The W-pair production process involves charged triple gauge boson vertices
— W'WZ and WW7. Single W and single photon production is also sensitive to these couplings. The most
general description of the triple gauge coupling (TGC) includes 14 complex constants. The electromagnetic

gauge invariance and C and P conservation decrease this number to five: glZ , Kz, Ky, Az, A, In the SM glZ =Ky

=k, =1,z=1,=0. In the LEP analysis, 3 real parameters g, x,, A, are used. Moreover, only one- and two-

parameter fits are done (Tables 6 and 7). No deviations from the SM predictions are found.

Similar analysis has been done for reactions with production of Zy and Z-pair. In these cases, neutral
gauge vertices do not occur in the SM. Within SM quadric gauge boson vertices exist, but effects of such
couplings are below experiments sensitivities.

Anomalous vertices search has been performed with the negative results.

Table 6

Results of one parameter fit for charged triple gauge boson couplings
Parameter ALEPH DELPHI L3 OPAL
a7 1.02620035 | 1.00250038 | 0.928700:7 [ 0.985500%
o 102270978 | 0.955709%0 | 0.92070071 [ 9297008
a+0.033 +0.044 +0.047 +0.036
}L-r D.nll_n_mz [-}.{-}14_"_",12 —ﬂ.ﬂf}g_n_n,m —D-nﬁa_n_nﬂﬁ
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Table 7
Results of two parameters fit for charged triple gauge boson couplings

Parameter 68% C.L. 95% C.L. | Correlations
g7 L004T5055 | [+0.954, +1.050] [ 100 +0.11
For 0.98410090 | [+0.894, +1.084] | +0.11  1.00
g7 1.ﬂ24t§;§§§ [+0.966, +1.081] | 1.00 -0.40
Ay —0.036 5059 | [-0.093, +0.022] | -0.40  1.00
Ky 1.ﬂzﬁt§;§§l [+0.928, +1.127] [ 1..00 +0.21
Ay —0.024 5050 | [-0.068, +0.023] | +0.21  1.00

5. Constraints of the Standard M odel

The precise measurements performed at LEP-I and LEP-II together with results from other colliders
(SLC and Tevatron) allow to check the SM and to make some predictions for the mass of the Higgs boson
my. Figure 4 illustrates the results of the combined analysis.

1 —LEP1and SLD
80.5{ —-LEP2 and Tevatron (prel.)
68% CL

S
m 9
O 8044
=
=
80.3-
150 175 200
m, [GeV]

Fig. 4. The comparison of indirect measurements of my and m, (LEP-I and SLD) and direct mass reconstruction
(LEP-II and Tevatron). Correlation of these quantities with the SM Higgs boson mass is also shown. The arrow
indicates the change of the correlation if a(m;) is changed by one standard deviation.
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QUARCONIUM PHOTOPRODUCTION IN ULTRAPERIPHERAL ION COLLISIONS
WITH THE ALICE DETECTOR AT LHC

V.N. Nikulin, V.M. Samsonov, M.B. Zhalov

We analyze possibility to study the small Bjorken variable z behavior of nuclear gluon density
and other features of small x QCD dynamics measuring the cross section of photoproduction of heavy
quarkonia, in the ultraperipheral ion collisions with the ALICE detector at LHC.

At high energies the theory of strong interactions, Quantum Chromodynamics (QCD), enters a
new regime characterized by strong coherent gluon fields. The QCD cross sections are driven by gluons
in the hadron wave functions carrying the very small fraction z of the hadron longitudinal momentum.
It was discovered at HERA that the density of soft gluons rapidly grows with a decrease of z down to a
value of about 10~ at fixed momentum transfer Q% and with an increase of Q2 at fixed . The HERA
data are obtained in the z — Q% domain where the evolution of the parton distributions can be still
described within perturbative QCD (pQCD) by DGLAP (Dokshitzer-Gribov-Lipatov-Altarelly-Parisi)
and by Leading Order (Balitsky-Fadin-Kuraev-Lipatov) + Next-to-Leading Order (Ciafalloni et al.)
BFKL evolution equations. In nucleus-nucleus collisions at energies around 3A TeV the essential
value of z can be, at least, by one order smaller than those at the HERA energies. The behavior of
the gluon density in this region of x is still not well understood theoretically and is not studied, in
particular for nuclear target, experimentally. Asymptotically (x — 0) the growth of gluon density is
limited by the unitarity of the S matrix but already at LHC one can expect revealing of strong gluon
shadowing, parton recombination and gradual onset of the gluon density saturation which could be
responsible for the probability conservation within the regime of strong gluon fields. Understanding
of these phenomena is very important for successful realization of the high energy nuclear physics
program with ALICE detector at the LHC focused on creation and characterization of new extreme
forms of a quark-gluon matter where the chiral symmetry is restored and color is not confined within
hadrons.

Our goal is to demonstrate that the detector ALICE can be used without significant modifications
to study the photoproduction of heavy quarkonia in the ultraperipheral ion collisions and, hence,
to investigate the small x QCD dynamics of high energy interactions. The ultrarelativistic heavy
ions produce a significant flux of quasireal photons. The photon wave function contains the hadron
components (vector dominance) as well as the direct quark-antiquark components with sizes which are
controlled by the quark mass, r mq_l. Hence, the coherent photoproduction of heavy flavor vector
mesons by quasireal photons off nuclei provides unique opportunities. Selecting a particular final state
which contains, for example, ¢Z or bb pairs, one can postselect a small size initial state thus justifying
analysis of the process within the framework of perturbative QCD. The QCD factorization theorem
for the hard exclusive coherent heavy flavor vector meson (V') photoproduction off particular target
(T') implies that the cross section is proportional to the square of the corresponding gluon density

GT((L‘,QZ): )
; (1)

oyrvr(syr)  [2Gr(z, MY [4)

where x = g;z Our analysis of the ALICE capability to study the coherent photoinduced processes
in ultrarelativistic peripheral AA collisions at LHC is based on the predictions of Refs. [1-3] where the
cross section was calculated using the Weizsacker-Williams approximation:
do(AA — VAA)
dy

= Ny(y)oyasvaly) + Ny(=y)oyasval=y). (2)

Here y = ln(% QWAL/%N) is the rapidity, vz, is the Lorentz factor and N, (y) is the flux of the equivalent

photons emitted by nucleus which can be calculated with a reasonable accuracy. The cross section
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of the process yA — V A was considered in the Leading Twist Approximation (LTA) for the nuclear
gluon shadowing:

M2 2 tmin
d tmin) | G 3 i -b 7 2
oracvaly) = LN2VNLE )[ Al M)] / dt\ [ dvazeie bz L (3)
Gn(z, —9)1 5

— 1512 2 ; M
Here —t = |G;|* +|qi|” is the square of the vector meson transverse momentum and /~t,im = ¢ = 5

is the minimal longitudinal momentum transfer in the photoproduction vertex, p(l_;, z) is the nuclear
density normalized by the condition [ d2bdzp(b,z) = A.

The key characteristics of the nuclear shadowing in the photoproduction of the hidden heavy flavor
vector mesons is the ratio of the gluon density distribution in nucleus, G 4(z, Q?), to that in proton,
Gn(z,Q?). At > 0.01 the nuclear gluon density G 4(z, Q?) ~ AG y(z,Q?), and a distance on which
the squeezed ¢q pair transforms into the ”ordinary” meson is large at high energies. Hence, one
should expect the revealing of the Color Transparency (CT) effect when small colour singlet dipole
qq passes through the nuclear medium. With a decrease of z (z < 0.01) the nuclear gluon shadowing
(G a(z, Q%) /AG N (z,Q?) < 1) should lead to a gradual disappearance of color transparency and to the
onset of a new regime — the perturbative color opacity in photoproduction of heavy quarkonium off
nuclei.

The total cross sections for the coherent .J/1¢ and T production in the ultraperipheral ion collisions
calculated in Refs. [1-3] are given in Table 1. From comparison of calculations performed in the LTA
with estimates in the Impulse Approximation it follows that the T yield is expected to be suppressed
by a factor of 2 at central rapidities due to the leading twist shadowing. The suppression of the J/
cross section is much stronger, by a factor of 4-6. In principle, the multiple eikonal type rescatterings
of the small color singlet dipole (squeezed ¢q pair) off nucleus could also result in suppression of the
heavy quarkonium photoproduction. This mechanism predicts significantly smaller suppression than
the leading twist gluon shadowing, at least for z < 0.001.

Experimentally, the coherent quarkonium photoproduction in the ultraperipheral ion collisions has
clearly distinguishable signature. The dimuon decay mode could be used to tag effectively the reaction
of interest. The ALICE muon arm provides the Level 0 triggers in the situations when one or two fast
(p > 5 GeV/c) muons are within its acceptance (2° < © < 8°). The reconstructed equivalent mass
of the muon pair identifies the parent particle (the dimuon arm mass resolution is about 100 MeV at
T mass). Since the ions in the coherent photoproduction remain intact, only muon pair should be
detected and nothing else. The photon spectrometer PHOS covers approximately 10% of the barrel
solid angle. The grazing ion collision results in strong nucleon-nucleon interactions with production
of some number of hadrons that hit the PHOS with a large probability. That is why a veto from the
PHOS subsystem could be used to preselect very peripheral events. This signal is implemented in the
PHOS Level 0 trigger electronics on our request. We expect that the PHOS veto will reduce the single
muon trigger rate to affordable level. The inefficiency estimated for such kind of trigger (the muon
hit in the PHOS) is expected to be at a level of 3%.

Table 1
Total cross sections of J/¢ and T production

in ultraperipheral collisions at LHC
| Colliding ions | CaCa,y = 3500 | PbPb, y = 2700 |
Quarkonium J/p T J/ T
Impulse 0.6 mb | 1.8 ub | 70 mb | 133 ub
Leading Twist | 0.2 mb | 1.2 ub | 15 mb | 78 ub
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Further improvement could be achieved at trigger level 1 applying the decision of the Zero Degree
Calorimeters (ZDC). The coherent photoproduction of vector mesons in the ultraperipheral collisions
can be accompanied by some number of neutrons emitted due to decays of one or both nuclei excited
by additional photon exchanges. These neutrons with high efficiency will be detected by the ZDC
placed on the axis of the ALICE detector at large distances from the interaction point. Detecting of
the dimuon pair in combination with the vetoes of hadron detector systems and ZDCs will effectively
select the coherent photoproduction events.

At the same time, it was recently shown [3] that the ultraperipheral heavy ion collisions can be
used to measure not only the nuclear gluon densities but also the nucleon gluon density almost in
the same kinematical conditions. To achieve these aims, one has to study quasielastic quarkonium
photoproduction off the nuclear nucleon at momentum transfer more than a few hundreds MeV. In
this case one of the colliding nuclei which emits the photon remains intact. The nucleon of another
nucleus, participating in the process of photoproduction, will interact with other nucleons of target
nucleus. As a result, the nucleus becomes excited and decays emitting a few neutrons [3] which will
be registered by ZDC. The cross section of this incoherent process is proportional to the squared
nucleon gluon density and the mass number of the target nucleus. The experimental signature of such
events is signal from one side ZDC detecting a few neutrons in direction opposite to the direction of
quarkonium produced with transverse momentum p; > 200 MeV. Similar type of events can be due
to the physical background — coherent production of heavy quarkonia in strong interactions, however
the probability to keep, at least, one of the colliding ions intact in such processes is expected to be
very small.

An estimate of the total yields is not sufficient to prove the feasibility of the experimental studies.
The sub-detectors, capable to detect heavy quarkonia through their dimuon decay, should be able
to produce trigger for the coherent J/i¢ and YT production in the ultraperipheral collisions ; also
the acceptances of these sub-detectors may cut significantly the phase space of the reaction. The
acceptances were estimated using the approximative method and with the detailed A1iRoot simulation
code — both approaches give similar results. No detailed event reconstruction was done. In the
approximate simulation we assume that the muon in angular range 2° < ©® < 8% and p > 5 GeV/c
is detected by the muon arm and the muon in the range of 45° < © < 135° is detected in the barrel
detectors (ITS + TPC). In the A1iRoot simulation we assume that once the muon passed through
the detector (10 Tracking chambers + 4 Trigger chambers of the dimuon arm and/or has hits both
in ITS and TPC), the detector response could be successfully analyzed. The muon trigger efficiencies
were taken into account.

The machine-induced background (beam-gas interactions) is expected to be negligible.

Another source of physical background is the muon pair production in vy interactions. The
total number of these triggers could be significant. The studies of the muon pair production in yy
interactions have a special interest, this well understandable process could be used for the calibrations
of the detector.

The signal-to-background ratio in the mass range of interest (in the vicinity of the J/¢ peak)
is expected to be of the order of one. The significance (signal/+/signal + background) of the data
collected during standard LHC heavy ion year (running time of 10° sec at mean luminosity of
Lmean = 0.5 x 10?"sec'em™2) is estimated to be about 100 in a case of J/1 and of the order of
1 in a case of T. The mass ranges of interest have been chosen depending on the estimated mass
resolution: the resolution is better in case when second muon is detected in the barrel part because
the vertex position can be reconstructed.

The acceptances for the heavy quarkonia photoproduction in the ultraperipheral lead-lead collisions
are presented in Figs. 1, 2.
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Fig. 1. The J/¢ coherent photoproduction acceptance, the AliRoot estimation within Minimal trigger
pr cut. The left (grey) peak corresponds to the case when one muon is triggered by the dimuon spectrometer,
the other one is detected by the barrel. The right (hatched) peak is formed of the muon pair detected by the
dimuon arm. Pb-Pb collision case
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400

300

200

100

+
IS AT AT N A

L
4 3 2 1 0

Fig. 2. The YT coherent photoproduction acceptance, the AliRoot estimation within Minimal trigger pr cut.
The left (grey) peak corresponds to the case when one muon is triggered by the dimuon spectrometer, the other
one is detected by the barrel. The right (hatched) peak is formed of the muon pair detected by the dimuon
arm. Pb-Pb collision case
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Table 2
Acceptance A, statistics N, signal-to-background ratio N/Byg
and significance (S = N/v/N + Bg) to be accumulated during
heavy ion running year for the coherent J/v photoproduction

in ALICE subsystems in the Pb-Pb collisions

Acceptance | Statistics | N/Bg | Significance
pp-channel 5.29% 23300 1.27 122
Bpu-channel 4.86% 12200 0.57 80
Table 3

Acceptance A, statistics N, signal-to-background ratio N/Byg
and significance (S = N/+/N + Bg) to be accumulated during
heavy ion running year for the coherent Y photoproduction

in ALICE subsystems in the Pb-Pb collisions
Acceptance | Statistics | N/Bg | Significance
pp-channel 2.45% 24 0.05 1.1
Bp~channel 6.02% 78 0.05 1.8

The corresponding numerical results are given in Tables 2, 3 (up stands for the case when both
muons are detected in the dimuon arm; By denotes the case when one muon has been detected in the
barrel part, while another one passed through the muon spectrometer). These results show that the
ALICE detector can be used without significant modifications to study the behavior of the nucleus
gluon density distributions at small z and to observe the transition from the nuclear color transparency
to regime of the color opacity in the ultrarelativistic peripheral ion collisions. The counting rate for
the coherent J/1) photoproduction is reasonable (order of thousand of u* ™ pairs per day within the
dimuon arm acceptance). In a case of T photoproduction the counting rate is about of one hundred
per heavy ion running year (including those detected in dimuon trigger and in the barrel-dimuon
coincidence). The information which can be obtained from studying the heavy quarkonium photopro-
duction in ultraperipheral ion collisions will be undoubtedly useful for the reliable interpretation of
the experimental data on study of the central heavy ion collisions aimed at the investigation of the
quark-gluon plasma formation at LHC.
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EXPERIMENTSOF CRYSTAL BALL COLLABORATION AT BNL

PNPI participants of the Crystal Ball Collaboration:
V.V. Abaev, V.S. Bekrenev, N.G. Kozlenko, S.P. Kruglov, A.A. Kulbardis, .V. Lopatin, A.B. Starostin

1. Introduction

The experimental program "Baryon spectroscopy with the Crystal Ball" was under way in 1998-2002 at
the Alternating Gradient Synchrotron AGS of Brookhaven National Laboratory, USA. The main goal of this
program was to map up the existence of all baryon resonances and to study their characteristics with a high
precision. The program has been carried out with the team, the Crystal Ball Collaboration, including 14
institutions from 5 countries. Physicists of PNPI participated in this collaboration playing an essential role.

Almost all our information on the N and A resonances comes from zN data, mainly from elastic
scattering, in the form of cross section and polarization measurements. The data are synthesized by a partial-
wave analysis. The end products are the various partial waves; the Argand diagram and speed plot of each
wave are used to identify the resonances. Till starting the experiments at BNL, the zN data sets in certain
energy regions were incomplete and it was easy for a resonance with a small elasticity to be missed. One of
the most evident shortcomings of the existed data-base was a lack of precise and systematic data on z p
reaction with neutral particles in the final state: 7 p — yn, w p — Z'n, x p — 2°2°n, T p — yn.

The experiment E913 at the AGS was concerned with the systematic measurement of neutral final states
in 7 p interactions in the region of low-lying zN resonances; the experiment covered the N and A
resonances using 7 -beams.

The multi-photon Crystal Ball detector was used for registering photons and neutral mesons in this
experiment. This detector has a good energy and angular resolution. The Crystal Ball made it possible to
study neutral baryon spectroscopy on a scale not seen before.

2. TheCrystal Ball detector

The Crystal Ball is a highly segmented, total absorption electromagnetic calorimeter and spectrometer,
covering over 94% of 4z steradian. The Crystal Ball detector was installed at the C6 beam line of the AGS
at Brookhaven National Laboratory. The ball proper is a sphere with an entrance and exit opening for the
beam and an inside cavity for the target. The ball (see Fig. 1) is constructed of 672 optically isolated
Nal(Tl) crystals, 15.7 radiation length thick. Each crystal is viewed by its own photomultiplier tube.
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Fig. 1. Left: the Crystal Ball detector. Right: the typical Crystal Ball crystal
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The counters are arranged in a spherical shell with an inner radius of 25.3 cm and an outer radius of 66 cm.
The sphere is approximated by an icosahedron, a figure consisting of 20 equivalent equilateral triangles
called as "major" triangles. Each major triangle is divided into 4 "minor" triangles and each minor triangle
consists of 9 crystals. While majors are similar, there are 2 types of minors — the central minor is slightly
different from the corners. The Crystal Ball consists of 11 types of slightly different shaped crystals. The
crystals are about 41 cm long truncated triangular pyramids about 14 ¢m across at the outer and about 5 cm
at the inner radius.

An electromagnetic shower from a single photon deposits energy in several crystals, called a cluster. The
present cluster algorithm sums the energy from the crystal with the highest energy with that from the twelve
nearest neighbors. Shower directions are measured with the resolution in polar angle gy = 2°-3° for energies
in the range 50-500 MeV; the resolution in azimuthal angle is 0,=2°/sinf. The energy resolution was
ou/E = 2.0%/E**® with E given in GeV. The Crystal Ball is also ia useful detector of neutrons. Neutrons with
a kinetic energy of 10-250 MeV are detected with an efficiency of 20-40%.

A liquid hydrogen target LH, (a 10 cm diameter horizontal cylinder with spherical endcaps and total
thickness along the beam axis being equal to 10.56 cm) was installed inside a vacuum pipe. A veto barrel
consisting of four 120 cm long plastic scintillation counters surrounding the vacuum pipe was used to
identify neutral (no signal in the veto barrel) and charged (at least one veto barrel signal) triggers.

In an experiment, the coordinates and momenta of beam particles were determined using a set of seven
drift chambers. Three drift chambers were used to measure the horizontal coordinates, three chambers were
used to measure the vertical coordinates and one chamber situated upstream of the beam bending magnet
aimed to determine the beam particle's momentum. An eight element horizontal hodoscope was mounted
immediately upstream of the first drift chamber at the point of maximum horizontal momentum dispersion of
the beam.

3. Study of #p charge exchange scattering z p — #°n

In experiments with the liquid hydrogen target over 42 x 10° triggers for 7 p — neutrals were collected
at 22 beam momenta over a range of 150-760 MeV/c; additional runs with an empty target were taken at
each momentum. This momentum range includes four low-lying resonances: Ps3(1232), P;(1440),
D)3(1520) and S;,(1535).

When studying the 7z p charge exchange (CEX) reaction, two- and three-cluster events were used to select
this reaction and to calculate differential cross sections. The 7° meson from the CEX reaction decays into
two photons immediately, and the showers from these two photons give clusters in the Crystal Ball Nal(T1)
crystals. The cluster finding program finds the crystal with maximum deposited energy, adds the energies
from adjoining crystals and then zeroes the energies in those crystals. After that the program finds the next
crystal with the maximum energy to form the next cluster and so on until all the clusters are found. Events
containing clusters with the maximum energy in a crystal at the beam entrance or exit holes were rejected.
For two-cluster events the invariant mass was calculated in assumption that both clusters are from photons.
If the invariant mass coincides with the mass of 7° meson and the kinematics of the CEX reaction is fulfilled,
then the event was accepted. For three-cluster events the analysis is more complicated — it is not known
which cluster is produced by the neutron, so all possible combinations must be examined.

The Crystal Ball acceptance was determined on the base of the Monte Carlo simulation of the
experiment. The acceptance value rapidly decreased when cosé.,, > 0.5 because of the beam-exit tunnel.

At the first stage of data processing, results for the CEX reaction 7 p — 7°n are obtained for eight
momenta in the range from 147 to 322 MeV/c [1, 2]; the momentum spread (o) varied from 1.5% to
1.0%, respectively. When carrying out the experiment, the beam contamination was determined using the
time-of-flight (TOF) technique on the base of about 9 meters. As an example, the /7 fraction was evaluated
to be 3.5% and e/ was 5.9% at 300 MeV/c using this technique.

As a result of data processing, the center-of-mass scattering angle 6., was calculated for each CEX event
and the data were histogrammed into 20 bins Acosé., = 0.1. Yields taken with the empty target were
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subtracted then from the data taken with the full target, and the differential cross sections were calculated at
each angular bin. In total, 160 new experimental points were obtained. The statistical errors are typically
2—6% except forward-angle points at three lowest momenta where the cross sections decrease to a few tenths
of millibarn. Systematic uncertainties increase from 3% to 6.5% as the beam momentum decreases.

The differential cross sections were integrated to obtain the total charge-exchange cross sections at eight
momenta. In Fig. 2 the results are presented in comparison with the predictions of the FA02 partial-wave
analysis (PWA) and with previous data. As with the differential cross sections, the total cross sections are in
a good agreement with the FA02 PWA.
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Fig. 2. The total cross sections obtained from integrating the differential cross sections.
The results are compared to the FA02 PWA and to previous data

At the next stage of data processing, the differential cross sections of the CEX reaction were obtained [3]
for momenta in the vicinity of the #-production threshold — from p, = 649 MeV/c to 752 MeV/c. Since the
TOF-technique is not appropriate to determine lepton contamination in the beam in such high momenta, a
cylindrical gas Cherenkov counter was used to measure the electron contamination. This experiment
used a pion beam with a momentum spread of ¢ = 1%. The momentum dispersion of the beam on the
hodoscope plane was used to split the beam distribution into narrower momentum intervals, which have a
typical resolution of o= 5 MeV. Each fraction of the beam passing through one of the hodoscope counters
was analyzed independently. The mean value of the beam momentum for each individual hodoscope counter
was obtained from the momentum spectrometer. As a result, the differential cross sections of the CEX
reaction were calculated in 27 momentum bins. The full covered angular range (from —1 to +1 in cosé.,,) was
divided into 24 angular bins. In total, 648 new experimental points were obtained in this experiment. A value
of the statistical error varies from 5% to 15% — depending on the momentum and angle. The overall
systematic uncertainty that affects the normalization of the differential cross sections is estimated to be 4%
for the momenta below 689 MeV/c and 6% for the momenta above.

Shown in Fig. 3 are three examples of the CEX differential cross sections. A comparison is made with the
predictions of the FA02 PWA. There is good agreement between the PWA results and experimental data
at p,=661 MeV/c and p,= 705 MeV/c. The PWA results agree with our data at these momenta in both the
absolute magnitude and the shape of the distribution over the full angular range. At p,= 742 MeV/c, the
PWA results deviate from our data by 10—15% at backward angles.
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In 2002, a separate experiment was carried out in
which the liquid hydrogen target was replaced with a
thin polyethylene (CH,) target, 10 cm in diameter; the
monitor counter was placed immediately in front of this
target. Several data sets were obtained with both CH,
and carbon (C) targets at nine incident beam momenta
between 547 and 750 MeV/c. When carrying out this
experiment, a lead plate of 3-mm thickness was
inserted upstream of the second dipole magnet to
eliminate most of electron component by radiation
losses, so the electron contamination for the CH, — C
data (measured using the gas Cherenkov counter) was
about 6%.

The differential cross sections for CH, — C were
calculated after subtracting the normalized carbon data
from the CH, data. The typical carbon contribution was
30%. For calculating the differential cross sections the
full angular range (from -1 to +1 in cosé.,) was
divided into 24 angular bins. In total, about 200 new
experimental points were obtained [4]. The statistical
errors are at a level of 5-15%, the systematic
uncertainties are estimated to be equal to 6%. A
comparison of obtained differential cross sections with
the predictions of the FA02 PWA shows their general
agreement within 5%, although remarkable deviations
are observed at momenta higher than 675 MeV/c and at
angles cos@., < — 0.45 — see Fig. 4.

At the beam momentum of 720 MeV/c the
differential cross sections were obtained in
measurements with both the liquid hydrogen and
polyethylene targets — the electron contamination in the
beam was 6% in both cases. A comparison shows that
the results agree within 3%.

121

0.7
0.6
0.7
06 7
0.7
0.6
0.7
0.6 'w
0.7
0.6
0.5
0.6
0.5
0.4

do/d2, mb/sy

0.4
0.3 &
0.2

0.2
0.1

0.1 -4

Y n
P_,MeVic v A /1 bl
v |
v v * L
]
¥ v 744 v % |
* v ¥ * - e
. v ¥ *
* 230 Yy v £ L
* *
*
*
* * ¥ . ¥ [ ]
713 a " 5 o
m w = [/
701 "
L™ .t FYar
[ 4
687 i ¥ :
L ]
A
f’)?ﬁ ik .
- Iy
A " A & 2 4
O S I
l L]
600 . ® .
* .
®e
]
547
* e
-0.8 0.6 -04 -0.2 0 0.2 0.4 0.6 0.8

cos(6,,)

Fig. 4. The differential cross sections of the CEX reaction
measured using the CH, target. Shown by curves are the
predictions of the FA02 PWA



4. Study of the y-production process z p — yn

At the incident pions momenta higher than the z-production threshold accumulated data were used to
obtain cross sections of the reaction 7 p — nn. Until now existing experimental information on the cross
sections of this reaction has been very scarce and contradictory, especially near the threshold. At the same
time, obtaining accurate experimental data in the near-threshold region is very important for verifying
theoretical models of #-production. Such data will also be useful for extracting the #N scattering length and
understanding properties of the S;1(1535) resonance.

Cross sections of the reaction 7 p — nn were determined in the momentum range from the
threshold (685 MeV/c) up to 750 MeV/c. The 77 meson produced in this reaction has — as distinct from the
7 p charge exchange scattering — two decay modes with approximately equal branching ratios: 7 — »y and
n — 37°. Evidently, in this case the candidates for the 7p — qn — 2mand 7p — yn — 32 — 6yn
channels are the neutral two-cluster and six-cluster events, respectively, assuming that each cluster is
because of a photon shower in the Crystal Ball. The neutron is assumed to be the missing particle. Because
the 7 p — #n reaction is studied near the production threshold, only a few percent of all events have the
final-state neutron entering the crystals of the Crystal Ball, i.e. almost all events have the neutrons escaping
through the downstream tunnel. So events in which there was an extra cluster from a neutron were not taken
into account.

At the first stage of data processing, only events caused by the 7 — yy decay were considered — see
Refs. [5, 6]. Both the differential and total cross sections were obtained as a result of this work. The
differential cross sections were fitted with Legendre polynomials: do7dQ = ag+ a1 P1(c0SB.m) + a2P(cosO.n).
It appeared that at momenta up to 705 MeV/c the S-wave amplitude gives the main contribution to the cross
sections, while for momenta from 705 to 750 MeV/c the contribution of higher waves becomes essential.
The total cross sections obtained by integrating do7dQ2 are in a general agreement with results of previous
experiments but exceed them in statistical accuracy.

More detailed data analysis was performed some later [7]. The two sets of results for the differential
cross sections for the reaction 7p — yn using 7— yy and 7— 37" decays are shown in Fig. 5.
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Inspection of this figure reveals that results obtained using 7 — ¥ decay is smoother than ones obtained
using 77 — 37°. This can be explained by the fact that the number of 7 — ¥y decays detected in the Crystal
Ball is 3.5 times the number of 7 — 37° ones.

The systematic uncertainty in do7/dQ) is dominated by two sources: the uncertainty in the 77 decay
branching ratio and the uncertainty in the determination of the lepton contamination of the incident 7~ beam.
The absolute uncertainty in the value of BR(77 — yp), which has been determined directly, is only 0.9%.
In contrast, BR(17 — 37°) has been determined only relatively. For this reason, authors of Ref. [7] preferred
to use the do/dQ data set obtained using 77 — py rather than taking the weighted average of the two sets. As
to the systematic uncertainty in the determination of the lepton contamination in the beam, it was taken to be
6% — in accordance with the procedure described in Ref. [3].

The do/dQ angular distribution for two lowest momenta looks isotropic confirming that near the
threshold the 77-production process goes through formation of the S;,(1535) resonance. For p, > 704 MeV/c
these angular distributions are bowl shaped. This is consistent with no P-wave and a modest D-wave
production of order 5—10% and S-D interference. This conclusion coincides with that made in Refs. [5, 6].

The total cross section increases immediately and rapidly from the 7-production threshold at 685 MeV/c,
reaching 2.6 mb at p, =750 MeV/c.

3. Study of forbidden and rar e decays of # meson

The Crystal Ball collected approximately 30 x 10° # mesons from the reaction 7 p — #n using a liquid
hydrogen target at a beam momentum of 720 MeV/c.

An important goal of this experiment was to improve the present values of branching ratios for rare and
forbidden decays of the # meson. Besides the most intense neutral decays 7 — 2% and 7 — 37° having
branching ratios of 39.4% and 32.5%, accordingly, the following neutral decay modes forbidden for different
reasons were investigated using the Crystal Ball:  — 3y, = 2%, 1 = 22%, 1 = 32%, n — 47°.

The decay # — 3y is forbidden by C invariance. Besides, there exist several additional factors which
suppress this decay. The decay to three photons is an electromagnetic interaction of the 3™ order proportional
to o’ ~4x10". The decay is suppressed even more by the limitations of the phase space and
by the centrifugal barrier. The upper limit for this decay measured in this experiment for the first time is
BR(n — 3y) <4 x 107 at the 90% CL [8]. Candidates for the 7 p — nn — 3yn process were searched for
in the three-cluster data set, which comprised 18.4 x 10°events. The mostly significant experimental
background is due to the decay 7 — 37’ — 6y, when photon showers overlap in the detector.

A spin-zero to spin-zero transition by the emission of a real photon is forbidden by conservation of
angular momentum. Thus, the decay mode # — 7’y should be absolutely forbidden. Furthermore, this decay
is not allowed by gauge invariance and by C invariance. Possible candidates for the 7 p — nn — 2’yn — 3yn
process were searched for in the same three-cluster data set that was used for the determination of the upper
limit in BR(n — 3y). This process has the same background sources as the 7 p — yn — 3yn process. The
number of effective constraints that apply to the 7 p — 2’yn — 3yn hypothesis is one more than for
7 p — 3yn, namely the mass of the 7° meson. The obtained upper limit BR(y — 7% ) < 9 x 107 at the 90%
CL [8] is about two times larger than the one for BR(y — 3y).

The decay modes # — 22"y and 5 — 37 are strictly forbidden both by charge conjugation invariance.
The five-cluster data set of 5.2 x 10° events was used to search for 7 p — nn — 272°yn — 5yn candidates. The
background for this decay is determined mainly by evens from the decay 5 — 37° in cases when two single-
photon showers overlap or one photon is not detected in the Crystal Ball. Another source of background is
the reaction 7 p — 27°n when either a single-photon splits off or the neutron is detected in the Crystal Ball.
The obtained upper limit is BR(y — 272°y) < 5x 10" at the 90% CL [9]. Using the value (5 — all) =
1.29 +0.07 keV, the BR was converted to the decay-width upper limit: T(y — 272°) < 0.64 eV. No searches
for this decay mode have been reported earlier. To search for the reaction 7 p — yn — 37°yn — Tyn the
sample of seven-cluster events was used, which has 0.168 x 10° entries. The main source of background here
is n — 3747 — 6y events with seventh cluster produced by a one-photon shower split-off or an occasional
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cluster from a pile-up event. To suppress this background, the several selection cuts were applied. The
obtained upper limits are BR(5 — 37°y) < 6 x 107 at the 90% CL and I'( — 37") < 0.077 eV [10].

The decay # — 47° is forbidden by CP conservation, so it provided a test for strong CP-violating
amplitudes down to a level of about 10”7 where weak interactions come into play. This decay mode
requires 8 neutral clusters in the Crystal Ball which must be reconstructed to four 7” mesons which together
have the invariant mass of the # meson. This enables also to eliminate the expected background from the
n — 32° decay in which there are two extra clusters from photon showers which breakup into separate
clusters. The main limitation of the 47° decay mode is its small phase space, the maximum 7’ momentum in
n — 47° is only 39 MeV/c, as compared to the 7° momentum in # — 27° of 238 MeV/c. The eight-cluster
data set contained 14804 experimental events. These events were subjected to a constrained least square fit
satisfying the 7 p — nn — 47°n — 8yn reaction hypothesis with a confidence level > 2% With no 8-cluster
event from # — 47" found, the upper limits become BR(y — 47°) < 6.9 x 107 at the 90% CL and
I(n — 42°) < 8.3 x10*eV [10].

All above considered decays of the 7 meson are forbidden — in the framework of the Standard Model —
by the fundamental conservation laws, and a stimulus for the investigation of branching ratios of such decays
is the search for such decay mechanisms which were outside the Standard Model. However, there is another
category of decays (so called rare decays) values of branching ratios for which are predicted by existing
theoretical models, and experiments on measuring these branching ratios are important for testing these
models. The 7-meson decays 7 — 7y 17— 272y belong just to this category. For example,
measurement of the decay rate for 7 — 7°yy is a direct test of the correctness of calculations of the third
order }PTh, the first order being zero and the second order being very small. The experimental determination
of the BR(7— 7"yy) is a rather complicated task, mainly because of the contribution of background from the
decay # — 32" — 6y and the reaction 7 p — 27°n — 4yn. As a result of multi-step procedure of processing
four-cluster data set about 1600 events attributed to the decay 7 — 7°yy were obtained. This gives
BR(N— A7) =(3.5% 0.Tgat 0.644) X 107 and T(7 = 7Z7) = 0.45 £ 0.094, * 0.08, eV [11]. This
result agrees well with the theoretically calculated value I'(7 — 72°y) = 0.47 + 0.10 eV but lower by a
factor of 2 in comparison with the experimental value obtained in 1982 at the setup GAMS.

There are yPTh theoretical predictions for the probability of the decay 17 — 7°2°yy, but estimations of
the BR values given by theoreticians are too low (at a level of 10°~107") to be confirmed or rejected on the
base of existing experimental data. For the time present, an analysis of data obtained using the Crystal Ball
has given only the upper limit for the BR of this decay: BR(1 — 2’2" yy) < 1.2 x 107 [8].
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STUDY OF PHOTOPRODUCTION OF NEUTRAL MESONSUSING
THE CRYSTAL BARREL AT ELSA

PNPI participants of the CB@EL SA Collaboration:
D.E. Bayadilov, Yu.A. Beloglazov, A.B. Gridnev, |.V. Lopatin, D.V. Novinsky,
A.K. Radkov, V.V. Sumachev

1. Introduction

Due to their substructure, nucleons exhibit a rich spectrum of excited states. In spite of considerable
theoretical achievements, attempts to model the nucleon spectrum with three constituent quarks and their
interactions still fail to reproduce experimental findings in important details. In most quark-model based
calculations, more resonances are found than have been observed experimentally. However, the quark model
is only an approximation and may overpredict the number of states. Alternatively, these missing resonances
could as well have escaped experimental observation due to a weak coupling to Nz which makes them
unobservable in elastic 7N scattering.

Resonances with small Nz coupling are predicted to have sizable photocouplings. Thus, the
photoproduction of baryon resonances provides an alternative tool to study nucleon states. New facilities at
ELSA in Bonn, GRAAL at Grenoble, CLAS at Jefferson Lab, MAMI-C at Mainz, and Spring-8 (Hyogo)
offer the possibility to investigate photoproduction for £,> 1 GeV and to study nucleon resonances above
the first and second resonance region.

Good angular coverage is needed to be able to extract the resonant and non-resonant contributions. The
Crystal Barrel detector at ELSA is thus an ideal tool for studying nucleon resonances.

2. Experimental setup

The experiment was carried out at the electron accelerator ELSA. The maximum available electron
energy is 3.2 GeV. The experimental setup is shown in Fig. 1.

Crystal Barrel
inner detector beam tagging system
dump = N

L

_:__” ﬁ \ ' & beam

o &N |

radiator

Fig. 1. Experimental setup at ELSA in Bonn

The electrons hit a radiator target, where they produce bremsstrahlung. The energy of photons, in the
range between 25% and 85% of the primary electron energy, was determined via the detection of the
corresponding scattered electrons in the tagging system (“tagger’) consisting of a dipole bending magnet and
two detecting parts — an array of fourteen scintillation counters to provide fast timing information and two
multiwire proportional chambers (MWPCs) with a total of 348 channel to provide information about
trajectories of the scattered electrons. Each scintillator of the array was read out via two photomultiplier
tubes attached from both sides. A logical OR of the left-right coincidence from all scintillators was required
in the first-level trigger.

The tagger was calibrated by direct injection of a very low intensity e -beam of 600 or 800 MeV, after
removing the radiator. Variation of the magnetic field of the tagging dipole magnet enabled a scan of several
spatial positions over MWPCs. For a given wire, the electron momentum is proportional to the magnetic
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field strength. The calibration was checked [1] by a Monte Carlo simulation of electron trajectories through
the tagger. Geometry of the setup, dimensions of the electron beam, angular divergences, multiple and
Moller scattering in the radiator foil and air were taken into account. From these simulations, the energy
corresponding to each MWPC wire was obtained by a polynomial fit. The uncertainty of the simulation was
estimated to be of the same order of magnitude as the “energy width” of the respective wire.

The Crystal Barrel forms the central component of the experiment. It consists of 1380 CsI(TI) crystals
with a length of 30 cm (16 X;) and has an excellent photon-detection efficiency. The large solid-angle
coverage (the 12° opening on either side of the barrel is necessary for technical reasons) and the high
granularity allow for reconstruction of multi-photon final states. The spatial resolution determined by the
size of individual crystal is at a level of 20 mrad (=1.1°); it allows the separation of two photons stemming
from the decay of 7’ meson with a maximum momentum 1 GeV/c corresponding to a minimum opening
angle of 16.6°. The energy resolution of the calorimeter is empirically described by az/E =2.5%/[E(GeV)]**.

The three-layer scintillating fiber detector was inserted into the inner cavity of the Crystal Barrel to
identify charged particles leaving the target and to determine their intersection point with the detector. The
fibres are 2 mm in diameter; one of the layers was straight, the fibers of other two layers encircled the target
with £25° with respect to the first layer. The innermost layer corresponds to a solid angle of 92.6% of 4.

The coincidence between tagger and scifi detector provided the first-level trigger of the experiment.
From the hit pattern in the Crystal Barrel, a fast cluster logic determined the number of “particles” defined by
clusters of contiguous crystals with individual energy deposits above 15 MeV. A second-level trigger was
generated for events with two or more particles in the cluster logic. In the data analysis, clusters with two
local maxima were split into two particles sharing the total energy deposit. The offline threshold for accepted
particles was set to 20 MeV. The proton kinetic energy had to exceed 35 MeV to traverse the inner two scifi
layers and to produce a trigger. A proton of 90 MeV was needed to reach the barrel calorimeter and to
deposit the minimum cluster energy of 20 MeV.

The Crystal Barrel acceptance was determined from the Monte Carlo simulation. It vanishes for forward
protons leaving the Crystal Barrel through the forward hole and for protons with very low energies.

3. Thereaction yp — p2°

Differential cross sections of the 7° photoproduction were determined [2, 3] in two run periods with
different primary electron energies of 1.4 and 3.2 GeV providing a total range of photon energies from 0.3 to
3 GeV. The 7° mesons were reconstructed from their 7° — yydecays. The compatibility of events with the
hypothesis ¥p — pyy was tested in a one-constraint kinematical fit imposing energy and momentum
conservation but leaving the proton 3-momentum as adjustable quantity. Figure 2 shows the yy invariant
mass spectrum after a 10~ confidence level cut in the 1C kinematical fit. The z°-meson and 7-meson signals
are observed above a small residual background. There are 2.6 x 10° events due to yp — p7’.
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Fig. 2. Spectra of invariant yy masses. Inserted in the top are spectra for the two different modes of the 7 decay
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The differential cross sections can be calculated from the number of data events identified in the

respective £, channel using the relation
QZM.L.L.M, (1)
N,N, AQ Fﬁuzy

where the quantities are:
N.,, ~ the number of events in (£, cos@.n) bin;

T o2y

Aoy ~ the angular acceptance in (£, cos6.y) bin;

N, — the number of primary photons in £, bin;

N, — the number of protons in the target (in 1/cm?);
AQ — the solid-angle interval;

r, . .
_7 =2 —the decay branching ratio.
r

total

The solid-angle interval is AQ = 27 -A(cosé,,) where A(cosé.,) = 0.1 gives the bin width of the angular
distributions, subdividing cosé.,, into 20 bins. Photon-energy bins of 25 MeV were chosen for the 1.4-GeV
data set. The 3.2-GeV data are presented in bins of about 50 MeV, 100 MeV and 200 MeV in the intervals
E, e [750, 2300], [2300, 2600], [2600, 3000], respectively. In total, approximately 1500 experimental points
were obtained.

From the differential cross sections, the total cross section was determined by integration. The integration
was performed by summing over the differential cross sections and using extrapolated values from the fit for
angular bins with no data. In the total cross section, shown in Fig. 3, clear peaks are observed for the first,
second, and third resonance regions. The fourth resonance region exhibits a broad enhancement at ¥ about
1900 MeV. The decomposition of the peaks into partial waves was based on a coupled-channel partial-wave
analysis (PWA) in the framework of an isobar model. Resonances are described by Breit-Wigner amplitudes,
except for strongly overlapping states which are described in K-matrix formalism. In total, the masses,
widths, helicity ratios, and contributions to the cross section for 7° photoproduction were determined
for twelve N-resonances and for seven A-resonances as a result of such analysis.
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Fig. 3. Total cross section (logarithmic scale) for the reaction yp — p2° obtained by integration of angular distributions of the CB-
ELSA data. The solid line represents the results of the PWA. Four individual contributions to the cross section are also shown
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4. Thereaction yp— pn

Differential cross sections of 77 photoproduction were determined [4, 5] in the run with primary electron
energy of 3.2 GeV providing a total range of photon energies from the threshold (0.75 GeV) to 3 GeV. The
1 meson was reconstructed from two different modes of its decay: 7 — 2y with BR =(39.4 £ 0.3)%
and 7 — 32° — 6y with BR = (32.5 + 0.3)%. The 2y invariant mass spectrum from events with two photons
detected (after a kinematical fit to ¥ p — py) and the 37° invariant mass distribution for events with six
photons detected (after a kinematical fit to yp — p37°) are shown in the top part of Fig. 2. In both cases the
1 meson is observed above a small background which was subtracted in further processing.

The angular bin was chosen to be equal A(cosé.,,) = 0.1, photon-energy bins varied from 50 MeV at the
lowest £, to 200 MeV at highest E, The ratio 7 — 372° to 7 — 2y was determined for each bin and
histogrammed, giving 1“7743”0 /F = 0.822 £ 0.0024, + 0.004y. This value agrees well the Particle Data

n-2y
Group value and demonstrates the good understanding of the detector response. It is thus justified to add the
data from the two channels 7 — 2y and 7 — 37’ — 6y In total, approximately 700 experimental points
were obtained.

The total cross section was determined by integrating the differential cross sections. The obtained total
cross sections are shown in Fig. 4 vs photon energies in comparison with the results of earlier experiments.
The new CB-ELSA data extends the covered angular and energy range significantly compared to previous
measurements.
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Fig. 4. Total cross section (logarithmic scale) for the reaction yp — py obtained by integration of angular
distributions of the CB-ELSA data (squares) are shown in comparison with results of earlier experiments

The data obtained are interpreted using a coupled-channel PWA in the framework of an isobar model.
This analysis determines parameters (masses, widths, and contributions to the total cross section) of eleven N
resonances coupling to Ny. A new state coupling strongly to the #-channel was found, an D;5(2070) with a
mass of 2068 + 22 MeV/c” and a width of 295 + 40 MeV/c”. In addition, an indication for a possible new
D13(2200) state with a mass of 2214 + 28 MeV/c” and a width of 360 = 55 MeV/c® was given also by this
analysis. No evidence was found for a third S, resonance for which claims have been reported at masses of
1780 MeV/c® and 1846 MeV/c’.
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5. Thereaction yp — p2°7°

At higher energies, multi-meson final states play a role of increasing importance. Above 1900 MeV the
spectrum and properties of resonances are rather badly known. Calculations showed that many of these
states should have a strong coupling to Az and a non-vanishing coupling to yN and hence photoproduction
experiments have a good chance to discover such states. Within different y p— N 27z channels, the yp —
p7° channel is the one best suited to investigate the Az decay of baryon resonances. Compared to other
isospin channels, many non-resonant “background” amplitudes do not contribute, and this leads to a high
sensitivity of the yp — p2°7’ channel on baryon resonances decaying into A.

To investigate the reaction yp — p7°#°, events with 4 photons are selected [6]. In Fig. 5 the invariant
pr-mass is shown for two Vs-bins. At low Vs only a peak due to the A(1232) resonance is observed, at
higher energies additional structures became visible. In addition to the A(1232), contributions from the
Dy (1520) and a further state around 1660 MeV are observed. To extract the properties of contributing
resonances from the data, a PWA has been performed. Resonances with different quantum numbers were
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Fig. 5. pA° invariant mass for events with \/S = 1480-1600 MeV (left) and \/S =2000-2200 MeV (right)

introduced in different combinations allowing for the following decay modes: A(1232)7x, N(7xx)s, P11(1440) 7,
Dy5(1520) 7 and X(1660)7. The A(1232) resonance clearly dominates the pz° invariant mass. The PWA
attributes most of these events to the yp — D;3(1520) — Az amplitude. Another result of the PWA is the
observation of baryon cascades.

Shown in Fig. 6 is the total cross section of the reaction yp — pa°#’ [7] for the two run periods with
primary electron energies of 1.4 and 3.2 GeV. For comparison results of earlier measurements are given also.
Our data confirms the cross section in the energy range between 700 and 1200 MeV and extends the energy
range up to 3 GeV. Deviations are visible between 500 and 700 MeV and at energies above 1200 MeV.
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Fig. 6. Total cross section of the reaction yp — pa°2’ with statistical errors only
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6. Thereaction yp — p2°n

The reaction yp — p2°n gives another interesting final state. Here, e.g., the decay of A” resonances into
A7 can be investigated. This decay had the advantage of being isospin selective; no N* resonances can be
produced.

This reaction is well suited to investigate the existence of the negative parity A'-states around
1900 MeV/c?. These states would, if they exist, pose a problem for quark model calculations because of their
low mass. But so far an evidence for their existence is weak. Only one of the three states, the D;5(1930), has
3 stars in the PDG notations. The 1-star D;3(1940) resonance can decay with orbital angular momentum zero
into A7, which makes the p7°7 final state a good place to investigate the existence of this resonance.

With the Crystal Barrel detector at ELSA this final state has been investigated from the threshold up to
photon energy of 3 GeV [8]. In Fig. 7 the invariant pz°-masses are shown for three Vs-bins. The spectra may
be explained by the A(1232) resonance which appears in each Vs-bin, indicating possible decay mode via
A(1232)7. At two lower Vs the A(1232)7 intermediate state could come from the sequential decay of the
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Fig. 7. p2° invariant mass for events with Vs = 1600-1800 MeV, Vs = 18002000 MeV and Vs = 2200-2300 MeV

negative parity Ds3(1940) resonance. In the third case, higher mass contributions at about 1600 MeV/c>
become obvious in the pz° subsystem. In addition to the A(1232) resonance there are other interesting
structures observed, such as the ag(980) in the 7 71 invariant mass or the S1;(1535) in the Dalitz plot.

To extract the resonance contributions from the data a PWA of the p2°7 final state has been performed.
Three ambiguous solutions were found, which resulted in a similar likelihood being based, at the same time,
on quite different sets of contributing amplitudes. All three solutions do need a D;3(=1900) state and show
indications to baryon cascades

Figure 8 shows the total cross sections of the reactions yp — pZ°7’ and yp — pA’n. Above 2 GeV both
cross sections are almost equal in magnitude.
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Fig. 8. Total cross sections of the reactions yp — p2°2° and yp — p2'y
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7. Upgrade of experimental setup

At the next stage of experiments on photoproduction of neutral mesons, measurements of the double
polarization parameters of reactions under study are planned. Such kind of measurements provide physicists
with a unique information for identification of different baryonic states, especially in the region of
overlapping resonances where “missing” baryonic states could be found.

These rather complicated experiments need both a beam of polarized photons and a polarized proton
target. To realize this, the upgrade of the experimental setup was performed during 2005-2006. First of
all, the Crystal Barrel was moved to another beam-line — Fig. 9. The tagging system installed earlier at this
line was modified being equipped with 96 new scintillation counters (with overlapping scintillators of

ToF &‘ : o ‘2

Tagging-System

Pol. Target
Crystal Barrel
Forward Plug

Momo
Mini-TAPS

Beamdump
Fig. 9. Disposition of the experimental setup after its upgrading and replacing to another beam-line

varying width) and with an array of 480 scintillating fibres (two layers of 2 mm diameter fibres
arranged with overlap). This will allow to tag photons with 18% to 95% of the incoming electron energy
with an energy resolution between 0.2% and 2.2%. Linearly polarized photons will be produced by
coherent bremsstrahlung at a 100 4m thick diamond crystal, circularly polarized photons — via incoherent
bremsstrahlung of longitudinally polarized electrons off an amorphous radiator.

Displacement of the Crystal Barrel to another beam-line allowed to insert a longitudinally polarized
proton target into the Crystal Barrel inner cavity and to arrange its operation in the “frozen spin” mode by
locating a system of polarization “pumping” outside the Crystal Barrel. This system consists of a horizontal
dilution refrigerator and a 5 T superconducting polarization magnet, which will be used in the polarization
phase together with a microwave system for dynamical nuclear polarization. The polarization will be
preserved in the “frozen spin” mode at temperature of about 50 mK by a very thin superconducting solenoid
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located within the target cryostat, which will produce a 0.5 T longitudinal holding magnetic field. In general,
maximum polarization of 90% is possible. The relaxation time of the target is in the order of 200 hours.

In order to have a possibility to detect photons and charged particles emitted from the target at small
angles, the main detector of the setup — the multi-crystal photon spectrometer Crystal Barrel — was equipped
in addition with two forward detectors (see Fig. 10) created specially for this purpose. One of them (so called
Forward Plug) assembled of 90 CsI(Tl) crystals was inserted into the open forward cone of the Crystal
Barrel for registering particles emitted at angles from 10° to 30° and, thus, for increasing the total covered
solid angle. 180 overlapping veto-counters made of thin scintillators were placed in front of the CsI(TI)
crystals in order to determine the kind of particle (photon or proton) entering each crystal. Another forward
detector (Mini-TAPS) is a “wall” consisting of 216 BaF, crystals and 216 veto-counters located in front of
crystals; the central crystal was removed to make a hole for the photon beam. The Mini-TAPS registers
particles (photons and protons) emitted at angles from 1° to 10°

Crystal Barrel Mini-TAPS
(1290 crystals) (216 crystals & vetos)

i

; I. T -' Forward Plug —
.\ | 5 1 ™ (90 crystals + :

180 veto scintillators)
(0.8° - 10.5%)

210 cm

Fig. 10. Schematic drawing (cross section) of two forward detectors

The mostly essential PNPI contribution to the above described upgrade was manufacturing and tuning
the system of veto-counters for the Forward Plug. In particular, 180 thin scintillators for these counters were
manufactured at PNPL. In Bonn, PNPI physicists participated in assembling the whole system of veto-
counters and in tuning the associated electronics.

The new series of experiments with the polarized proton target and polarized photons started in 2007.
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STUDY OF BINARY 7 p REACTIONSWITH NEUTRAL PARTICLESIN THE FINAL STATE
AT THE PION CHANNEL OF THE PNPI SYNCHROCYCLOTRON

D.E. Bayadilov, Yu.A. Beloglazov, E.A. Filimonov, N.G. Kozlenko, S.P. Kruglov, I.V. Lopatin,
D.V. Novinsky, A.K. Radkov, V.V. Sumachev

1. Introduction

During several years, the Meson Physics Laboratory performs at the pion channel of the PNPI
synchrocyclotron a wide program of investigation pion-nucleon scattering in the region of low-lying zN
resonances. At the first stages of this program, precision measurements of the differential cross sections,
polarization parameters P and spin rotation parameters 4 and R were made for 7'p elastic scattering at
energies of incident pions in the range from 300 to 600 MeV (corresponding values of the incident pions
momenta being from 417 to 725 MeV/c). In total, more than 400 new experimental points were obtained,
which served — together with the results of experiments carried out at the Los-Alamos Meson Facility
LAMRF — as a base of the new phase shift analysis PNPI-94. It became evidently in the course of
performing this analysis that the mostly serious obstacle for determining phase shifts (and, consequently,
partial amplitudes of zN scattering) with a higher precision is a lack of systematic data on 7 p charge
exchange scattering and #-production process. That is why the investigation of reactions 7 p — z’n and
m p — nn has become a logical continuation of earlier experiments on the study of 7p elastic scattering.

For performing this new series of experiments, the Neutral Meson Spectrometer was designed and
created at PNPL

2. Neutral Meson Spectrometer
The main principle of the Neutral Meson Spectrometer (NMS) — determining the total energy of
produced 7° meson (4 meson) E,. and the angle ,- under which it produced on the base of measuring

energies of two photons from the decay of z° meson (1 meson) E,, E, and angles of their emission 0,;, 0,,
(all values are in the lab. system):

2M2 1/2
= z° 1
Er [(l—cos‘PW)‘(l—Xz)] ’ )

X=(Ey— EpAEy + E,) — the parameter which characterizes the sharing 7/ meson ( meson) energy among
the two photons, ¥,, — the angle between directions of emitted photons,

E, cosb,+E,cosb,

_
(E2 + E2, +2E ,E , cos ‘PW)A

cosl , =
T

)

The schematic drawing of the NMS is shown in Fig. 1, the photo of its disposition at the experimental hall
of PNPI synchrocyclotron is presented in Fig. 2. The NMS consists of two total absorption electromagnetic
calorimeters, each being an array of 24 CsI(Na) crystals. The size of each crystal — 60 x 60 x 300 mm’; the
last figure — thickness, it corresponds to 16.2 radiation lengths. Also shown (conditionally in Fig. 1) are a
liquid hydrogen target and two veto counters intended for rejecting those events when a charged particle (but
not a photon) enters the calorimeter.

For readout a pulse from each crystal, photomultiplier tubes (PMT) of type FEU-97 were used. For each
of 48 PMTs a special stabilized high-voltage supplier was created the main principle of which is a voltage
multiplication; each supplier was mounted directly on the PMT base. Signals from the output of each PMT
were split — the anode signal was fed to a Charge-to-Digital Converter (CDC) and was used,
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Fig. 1. Schematic drawing of the NMS

Fig. 2. General view of the experimental setup including the NMS and the liquid hydrogen target

consequently, for getting information about the energy deposited in the crystal, the signal from the last
dynode was used for forming a fast trigger. In order to minimize an uncertainty in the determination of
photon energy due a side leakage of the shower energy, the trigger was formed only in the case when energy
deposited in eight inner crystals of each calorimeter exceeded some fixed value. For this purpose, dynode
signals from 8 inner crystals were added up and after that the summed signal was fed to a shaper with the
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threshold corresponding minimal required energy deposit. Surrounding 16 crystals played a role of
somewhat like “guard ring” in which the shower energy carried out of central part of the calorimeter was
registered.

The typical trigger to initiate a setup was formed as a coincidence of fast logical signals from the two
calorimeters and from monitor counters provided there was no signal from veto counters placed in front of
the calorimeters.

3. Energy calibration of spectrometer

In order from CDC readings one can determine the energy deposited in different crystals, it is necessary
to perform the energy calibration of each chain crystal + PMT + CDC. In another words, it is necessary to
find the dependence between the energy E," deposited in the crystal “/” and the number of corresponding
CDC channel N, (after subtracting the pedestal which is located in the channel approximately 20). If this
dependence is linear one (it will be shown below that it is actually so), £, u N, are connected by a simple
proportion

E.=K'N!, 3)
and the task is to determine calibration coefficients K’ for all 48 chains crystal + PMT + CDC.

In principle, coefficient K'can be determined by registering signals generated in the crystal due to the
energy E/’I deposited by cosmic muons (via ionization losses) when traversing the crystal:

E,=K'N, . 4)
However, it is difficult to calculate the deposited energy E/’J with a high accuracy since the cosmic muons

cross the crystal in different directions and their energy spectrum depends on the angle of incidence.
That is why for reliable determining the value EL a special experiment was carried out, in which several

central crystals were irradiated by electrons; these electrons are available in the beam of negatively charged
particles formed by the pion channel of the PNPI synchrocyclotron. To select electrons in the beam from
pions we used a gas Cherenkov counter filled with CO, at 4 atm pressure; the counter was placed in the beam
line just upstream of the liquid hydrogen target. During the calibration procedure, a narrow electron beam
(defined by a small counter with the 2 cm diameter scintillator) was injected into the center of the crystal
under investigation. The calibration was made at electron energies of 70, 120, 200, 300, 400, and 500 MeV.
For each energy a position of a peak in the pulse height spectrum was determined. Because the lateral
spreading of the electromagnetic shower a part of energy leaks from the injected crystal, so the energy
deposited in this crystal is less than the energy of the incident electron. Corresponding correction was
calculated using a Monte Carlo simulation, its value is about 15%. After introducing this correction, the
positions of peaks in the pulse height spectra (measured in CDC channels) were plotted against the energy
deposited in the crystal. Obtained dependence is described with a good accuracy by a straight line the slope
of which determines the value of calibration coefficient K''. If we use now this dependence for determining
the energy deposit corresponding to the number of CDC channel NL , we shall obtain EL =36 MeV. The
similar result was obtained for all four central crystal irradiated by electrons.
Thus, the calibration coefficient is defined by the relation
K'=36/N,. Q)

Just this coefficient K' is used for determining the energy deposited in the crystal “”
enters this crystal:

in case when photon

E,=K'N,=(36/N,)-N,. (6)

' Since at rather high energies electromagnetic showers initiated by photons and by electrons develop in the matter

almost identically, this coefficient may be considered equal to the coefficient K " in the formula 3).
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4. M easurements of differential cross sections of z p char ge exchange scattering at small angles

The first experiment [1-3] carried out using the NMS was aimed at measurements of differential cross
sections of 7 p charge exchange scattering 7 p — 7'n at small angles. The measurements were made at ten
momenta of incident pions in the range from 417 to 710 MeV/c (corresponding values of kinetic energy of
pions — from 300 to 585 MeV); at each momentum the data acquisition was performed for both a hydrogen-
filled and an empty target. A momentum distribution in the incident beam had the Gaussian form, the full
width at half-maximum being 6%. The central value of the momentum was determined by readings of a Hall
probe placed at the gap of the last bending magnet of the z-meson channel and was known with an accuracy
of £0.5%. The flux of pions incident on the target was about 10° 1/s.

When carrying out the experiment, for each event energies and emission angles of two photons from the
decay 7’ — yy were measured; after that the angle, at which 7” meson was produced in the laboratory
frame, could be determined using the relation (2). The main feature of the decay 7° — yy is that it occurs
with the most probability symmetrically in respect to the direction of 7” meson. Since it was proposed in this
experiment to detect only events with small scattering angles (i. e. small angles between the directions of
produced 7’ mesons and incident pions), it is evidently that the two calorimeters of the NMS should be
placed symmetrically (on the right and on the left) relatively to the beam axis. For the momenta of incident
pions in the range from 417 to 710 MeV/c, z° mesons produced at small angles have the kinetic energy from
300 to 590 MeV, respectively; the angle between the two photons emitted symmetrically in respect to the
direction of 7’ meson varies from 18° to 11°. Having this in mind and taking into account the size and
construction of the NMS, we located the calorimeters at angles +16° relatively to the beam axis; a distance
from the center of the target to faces of the calorimeters was 101 cm.

To identify that in the considered event with two registered photons just z° meson was produced, the
invariant mass of these two photons should be reconstructed; it must be equal to the rest mass of 72 meson.
The energies £, £, of both photons and the angle ¥}, between them being known on the base equations (1)
and (2), the invariant mass of the two photons can be calculated by formula:

M} =2EE ,(1-cosy,). (7)

As an example, in Fig. 3 the distribution of events by the invariant mass of the two photons is shown for the
momentum of the incident pions 614 MeV/c. A clear peak corresponding to the 7° meson mass is seen.
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Fig. 3. Invariant yy-mass distribution for the incident pion momentum of 614 MeV/c

After the invariant mass is calculated, the next step of processing is the reconstruction of the missing
mass. For the reaction 7 p — 7°n it is the mass of the recoil neutron. For the analysis of accumulated data it
is convenient to plot a two-dimensional distribution of events — the correlation between the missing mass and
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the invariant mass; Fig. 4 illustrates a character of such distribution. Events caused by the charge exchange
(CEX) reaction on the target’s protons are concentrated in this Figure inside a dark spot of elliptical form.
Also seen are background events due to the CEX reaction on nuclei of a monitor counter and of a mylar foil
closing target’s windows (points in the left upper part) as well as to the reaction of two z° production.
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Fig. 4. Two-dimensional plot missing mass vs invariant mass for the incident pions momentum of 614 MeV/c

In further processing, only those events were considered “useful” (i. e. caused by the CEX reaction on
protons of the target) which lay within the ellipse shown in Fig. 4. Using a Monte Carlo simulation, the
correct shape and size of the ellipse were chosen so that 99% of all “useful” events were within this ellipse.

The “useful” events registered by the NMS cover the angular range from cos 87'=0.98 to cos &'y’ =1.00.
To calculate differential cross sections, it is necessary to determine the angular distribution of these events.

When plotting such distribution, the value of one angular bin was chosen to be equal A cos 6’;?1 =0.002 taking

into account the angular resolution of the NMS.
The differential cross section was calculated for each angular bin using the equation:

do™ N, ®)
dQ N _-A-N, -27m-Acos§™ BR(n" —27)

Notations in this expression are as follows. N,- is the number of 7’ mesons produced in the reaction
7p — 2°n, which are detected by the NMS during the experiment; N, is the number of pions passed
through the target in the course of the experiment; N, is the number of protons in the target per cm’; A is

the angular acceptance obtained by a Monte Carlo simulation for the definite angular interval A cos 49;2";

2z - Acos @' is the covered c.m.s. solid angle; BR (r° — 2y) is the branching ratio of the decay z° — 2y
equal to (98.80 £ 0.03)%. It should be mentioned here that in the beam formed by the pion channel there
exists also an admixture of muons and electrons, and an appropriate correction has to be introduced into the

monitor counts when determining the number N,-.
As an example, the angular dependence of the differential cross section for the incident pions momentum
of 614 MeV/cis presented in Fig. 5. One can see that the angular dependence is very weak in this range.

137



\‘

w
P

do/dQ, mb/sr

3 e A
0.980 0.984 0.988 0.992 0.996 1.000
C.N.
cos@x.,

Fig. 5. Angular dependence of differential cross section for the incident pions momentum of 614 MeV/c

The value of differential cross section at zero degree was obtained by the extrapolation of this angular
dependence to the point cos 49;(',” =1.00. To do it, we used the least squares method in a linear approximation.

In Fig. 6 the obtained values 4Z(0°) are plotted as a function of the incident pions momentum. Also

shown are the results of previous experiments and the predictions of the partial-wave analyses (PWA) KH-80
(Karlsruhe-Helsinki) and SM-02 (the George Washington University, USA). One can see that our
experiment is the mostly full and essentially more precision in the range of the incident pions momenta from
417 to 710 MeV/c. Experimental points obtained at PNPI have statistical uncertainties at a level of 2%
exceeding significantly an accuracy of other experiments. The comparison with the predictions of different
PWAs demonstrates that the new data obtained does not agree fully with the shown PWA predictions,
although when comparing the momentum dependences some preference can be given to the PWA SM-02.
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Fig. 6. Experimental results of this work (black circles) are given in comparison with data of previous experiments
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5. Measurement of cross sections of the 7-production processin the near-threshold region

In the next series of experiments, the NMS is used [4, 5] for measuring the cross section of the
n-production in the reaction 7 p — 7n at the incident pions momenta close to the threshold of this reaction
(685 MeV/c). Since the cross section of this reaction rises sharply with the momentum in the near-threshold
region, the momentum spread of particles in the beam was decreased down to 1.5% by putting a special
vertical narrow beam slit in that part of the pion channel where the momentum dispersion is maximal.

The experimental layout was similar to that used for studying 7 p charge exchange scattering at small
angles, the main distinction — the calorimeters were placed at the distance 65 cm from the target center at the
angles +66° relatively to the pion beam axis — was dictated by the specific kinematics of the 77-production
process in the near-threshold region. The main peculiarity is that 7 mesons, which produced in the center-

of-mass system in a wide angular range from 6" = 0°to 6," =180°, concentrate in a narrow angular cone

after transferring to the laboratory system. So, at the incident pions momentum of 710 MeV/c the opening
angle of this cone is £23.5°. In the subsequent 7-decay 77 — 2% photons are emitted in the angular range
from 0° to 180° (relatively to the momentum of the 77 meson), but their symmetrical emission (6, = 6)) is
mostly probable. These kinematical features allow to measure the differential cross sections of the reaction

7p — nn in the full angular range from 6," = 0° to 6" = 180° using the NMS with a rather restricted

angular acceptance.

In the course of the experiment on studying the reaction 7 p — nn the NMS detects in coincidence two
photons produced after the #-decay. However the # meson can decay not only by the channel # — 2y with
the branching ratio BR=(39.38 + 0.26)% but also by the channel # — 37" — 6y with BR=(32.51 £ 0.28)%.
The Monte Carlo simulation of the experiment shows that the most effective method of selecting
events of the 7-production process with the subsequent decay # — 2y is to use the two-dimensional
distribution in which the energy E,; deposited in one calorimeter is plotted vs the energy E,, deposited in
another calorimeter. The result of such simulation is demonstrated in Fig. 7. A “banana”-shape spot clearly
seen at photon energies from 200 to 400 MeV is due to photons from the decay # — 2y. On the base of such
distribution cuts were chosen later on for the selection of “useful” events (i. e. events attributed to the
n-production process with the subsequent decay # — 2y) — these cuts are shown in Fig. 7 as an ellipse within
which 99% of the “useful” events are contained.
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Fig. 7. Two-dimensional distribution E,; vs E, obtained by the Monte Carlo simulation
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Just such ellipse-shape cut was put after that on the similar two-dimensional distribution of real events
obtained in the experiment. And all events inside this ellipse were considered to be “hydrogen” ones. Then

the full angular range (from cos 6" = —1 to cos§" = +1) was divided into 10 bins Acos ;" = 0.2 and the
differential cross sections for each bin were calculated using the formula similar (8).

The differential cross sections of the reaction 7 p — nn measured at the incident pions momenta of 700,
710, and 720 MeV/c are presented in Fig. 8. Shapes of the differential cross sections distinguish essentially
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Fig. 8. Differential cross sections of the reaction 7' p — 7n measured using the Neutral Meson Spectrometer

at different momenta — if at 700 MeV/c the angular dependence is practically flat, at 710 and 720 MeV/c
it looks like a bowl profile. It may be considered as an evidence that at the momentum of 700 MeV/c
only S-wave plays a role in the 77-production process (i.e. this process goes through the formation of the
S11(1535) resonance) but at higher momenta the contribution of D-wave became essential — it means that
the 77-production process goes partly through the formation of the D;;3(1520) resonance.
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MEASUREMENT OF THE SPIN ROTATION PARAMETERS A AND R IN #zp ELASTIC
SCATTERING AT THE PION CHANNEL OF THE ITEP ACCELERATOR

PNPI participants of the PNPI-ITEP collaboration:
A.l. Kovalev, SP. Kruglov, D.V. Novinsky, V.A. Shchedrov, V.V. Sumachev, V.Y u. Trautman

1. Introduction

This experiment is from the series of the spin rotation parameter measurements performed by the PNPI-
ITEP collaboration during the last decade [1-5]. The main goal of this studies was to enrich the experimental
data base of partial-wave analyses (PWA) with qualitatively new information on the spin rotation
parameters, which have never been measured in the incident pion momentum interval under consideration.

2. Formalism

The importance of measurements of the A and R spin rotation parameters becomes clear from the
expressions below, where the observed parameters are expressed in terms of the complex spin-nonflip
amplitude f and spin-flip amplitude g:

F=f+ig(on),

where ois the Pauli spin operator, n is a unit vector normal to the scattering plane. The relations connecting
the observables with the amplitudes f and g have the following form:

0 = 11+

P = ;2Im(fg)

|17 +1af

R = m [df|2_|g|2)'cos(0;m_eéab)+2Re(fg*)-sin(9;m_eéab)}

o | | ———[ (1 ~[g")-sin(65" - 0,%)~2Re( fg") - cos(6" - 6;) ],

where Hgm and H:Jab are the angles of the recoil proton emission in the center-of-mass system and in the

laboratory system, respectively. The parameters A, R, P are connected by the quadratic equation:
AN+R+P =1
3. Experimental layout

To determine the spin rotation parameters A and R in 7'p elastic scattering, it is necessary to measure
the polarization of the recoil protons produced by pions on a proton target polarized in the scattering plane.
The polarization of the recoil protons is measured through the asymmetry of their secondary scattering on
nuclei of a substance with known analyzing power (usually carbon).

The apparatus is shown in Fig. 1. Its basic elements are:

(i) polarized proton target (PT);

(ii) proton polarimeter including carbon filter (C), four sets of magnetostrictive chambers (MSC) to detect
the recoil proton before and four sets of MSC to detect the recoil proton after pC-scattering;

(iii) six sets of MSC to detect the scattered pions;

(iv) six pion beam MSCs ;

(v) scintillation counters C1-C9 to provide the trigger and to identify pions in the beam by the time of flight.
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Fig. 1. Experimental setup for the spin rotation parameter A and R measurement

3.1. Polarized target

The polarized proton target with arbitrary spin orientation in the horizontal plane has been built at PNPI

especially for the measurements of the spin rotation parameters in 7P elastic scattering (Fig. 2.). A container

filled with the target material (propanediole C;HsO, doped by Cr¥ complexes) is placed into magnetic field
of 2.5 T created by a Helmholtz pair of superconductive coils'.

Fig. 2. Target in the vertical sectional view

3 — helium-4 pump-out

4, 11 — nitrogen screens

5, 21 — helium inputs

6 — nitrogen tank
7 — magnet

8 — window

9 — magnet frame

10 — housing

12 — indium compaction

13 — rotating tee-joint

14 — helium-4 output through current-input
15 — connection to current source

16 — current-input compaction and helium-4 output
17 — current input

18 — helium tank (at 4.2 K)

19 — refrigerator

= 20 — appendix with target matter (C;HgO,)

" E.I. Bunyatova et al., Preprint LNPI-1191, Leningrad, 1986.
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The container has a cylindrical form with vertical size and diameter of 30 mm X 30 mm. Cooling of the
target down to 0.5K is provided by an evaporation-type *He-cryostat.The polarization is pumped by the
dynamic nuclear orientation method up to the absolute value of 70—80% with an uncertainty of 1.5%. The
method of nuclear magnetic resonance (NMR) is used for measuring the polarization value. These
measurements are based on the calculations of area under the NMR curve. The equipment (Fig. 3) is
calibrated on the equilibrium target polarization at temperature of 0.8 K. To measure the area under the NMR
curve the system containing Q-meter with sequential contour, analogous integral-synchronize detector and
digital device made in CAMAC standard was used.
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i
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v

to DAQ of experiment

y
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Fig. 3. Electronics for measuring
the polarization value

I
PC1

3.2. Recoil proton polarimeter

The recoil proton polarimeter consists of two sets of MS chambers (four chambers in each set) and
a carbon block in between. The accuracy of determination of the secondary scattering angle is near 1°.

For realization of present experiment, it is necessary to have a possibility to measure the normal
components of recoil proton polarization in the proton energy range from 100 to 1600 MeV and to
know the pC analyzing power in this energy region. The PNPI-ITEP collaboration performed the associated
investigations. At the first step the existing world experimental data were collected and pC analyzing power
has been systematized” as a function of proton scattering angle G, proton kinetic energy T, and energy
losses in the process of pC-scattering in the investigated energy range. At the next step the pC analyzing
power for polarized protons has been experimentally measured® by the PNPI-ITEP collaboration for proton
beam momenta of 1.36, 1.60, 1.78 and 2.02 GeV/c and for carbon scatterer thicknesses of 4.9, 19.4 and
36.5 g/cm’. These data have been compared with previous results and used to fit analyzing power obtained
for various proton energies and scattering angles. For measurements of the spin rotation parameters A and R
the thickness of carbon blocks should be optimized in accordance with the recoil proton energy and range.

The purity of the carbon (graphite GMZ) in current use is 99.9%.

3.3. Scattered pion registration

Scattered pions are registered by the set of six two-coordinate MS chambers. Two chambers are placed
immediately near the polarized target and four chambers out of the magnetic field of the target solenoid. The
sensitive area of each module is 400 x 600 mm?. The expected coordinate accuracy is near 0.5 mm.

3.3. Beam M Schambers

The pion beam of ITEP synchrotron has intensity up to 10° z/sec. On this account six MS chambers are
used for the determination of beam pion direction.

3.4. Scintillation countersand trigger

The scintillation counters use the photomultiplier tubes FEU-97. The polystyrene is used as scintillation
material. The sizes of the counter scintillators are defined by the pion beam sizes and by the acceptance

2 N.G. Kozlenko et al., Preprint PNPI-2145, St.-Petersburg, 1997.
*1.G. Alekseev et al., Nucl. Instr. Meth. A 434, 254 (1999).
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angles for the scattered pions and recoil protons. Scintillation counters are C1-C9 (see Fig. 1). Beam is
defined by counters C1, C2, C3 and C4. A veto counter C5 excludes non-scattered beam particles. The recoil
protons in the polarimeter and the scattered pions are specified by counters C6 and C7, C8, C9, respectively.
The trigger pulse that initiates readout from MS chambers is generated by coincidence of counter signals:
CIXC2XC3xC6xCTx(C8+CY) and anticoincidence of counters C4 and C5 signals.

3.5. Electronics

The electronics of this experiment includes:
— trigger signal from the scintillation counters;
— data from the Personal Computer handling the polarized target;
— electronics and its power supply for the MSC signal digitization.
The trigger production makes a start of the experimental setup. Each event includes the next information:
— beam particle coordinates;
— coordinates of the particles which passed through the polarimeter;
— scattered pion coordinates;
— information about the target polarization.
The event information is analyzed to make a preliminary data selection and to estimate at real-time the
setup efficiency.

4. Data processing

The processing of the data is performed at three steps:
(i) The second scattering events in the polarimeter are analyzed and their (second) vertex and other
parameters are determined. The events with recoil proton-carbon scattering angle 6°-20° are selected for
further processing. From them only those events are taken for which all the azimuthal angles are allowed by
the MS chambers geometry. The proton energy T, at the second vertex is calculated for each event and the
analyzing power Pc is obtained from the empirical expression Pc = f(T,,6) which has been fitted to all
available data on proton-carbon scattering between 100 and 1600 MeV.
(i) The first scattering is reconstructed and the elastic events on free protons of the target are selected. Since
trajectories of both particles are bent by the magnetic field of the polarized target and their momenta (and,
hence, the curvatures of the trajectories) are not known beforehand, an iteration method is used for the
reconstruction of the first vertex. The kinematical criteria of coplanarity and of correlation between polar
angles of the scattered pions and the recoil protons are used for the selection. The background of quasi-
elastic events on bound protons of target nuclei is known to be (from our previous measurements) not more
than 20-30%, and it is taken into account in the data processing.
(iii) The selected events are divided into several angular bins corresponding approximately to Acos&™ = 0.1
and in each bin the values of the polarization parameters A, P, R are calculated. The method of the maximum
likelihood is used in this calculation. The experimental errors are defined according to the method described
J. Bystricky et al. — see footnote *.

At this processing one of two spin rotation parameters (A or R) and, respectively, the absolute value (|R|
or |A)) of another parameter are defined. Simultaneously the polarization parameter P value is obtained to
compare with the existing data to estimate roughly systematical errors.

5. Resultsand systematicerrors

Results of measurement of the parameters A and P for 7 p elastic scattering at 1.43 MeV/c [5] are
presented in Table and in Fig. 4.

The most important sources of the A parameter systematic errors are the uncertainties in the polarimeter
analyzing power (~ 4%) and in the measurement of the target polarization (~2%). The contribution of the

4 J. Bystricky et al., Nuovo Cim. A 1, 601 (1971).
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background polarization is negligible. This fact was checked by varying the value of the background
polarization from 0O to the normal polarization in zp elastic scattering. The final value of the ratio of the
background polarization to the normal polarization in zp elastic scattering was taken equal to 0.7, similar to
the ratio of polarizations in the elastic and quasi-elastic pp scattering (see footnote *).

The combined estimate for the systematic error of the A parameter is ~8%.

As it was stressed above, there are no ways to eliminate the false asymmetry in the direction of the P
parameter measurement (¢, = 0, 7 plane) using our experimental data. Consequently, the systematic error of
P cannot be reliably evaluated. Thus the results on this parameter can be used only for qualitative
comparison with the main features of PWA solutions, for example: strong angular dependence, angular
position of the polarization minimum and the value at the minimum close to —1.

Table
Polarization parameter A and P in the 77 p elastic scattering at 1.43 GeV/c

A, degrees | 0 ean A AA P AP Nevents
155.0-162.2 | 1604 | —-0.152 0.251 -1.150 0.166 2355
162.2-165.6 | 163.9 | -0.360 0.260 -1.039 0.170 | 2259
165.6-172.0 | 1674 | 0.131 0.264 —0.501 | 0.175 | 2163
155.0-172.0 -0.219 0.149 -0.91 0.10 6787

Spin Rotation Parameter A at 1.43 GeV/c tp
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Fig. 4. Comparison of results for the A parameter with PWA predictions
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6. Conclusion

Measurements of the polarization parameters were performed in the region of backward scattering where
the predictions of various PWA have maximum discrepancy. The data on A parameter agree well with SM95
and FA02 PWA solutions of the GWU-VPI group’. They contradict to the predictions of the CMB80
analysis® while the deviation from KH80’ is three standard errors. The data on P parameter are consistent
with the main features of the latest analyses of the GWU group. The results of this experiment along with our
previous measurements of the spin rotation parameters indicate that CMB80 and KH80 analyses do not
reconstruct properly the relative phase of the transverse amplitudes for scattering to the backward
hemisphere. This conclusion together with the fact that the latest analysis of the GWU group confirms only
4-stars resonances (and only one 3-stars resonance D3s5(1930)) impose serious doubts about the present-day
spectrum given in the Review of Particle Physics and properties of the light baryon resonance. The
development of a new energy independent partial-wave analysis.
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TWO-PION PRODUCTION IN ap SCATTERING AT 1 GeV/NUCLEON
IN THE ENERGY REGION OF THE P;;(1440) RESONANCE EXCITATION

G.D. Alkhazov, ‘A.V. Kravtsov‘ , A.N. Prokofiev

1. Introduction

A study of inelastic ap scattering at an energy of ~1 GeV/nucleon is of significant interest
since it is related to the problem of the P;;(1440) (Roper) resonance. This reaction was inves-
tigated in an inclusive experiment at the Saturne-II accelerator in Saclay using the SPES4 mag-
netic spectrometer. The energy distribution of the scattered a-particles from the p(a, /)X reac-
tion was studied, and a strong excitation of the Pj;(1440) resonance was discovered. Two peaks
were observed in the reaction cross section wvs the missing energy w = E,—E, distribution (see
Fig. 1). A large one, in the region of small energy transfers w =~ — 0.25 GeV, was evidently due
to the P33(1232) (A) resonance excitation in the a-particle, and a smaller one, in the region of
w =~ — 0.55 GeV, was interpreted as a signal of the Pj;(1440) resonance excitation in the target
proton. This interpretation was confirmed later by more detailed theoretical considerations. Accord-
ing to theory, only three diagrams (see Fig. 2) dominate in ap inelastic scattering at this energy. The
first diagram (e in Fig. 2) corresponds to excitation of the A resonance in the a-particle projectile,
while the second and third diagrams (b and ¢ in Fig. 2) correspond to excitation of the Roper reso-
nance in the target proton mainly through an exchange of a neutral isoscalar ”sigma meson” between
the a-particle and the proton. The contribution of all other possible diagrams is practically negligible.

30000
- |< 3.35GeVlc >
25000 |-
- I< 3.25 GeVic ¥l
20000 |~ a+p
o L E,=4.2 GeV
5 15000 |- 0.,=0.8°
S :
10000 [ |< 3.15 GeVlc
C ‘ Fig. 1. Inclusive missing energy
5000 :~ spectrum of inelastic ap scattering.
C » The acceptance boundaries of the
o T T PR SIS HT T NN W DU S H , _
0.5 - o8 Yy oA o3 loo f(')ur different g /Z momentum set
w (GeVv) tings of the present SPES4-7 expe-

riment are marked

Note that due to the isoscalar nature of a-particles and isospin conservation, a direct excitation
of the A resonance in the proton is forbidden. The decay products from the p(a, ') X reaction may
be either a nucleon (proton or neutron) and one pion resulting from the decay of the A or Roper
resonances (diagrams a and b in Fig. 2), or a nucleon and two pions resulting from the decay of the
Roper resonance (diagram c in Fig. 2).
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Fig. 2. Main diagrams contributing to the
pla,a’)X reaction: (a) A excitation in the
projectile, (b) N* excitation in the target with
the following one-pion (N7) decay, and (c) N*
excitation in the target with the following two-

pion (N77) decay

The Roper resonance is the lowest positive parity excited state N* of the nucleon and is in many
respects a very intriguing and important object. This resonance is important in many intermediate-
energy processes and also may play a significant role in the three-body nuclear forces and in the
swelling of nucleons in nuclei. The result of the inclusive p(a, ') X experiment was interpreted as an
observation of the scalar excitation of the P;;(1440) resonance which is a breathing mode monopole
(L = 0) excitation of the nucleon. In this interpretation, the P;;(1440) resonance mass can be related
to the compressibility of the nuclear matter (on the nucleonic level). Some authors have also supposed
that the Roper resonance is in fact a superposition of two structures, one being understood as the
nucleon breathing mode and the other as double excitation of the A resonance. The first structure is
strongly excited by scalar probes, like in ap scattering, whereas the second one is excited in spin-isospin
flip reactions, like in 7N scattering.

An advantage of studying the Roper resonance in an ap-scattering experiment, as compared to
wN, NN and yN experiments, is that in the case of ap scattering, as it has already been mentioned,
the number of the reaction channels is rather limited. At an energy of ~1 GeV /nucleon, the Roper res-
onance is strongly excited in ap scattering, whereas the contribution from excitation of higher baryon
resonances should be expected small. A deficiency of the inclusive ap experiment was that only the
momentum of the scattered a-particles was measured, while other reaction products were not detected.
In order to get more information on the resonance excited in the ap-scattering reaction, an exclusive
(or semi-exclusive) experiment at the Saturne II accelerator (Saclay) has been performed. Here, we
present the results of this experiment in respect to the two-pion production reaction p(a, o' )pr.

Note that the channel of one-pion decay of the Roper resonance strongly interferes with the channel
of decay of the A resonance, the latter decaying in practically pure one-pion decay mode. This
interference makes the separation of the channel of one-pion decay of the Roper resonance from the
channel of decay of the A resonance to be a complicated task. As for the channel of two-pion decay of
the Roper resonance, the contribution of other possible two-pion production channels and interference
with them are expected to be small and this allows one to extract much less ambiguous results.

2. Experiment and data analysis

The experimental study of the p(a,a’)pX reaction discussed in the present paper was carried
out at the Saturne-IT accelerator (CE Saclay, France) at a beam of a-particles with a momentum of
qdo= T GeV/c (E,=4.2 GeV) [1]. The scattered a-particles and the charged reaction products (p, 7"
or ) were registered with the SPES4-7 setup (Fig. 3). The installation [2, 3] included the high reso-
lution magnetic spectrometer SPES4, which was used in earlier experiments, and a wide-aperture non-
focusing Forward Spectrometer (FS). FS consisted of an analyzing large-gap dipole magnet TETHY'S,
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a drift chamber telescope and a hodoscope of scintillation counters. A liquid hydrogen target, 60 mm
in length, was located inside the TETHYS magnet.

SPES4-Tt Sc: Scintillators
Lateral Spectrometer Ch: Wire chambers
: Dipole
Quadrupole
Sextupole

TETHYS Ch Sc dits dlits

T

Forward Spectrometer Intermediate focus Final focus

Fig. 3. Schematic view of the SPES4-7 setup. TETHYS — large-gap dipole magnet; D,Q,S — magnetic
elements of the SPES4 spectrometer; Ch — wire chambers; Sc — hodoscope of scintillation counters

The measurements were carried out at four magnetic rigidity settings of the SPES4 spectrometer.
The central values of g /Z=3.35, 3.25, 3.15, and 3.06 GeV/c (where g is the momentum of the
scattered a-particle, and Z=2 is the a-particle charge) were chosen to allow the study of the reaction
at the values of the energy transfer w from —0.15 GeV to —0.9 GeV. The w-intervals accepted at
different momentum settings of SPES4 are indicated in Fig. 1. In this paper, the data obtained by
detecting the scattered a-particles with SPES4 and only protons with FS are discussed. The measured
momenta q, and q, of the scattered a-particle and secondary proton allowed us to determine the
missing mass' Mp;ss and the invariant masses M (prm) and M (o/ 7).

2.1. Intermediate state excitation

Two-pion events were separated from one-pion events in the analysis of the experimental data
by making use of the determined values of the squared missing mass M2, . Figure 4 shows the
distributions of M2, . for the four momentum settings of SPES4. The spectra include the sum of the

events from the one-pion and two-pion production channels.

!The missing mass Mumiss is defined in the present paper as the mass of the object X in the p(a,a’)pX reaction,
the object X consisting of one or two pions. The number of the emitted pions could be, in principle, more than two.
However, the probability that the number of pions is more than two in this reaction at the considered energy is expected
to be very small.
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Fig. 4. Missing mass squared spectra M2

miss
for the p(a, a')pX reaction for different SPES4
momentum settings. The open points are the

experimental data. The solid lines are the

sums of the one-pion production distribu-
tions, parametrized by Gaussians (dotted
lines), and the two-pion production distri-

butions, calculated taking into account the
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It is seen (Fig. 4a) that for the SPES4 setting q.//Z=3.35 GeV/c, corresponding to small values of
lw| (see Fig. 1), a peak at M2, ~0.02 (GeV/c?)? (that is at Mpmiss ~20.14 GeV/c?) dominates in the
spectrum. Evidently, this peak is due to one-pion events production mostly from the decay of the A
resonance excited in the scattered a-particle, as it was discussed before. A slight tail at high masses
in this spectrum is presumably due to a small contribution of two-pion events from the low-mass
tail of the Roper resonance excited in the proton. The width of the peak at M2, ~0.02 (GeV/c?)?
reflects the resolution of the reconstructed values of M2, .. This resolution was practically identi-
cal for all SPES4 settings. For the SPES4 momentum setting ¢, /Z=3.25 GeV/c, the contribution
from two-pion events (at M2, >0.09 (GeV/c?)?) is more prominent (Fig. 4b). In the interval of
0.04 (GeV/c?)? < M2, < 0.09 (GeV/c?)?, the one-pion and two-pion events are not resolved. As for
the settings q.//Z=3.15 GeV/c and g, /Z=3.06 GeV/c, the data show (Figs. 4c,d) that the two-pion
production is an important channel of the p(a, a')pX reaction at the energy under study.

While comparing the numbers of the registered two-pion and one-pion events it should be kept in
mind that the acceptance for registration of two-pion events in our experiment is higher than that for
registration of one-pion events, since the protons to be registered by FS are emitted in the forward
direction in a more narrow angular cone in the first case in comparison with the second one. Note
also that the registered one-pion events are from the reaction p(c,o')pr®, while the two-pion events
are from the reactions p(a, ' )pr%7® and p(a, o/ )prt 7, the last two channels being not separated in
this study.

We can suppose that the detected two-pion events are due to the excitation and decay of the Roper
resonance in the target proton. In order to check this conjecture, we have simulated the spectra of the
invariant squared masses M?(o/wn) and M?(prn) for the p(a, o')prn reaction, and compared them
with the experimental data. The simulated spectra are compatible with the data, as it is demonstrated
in Fig. 5, for the assumed channel of the two-pion production via excitation in the target proton of
the Pp1(1440) resonance and its decay to a proton and two pions.
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Fig. 5. Invariant mass squared M?(a/wm) and M?(prr)
distributions of the reaction p(a,a’)prrw for forward and
backward emitted protons in the N* center-of-mass system
at p/Z=3.06 GeV /c. Solid line — experimental data; dashed
line — Monte Carlo (MC) simulation for the case of N*
excitation in the target

do/dM, arbitrary units

In Fig. 5, a comparison of the simulated spectra with the experimental data is presented for
the SPES4 momentum setting go/Z=3.06 GeV/c. Similar results are also obtained for the setting
do'/Z=3.15 GeV /c. Note that the theoretical considerations predict that the contributions from the
Roper excitation in the a-particle and from the double excitation of the A resonance are relatively
small in the p(«, @')pr reaction and they may be neglected.

Fig. 6 presents a comparison of the simulated spectra for the invariant mass M (pr7) with the
corresponding experimental spectrum obtained from the properly combined data of the SPES4 mo-
mentum settings g/ /Z=3.25 GeV/c, qo/Z=3.15 GeV/c and ¢y /Z=3.06 GeV /c. In the simulations,
the Pp1(1440) resonance parameters from different analyses were assumed. One can see (Fig. 6a)
that the simulated spectrum of M (p7m) is in reasonable agreement with the experimental data when
the standard parameters (Mg = 1440 MeV, ' = 359 MeV) of the Roper resonance are assumed?.
We have also performed a simulation under an assumption that two-pion events are produced wvia
excitation and decay of the higher mass D;3(1520) baryon resonance. In this case, the results of the
simulations are in drastic disagreement with the data (Fig. 6b). At the same time, it is seen that a
small admixture of events from the D13 resonance in the experimental spectrum of M (prr) is possible.
Adding to the simulated spectrum a small contribution of events from the decay of the D3 resonance
can improve the agreement of the simulated spectrum with the data in the region of high masses
(M (pr) ~1.5 GeV).

Thus, we see that our data are consistent with the scenario that two-pion events are produced
mostly via the excitation of the Roper resonance in the target proton with its following decay into
a proton and two pions. It should, however, be admitted that the shape of the simulated M (pm)
spectrum is practically also consistent with the data for the case of non-resonant two-pion production
(see Fig. 6a). This may be explained by the fact that the width of the Roper resonance is large and
the Roper resonance propagator exerts very little influence on the shape of the simulated M (pm)
spectrum. An estimate of the non-resonant contribution has been made by the Valencia University
theory group for the case of pp inelastic scattering at 1 GeV. It has been shown that the non-resonant
contribution should be about two orders smaller than the resonant one. The same should be also
for ap scattering. Therefore, the non-resonant contribution may be neglected. Taking this statement

2Due to insufficient precision of the experimental data obtained and in view of an uncertainty in the contribution of
events from the decay of the D13(1520) resonance, we cannot exclude a possibility that the Roper resonance has other
parameters, a slightly smaller mass and a smaller width.
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Fig. 6. Experimental and simulated invariant mass distributions for M (pr7). Experimental data are shown
by crosses. a) Dotted line — phase space calculations; solid line — excitation of the Roper resonance with
M = 1440 MeV, I' = 350 MeV (from PDG). b) Solid line — excitation of the P;; resonance with M = 1390 MeV,
' =190 MeV (from H.P. Morsch and P. Zupranski, Phys. Rev. C 61, 024002 (1999)), dotted line — excitation
of the Di3 resonance with M = 1520 MeV, I' = 120 MeV. The a-particle form factor and the spectrometer
acceptance are included. The data from all momentum settings are combined. The simulated spectra are
normalized to the experimental one

for granted and taking into account our previous considerations, we conclude that the p(a, o/ )prm
reaction (at an energy of ~1 GeV/nucleon) proceeds mainly through the intermediate state which is
the P;;(1440) resonance excited in the target proton. Due to the isoscalar nature of a-particles, the
Roper resonance, as it has been already mentioned, may be excited in this reaction via an exchange
between the projectile a-particle and the target proton of a ¢ meson, which is a coupled pion pair in
the isospin I=0, S-wave state (Fig. 2c).

2.2. Intermediate state decay

In mN scattering, according to Particle Data Group, the two-pion decay of the Roper resonance
occurs mainly either as a simultaneous emission of two pions in the I=0 isospin, S-wave state,
N* — N(nm)i=0  or as a sequential decay through the A resonance, N* — Ar — Nz, with
branching ratios of ~10% and ~30%, respectively. The o (or € in different notation) meson was intro-
duced as a S-wave isoscalar 77 interaction in a partial-wave analysis of the 1N — Nmand tN — N7mw
scattering data. It was discussed whether this o state is in fact a genuine meson or just some effective
meson simulated by the reaction dynamics effects. In the present analysis, we consider two possible
channels of the Roper resonance two-pion decay, namely, through the A resonance and through the
real (or effective) o meson (Fig. 7).

T

N N .

&
n

R R Fig. 7. Diagrams for the Roper resonance decay into two pions:
a) sequential decay through A: N* — Ar — N=m; b) decay

i b) through the o(€) meson: N* — No(e)
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As follows from theory, the shapes of the spectra of the invariant mass M (7) of the pions emitted
in the Roper resonance decay are essentially different for these two-pion production channels (Fig. 7).
Therefore, a comparison of our experimental data with theoretical predictions can be used to find out
what process is more important for the decay of the Roper resonance excited in inelastic ap scattering.
In N scattering, the sequential decay of the A resonance (Fig. 7a) is dominant. This should be the
same in ap scattering if the same resonance is excited in both reactions. On the other hand, according
to the two-resonance picture, the breathing mode of the nucleon is strongly excited in ap scattering,
and a different decay pattern (shown in Fig. 7b) is expected.
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%05 Fig. 8. Invariant mass squared M?2(r7) distri-
bution for the two-pion production channel in the
- : — p(a, o' )prm reaction. Open points — experimen-
55 255 1 tal data. Solid lines — the results of the MC phase
400': 71 space simulations assuming N* — po — prw de-
- cay. Dotted curves — the results of the MC simula-
0r ] tions assuming N* — Am — prm decay. Dashed
) i line in the lower plot — the result of the MC sim-
0‘“ ,k..|““|....|....1J...|,...l...11] ulation assuming the decay through the ¢ meson
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In Fig. 8, the simulated M?(rm) spectra are compared with the experimental data for the SPES4
momentum settings g, /Z= 3.06 and 3.15 GeV /¢, which have high acceptance for the events of the two-
pion production channel of the p(c, a’)pX reaction. The experimental spectra M?(rm) are obtained
from the missing mass squared Mfﬁss spectra shown in Fig. 4 by subtracting the one-pion production
contributions M?(7), which are parametrized by Gaussians (see dotted curves in Fig. 4). In the
presented simulation, the o meson and A resonance are described by the Breit-Wigner distributions.
The a-particle form factor and the SPES4-7 acceptance are also taken into account. Furthermore,
the simulated spectra are smeared to take into account the experimental resolution of M?(n7), which
is estimated from the width of the M?(r) spectra (see Fig. 4). The following parameters for the
A resonance and ¢ meson are used: Ma = 1232 MeV, 'a = 120 MeV, and M, = 600 MeV,
', = 600 MeV. It should be noted, however, that due to the large width I', of the o meson the
specific parameters of the o meson exert practically no influence on the simulated spectra. As for
the channel of the decay through the intermediate A-resonance state, the amplitude of this process is
strongly influenced by the following kinematical factor 3

A(qﬂ'uqﬂz) ~ Qry " Args (1)

where qr, and qr, are the pion momenta in the N* center-of-mass system. As a result of this factor
influence, the simulated spectra of M?(77) have two maxima, at small values of M (7wm) (at M ()
close to 0.3 GeV/c?) and at large values of M(wr). The first peak corresponds to the events when

3We have neglected small spin terms in Eq. (1).
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both emitted pions fly in the N* center-of-mass system with similar momenta in the same direction,
while the second peak corresponds to the events when the pions are emitted in opposite directions.

As one can see in Fig. 8, the shapes of the M?(rm) spectra simulated for the channel of the
Roper resonance decay through the A resonance are in evident disagreement with the experimental
data for both SPES4 momentum settings. Differently, the shape of the simulated spectrum M?(mr)
assuming the Roper resonance decay through the intermediate o meson is in perfect agreement with
the data for the SPES4 setting g /Z= 3.06 GeV/c. A similar spectrum for the SPES4 setting
qo /7= 3.15 GeV/c is also in fairly good agreement with the data*. Thus, the M?(nm) spectra
measured in this experiment suggest that the Pj;(1440) resonance excited in the p(«, o/)pX reaction
at an energy of ~1 GeV/nucleon decays mainly as N* — po — pn.

This result is also supported by the extracted angular distribution of the emitted protons in the
N* center-of-mass system. This distribution is close to isotropic (see Fig. 9) and therefore agrees with
the assumed picture of the decay of the Roper resonance (with the spin 1/2) to a nucleon and a scalar
meson.

1200 [
B proton in FS, 2r production
1000 [
800 [~
C Fig. 9. Angular distribution of the protons
600 in the N* center-of-mass system (not corrected
E for the SPES4-7 acceptance). 6 is the angle be-
400 - tween the proton and the momentum transfer
C da — g in the rest frame of N*. Solid line — ex-
200 :_ perimental data, dashed line — normalized MC
o Lol bbb b buwn bewa by calculation assuming isotropic N* decay. The
1 08 -06 04 -02 0 02 04 06 08 1 data from settings 3.06, 3.15 and 3.25 GeV/c
cos(6) are included

Our conclusion that the Py;(1440) resonance excited in ap scattering decays predominantly through
the N* — po — prw channel is very different from the 7N scattering result. On the other hand, our
result nicely correlates with recent investigations of the two-pion production in pp inelastic scattering
experiments at energies of 0.650-0.775 GeV (J. Petzold et al., Phys. Rev. C 67, 052202R (2003)). The
authors of these studies come to the conclusion that the two-pion production in pp scattering at these
energies proceeds mainly through the excitation of the Roper resonance which decays predominantly
through the intermediate o meson. Note that in a recent analysis of the 1N — N#7 data it has been
also found by L.Ya. Glozman and D.O. Riska (Phys. Rep. 268, 263 (1996)) — in contrast to the earlier
mN — N7r analyses conclusion — that the o N channel is more important than the 7A channel.

3. Conclusion

The two-pion production in the inelastic p(a, o/ )prm reaction was studied in a semi-exclusive ex-
periment at the Saturne-IT accelerator (Saclay) at an energy of ~1 GeV /nucleon with the registration
of the scattered a-particle and the secondary proton. The invariant mass distributions M (o/77),
M (prm) and M (7wm) were obtained and analyzed. The results are compatible with the assumption
that the studied p(«, o/)prm reaction proceeds via scalar excitation in the target proton of the Roper

“Better agreement with the data can be achieved in this case (see Fig. 8) if a small admixture of events corresponding
to the Roper resonance decay through the intermediate state of the A resonance is added to the simulated spectrum.
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resonance as an intermediate state which decays predominantly through the N* — po — prm channel.
The obtained results are in favor of the statement that the resonance excited in ap scattering at the
excitation energy around 1440 MeV is the breathing excitation mode of the nucleon.
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STRANGENESS PRODUCTION IN HADRON-INDUCED REACTIONS

S.G. Barsov, A.A. Dzyuba, V.P. Koptev, S.M. Mikirtychyants,
M.E. Nekipelov, Yu.V. Valdau

After the experimental program ”Subthreshold K+ production in proton-nuclear interactions” has
been successfully finished, a new program has been initiated at the Cooler Synchrotron COSY-Jilich
— a storage ring for (un-)polarized proton and deuteron beams up to 3.7 GeV/c — to investigate K
and K mesons production in pp, pn and dd interactions. These are new studies of hyperon-production
(pN — KY N, where Y = (A,Y), in particular reaction pp — K™nX™1) as well as measurements of
the production of kaon pairs in reactions: pp — ppK ™K~ above the ¢-threshold, pn — dKTK~ to
study ag, fo, ¢-production on the neutron, pp — dK+ K" for kaon-pair production in the “a(‘)" -channel”
and dd — *HeKt K~ which filters kaon pairs in the fy-channel

ANKE, a magnetic spectrometer at an internal target position of COSY (Fig. 1), is equipped with
detector systems which consist from scintillator counters and multiwire proportional chambers for
registration positively and negatively charged particles. They can do spectroscopy of K, K~, p, d,
34He in the momentum range 200-2500 MeV /c with the momentum resolution (FWHM) about 1.5%,
so that one can reconstruct the intermediate K K-states by their invariant mass or find by the missing-
mass technique not-detected particles such as neutral kaons and spectator protons. The missing-mass
resolution (FWHM) is better than 10 MeV /c? and the resolution for kaon-pair invariant-mass spectrum
is about 3 MeV/c2.

Up to now, more states with J© = 07 have been observed than it is necessary to form the scalar
nonet. This initiated the discussion about the nature of the agy/fo(980) resonances. The naive con-
stituent quark model treats the scalar mesons as gq states. However, ay/fy can be also identified
with K K molecules or compact gq — 47 states. The possible observation of the ag/fo-mixing (which
can violate isospin conservation) is very interesting because this symmetry plays an important role in

D2 K

Im

Fig. 1. ANKE spectrometer
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QCD and such a measurement can provide a new observable which is sensitive to unknown structures
of the light scalar mesons.

Two experiments on aar(980) production have been performed in pp collisions at T}, = 2.65 GeV
[1] and T, = 2.83 GeV [2] (corresponding to 47.4 and 104.7 MeV excess energy (()) with respect
to the KtTKO threshold). The advantage of this reaction is that it contains no physical background
(¢-meson). Contribution from background accidental events, which are of the order of 13%, have been
subtracted in the differential spectra (Fig. 2). In order to improve the invariant-mass and angular
resolutions, a kinematical fit has been applied to the data. As a result of the fit, the K K invariant-mass
resolution is less than 3 MeV/c? for Q = 47.4 MeV data and less than 10 MeV/c? for Q = 104.7 MeV.
In the experiment both momentum and angular distributions of K+ and d were measured.

Since the data have been obtained close to threshold, the model analysis has been restricted to
the lowest allowed partial waves, i.e. s-wave in the KK system accompanied by a p-wave of the
deuteron with respect to the meson pair (”ag (980)-channel”!), and p-wave KK production with
s-wave deuteron (non-resonant channel). Under this assumption the square of the spin-averaged
transition matrix element can be written as:

M = Cia” + Cok? + Ci(p- k)* + Co(p- @) + Cs(k - @) + Cu(p- K) (7~ ) - (1)

Here k is the deuteron momentum in the overall c.m. system, ¢ denotes the K+ momentum in the
KK system, and [5' is the unit vector of the beam momentum. Only K K p-waves contribute to C¢ and
Co, only KK s-waves to C{f and (1, and only s-p interference terms to Cs and Cy. The coefficients
C; can be determined from the data by a simultaneous fit of Eq.(1) to the six measured differential
distributions (two invariant-mass spectra and four angular distributions) which are not corrected for
the ANKE acceptance. ANKE events uniformly distributed over reaction phase space and traced
through the GEANT simulation have been used for the fit. The coefficients C; can be directly related
to the different partial waves. They contain even more information than a Dalitz plot, particularly
for the interference of [(KK)sd], and [(KK),d]s contributions. The fit for the KK invariant-mass
spectrum demonstrates the dominance of the ”ag-channel” (around 90% of [(K K)sd], configuration).

The coefficients C; define the initial differential distributions. These allow one to calculate the total
acceptance and the total and differential cross sections (see Fig. 2). Values of o(pp — dKTK°) =
(38 % 25tat £ 14gyst) nb and (190 + 4gat £ 39yt ) nb have been obtained for 47.4 and 104.7 MeV excess
energy. The energy dependence of the total cross section can be described by phase space with the
above mentioned partial wave restrictions.

In principle, the contribution of the ag (980) resonance should be visible in the invariant mass
distribution of the scalar KK channel. In Fig. 2a the KK invariant-mass distribution is shown
for Q=104.7 MeV. A Flatte distribution is added to the ag (980)-channel ([(KK)sd], partial wave
configuration). The mass of the a((980) meson has been taken as 984.7 MeV. From this figure one can
see that in order to describe our experimental data a rather large width of a((980) resonance is needed.
Another possibility to explain experimental data is a mixture of ag with non-resonant production of
kaon-pair in s-wave (a — fraction of resonance). One can conclude that either the ag (980) has a large
width or it has a very week coupling to the scalar K K channel, at least for the investigated reaction.

Another interesting topic is the properties of light vector mesons (J¥ = 17) p, w and ¢, such as
their coupling constants, production mechanisms close to thresholds and in particular the so-called
Okubo-Zweig-lizuka (OZI) rule. This rule states that processes with disconnected quark lines between
initial and final states are suppressed. As a result, the production of ideally mixed ¢-mesons (quark
content s3) in a reaction AB — ¢X is reduced compared to AB — wX (w is a linear combination

of u@ 4+ dd) under similar kinematical conditions. Calculations by Lipkin predict ratio of single ¢ to

'Due to selection rules the ag (980) can contribute only to this channel.
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Fig. 2. a) Missing-mass m(pp,dK ™) distribution of the pp — dK+K° events for Theqm = 2.83 GeV. The line
shows the background distribution (polynomial fit) and the shaded area indicates the events used for background
subtraction. b) Total cross section for the reaction pp — dK+K°. Lines indicate theoretical predictions.
¢) K*K° invariant-mass spectrum and models with different fractions () of resonance contribution to kaons
s-wave. d) Fit result plus Flatte distribution to the [(K K)sd], term with different widths of ag (980). Black
solid line coresponds to our best fit result without ag

w production of Ry, = 4.2 X 1072 = Rozr. However, experimentally measured Ry, 1s strongly
enhanced in comparison with this prediction, for example in pp interactions where R/, can be as
large as ~100x Rpz;-

The reaction pp — pp¢ has been studied at three beam energies 2.65, 2.70 and 2.83 GeV which
correspond to 18.5, 34.5 and 75.9 MeV excess energies above ¢-production threshold (e) [3]. At the
KT K~ invariant-mass spectra the peaks around ¢-meson mass are clearly visible for the all data sets
(see Fig. 3a-c). In order to extract the ¢-contribution, a fit of the K+ K~ invariant-mass spectra has
been performed for these three data samples. The distributions have been described by a Breit-Wigner
function for ¢ and four-body phase-space for non-¢ part.

Using the number of ¢-mesons from the fit, the integral luminosity for the measurements, and
the efficiencies and acceptances of the ANKE detectors, the total ¢-meson production cross section
has been deduced for the three energies, taking into account the branching ratio in ¢-meson decay
Cr+r-/Tior = 0.491. The results plotted in Fig. 3d show a good agreement with those obtained by
the DISTO collaboration [Phys. Rev. C 63, 024004 (2001)] data point at € = 83 MeV. The cross
section for the two low energy data points is higher than predicted by a pure phase space extrapolation
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Fig. 3. a, b, ¢) Invariant-mass of KK~ pair for the reaction pp — ppK ™K~ at three beam energies 2.65 (a),
2.70 (b) and 2.83 GeV (c). Lines indicate ¢ and non-¢ contributions. d) Total cross section of the reactions
pn — d¢ (filled circles) and pp — pp¢ (open circles for ANKE and open box for DISTO) as a function of their
excess energies. On-neutron ¢-production can be described by 2-body (~ +/€) phase space (solid line). In pp
case the pure 3-body ~ €? (dotted line) curve have been modified by a Jost-function, in order to include an
effect of the protons FSI (dashed line). e) Total cross section for the reaction pp — ppw and different theoretical
predictions

normalized to the 75.9 MeV point, but this enhancement can be explained by the final state interaction
between the two protons in the !Sp-state. The same effect is also visible in the differential spectra [3].

The pilot measurement of cross sections of the reaction pn — dK* K~ at Theqm = 2.65 MeV [4] has
been performed on deuteron as an effective neutron target. Such measurements have the advantage
that the c.m. excess energy of the neutron in deuteron varies due to the Fermi-motion. Thus, even
in an experiment with fixed beam momentum the energy dependence of the total cross section for a
quite large € region can be measured. In order to confirm the spectator hypothesis, a Monte Carlo
simulation has been performed, in which the momentum of neutron in the target deuteron has been
derived from the Bonn potential. The energy dependence of the pn — d¢ cross section is assumed to
follow the phase space. This assumption is consistent with the results to be shown later — see Fig. 3d.
After including the detector response, the simulation fits the shape of the data for momenta very well
at least up to 150 MeV/c.

KT K~ invariant-mass distribution is dominated by the ¢-meson peak on the top of a slowly varying
background from direct K™K~ production. This has been estimated by a three-body phase-space
simulation (effected by deuteron wave-function) which, together with the ¢ contribution, is fitted to
the overall spectra.

The world data on pp — ppw had a gap between 20 and 200 MeV excess energies. Our study of
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this reaction [5] has removed this uncertainty. The first measurement of the total cross section for
the reaction pn — dw has been also performed at ANKE spectrometer [6]. These production cross
sections have been used to determine Ry, .

We have obtained Ry, = (33+6)x 107 &~ 8 x Rozr in proton-proton and Ry, = (40£19)x1073 ~
9 X Rozr in proton-neutron collisions indicating that the enhancement of the ratio is independent of
isospin. It may be a signal for additional and, as yet non-understood, dynamical effects related to the
role of strangeness in few-nucleon systems.

We are currently working on a joint analysis of the reactions pp — ppK*K~, pn — dKTK~
and pp — dKTKY in order to separate different isospin fractions and in particular to search for
contributions from ag/fp(980) and K p FSI.

A measurement of the isoscalar K K production in the isospin selective reaction dd — ‘HeKtK~
has been performed in April 2006. In order to suppress the huge background from breakup protons,
the energy losses of the high momentum particles in the forward detector have been included into the
on-line trigger. According to a first rough analysis we expect less than 100 dd — *HeK+t K~ events
in the data.

Another direction of PNPI group activity is the production of light hyperons in proton-proton
collisions in the close-to-threshold region. Nowdays not much data about pp — K™nX™ reaction are
available, moreover existing information is very inconsistent.

A model independent estimate for R(X/%%) might be obtained from the isospin relation linking
the different X-production channels, the amplitudes satisfy equation:

flop = K™nEt) + f(pp — K1) +2f(pp — KTpx®) = 0. (2)

This leads to so-called triangle inequality between the total cross sections (Fig. 4). But recent
experiments in the close-to-threshold region give surprisingly high total cross sections for this process
and breaking this triangle inequality.

10"
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1.6 1.8 2 22 24 26 28
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Fig. 4. Total cross section for the reaction pp — K+tnX*. Triangles shows data obtained by T. Rozek et al.
[Phys. Lett. B 643, 251 (2006)], cross — the value from Ref. [7], box — bubble-chamber data [Phys. Rev. 123,
1465 (1961)]. Shaded area shows the region restricted by triangle inequality. Lines show the behaviors of total
cross sections pp — pK+A (solid), pp — pK*¥° (dashed), pp — K*nX* (chain line)
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Since one cannot a priori exclude an anomalous threshold behavior associated with I = % Ktn-
system, further experimental studies for this reaction are necessary in order to clarify the situation.
We have obtained the total cross section at a proton beam energy of T}, =2.16 GeV which corresponds
to 128 MeV excess energy [7].

Information about the T production was determined from three simultaneously measured observ-
ables, viz the KT inclusive double differential cross section, and the K™p and KTnT correlation
spectra. The most important is the last one because there is only one more physical source of K+ and
7T coincidence — reaction pp — K TnAn* which has much smaller total cross section. The accidental
background contribution is also small.

The measured missing-mass spectrum of detected Kp pairs as well as the inclusive K double
differential cross section also allow to fix strength (upper limit for total cross section) of pp — KnXt.
For it they have been compared with multichannel model traced through the GEANT simulation
program.

Obtained total cross section o(pp — K1TnET) = (2.310.6545+£0.45yst) pb is significantly smaller
than that presented in [Phys. Lett. B 643, 251 (2006)] at lower excess energy. The important point
is that simultaneously measured total cross sections for pp — pKtA and pp — pK %0 reactions are
in good agreement with world data.

In order to confirm this result, a new experiment on ¥ production has been performed in September
2007. Data have been taken at four beam energies — 1.83, 1.92, 1.95 and 2.02 GeV. Data analysis is
going on now.
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INVESTIGATION OF THE pp — ppr® REACTION
AT TWO ENERGIES NEAR 1 GeV

V.V. Sarantsev, K.N. Ermakov, V.I. Medvedev, O.V. Rogachevsky, S.G. Sherman

1. Introduction

The pion production in the NN interactions is the main inelastic process at the energies below
1 GeV. Despite the fact that a lot of experiments have been performed, many questions on this process
are not yet answered. One of them is a question of the contribution of the isoscalar (I = 0) channel to
the inelastic neutron-proton collisions. Since the neutron-proton scattering amplitude contains both
isoscalar and isovector (I = 1) parts, a detailed investigation of the neutral pion production in the
pp collisions (isovector contribution only) might give the most accurate information on the isovector
channel that, in a combination with the neutron-proton data, would allow one to extract more correctly
the contribution of the isoscalar channel.

Various theoretical models, more or less successful, arose while the data on the pion production in
NN collisions were accumulated. Most of them work for pion production near the production threshold
and are not applied at higher energies.

For the energy range 1-3 GeV an earlier peripheral or one-pion exchange (OPE) model suggested
by E. Ferrary and F. Selleri assumed the dominance of the one-pion exchange term in the inelastic
amplitude. Pole diagram matrix elements were calculated using the uncertain beforehand form factor,
the interference between diagrams being neglected. The form factor function was obtained then by
fitting to experimental data, so in fact this was a semiphenomenological model. Its predictions were
in a good agreement with rather rough measurements of the differential cross sections in the energy
range 800-1300 MeV.

The later modifications of the one-pion exchange model have described rather well (with the
accuracy 5-10%) the differential spectra for the pp — pnm™ reaction which provided the largest piece
of experimental information that time. The total cross sections were predicted to be a little lower
than the observed ones. For other reactions, e.g. for pp — ppn®, the discrepancies between the theory
and experiment were even larger.

It should be noted that the experimental data on the pp — ppr® reaction near the energy of 1 GeV
are much more scarce than those for pp — pnm™ channel. The KEK data contain the information
on total cross sections only. The only data on the spectra of secondaries at the energy 970 MeV
were provided by D.V. Bugg et al., the statistics being rather poor. For this reason it would be
important to perform more accurate measurement of the cross sections in this energy region and to
compare carefully the differential distributions of the final particles in the pp — ppr® reaction with the
predictions of the modern OPE model. Such a comparison would allow one to see the strong and weak
aspects of this simplest theoretical model, as well as to judge about the necessity of some additional
nonperipheral mechanisms of the pion production in NN collisions. The results on the study of neutral
pion production in the energy range below 900 MeV were published earlier in our work [1]. Here we
present the results [2] of the investigation of differential spectra at two higher momenta (1581 and
1683 MeV/c) and their comparison with the OPE-model advanced by V.K. Suslenko et al.

2. Experiment

The experiment was performed at the PNPI 1 GeV synchrocyclotron with the help of the 35 cm
hydrogen bubble chamber disposed in the 1.48 T magnetic field. The proton beam (after correspond-
ing degrader for the momentum 1581 MeV/c) was formed by three bending magnets and by eight
quadrupole lenses. The incident proton momentum value was defined independently by the kinematics
of the elastic scattering events. The accuracy of the incident momentum value was about 0.5 MeV /c,
the momentum spread being 25 and 7 MeV/c (FWHM) at 1581 and 1683 MeV /c, respectively. A total
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of 10° stereoframes were obtained at both proton momenta.

According to kinematics of the pion production in NN collisions, the laboratory angles of secondary
protons are in the forward hemisphere, maximum angle being not larger than 60° at our energies. For
this reason we selected two-prong events with track angles in the plane of the film not larger than 60°.

The events selected so can belong not only to the neutral pion production but also to the elastic
pp scattering or to the m+ production reactions. The events in the fiducial volume of the chamber
were measured and geometrically reconstructed. The identification of the events was performed on
the strength of the y? criterion, the confidence level being equal to 1%. If the event had a good x?
for the elastic version (4C-fit), it was considered as elastic one. If several inelastic versions revealed a
good x?, we used visual estimate of the ionization density to distinguish between the proton and pion.

The standard bubble chamber procedure was used to obtain absolute cross sections. Absolute
values were measured with an accuracy about 4%.

3. One-pion exchange model

According to the OPE model, the main role in the reaction NN — NN is played by the pole
diagrams (Fig. 1). The matrix element of any diagram in Fig. 1 can be presented as a product of
three factors: the propagator, the amplitude of the =N scattering and the 7NN vertex function

2.1.2 2

where z; is the total energy of the mN system, y? is the four-momentum transfer square in the 7N
scattering vertex, k? is the four-momentum square of the virtual pion and p? is the pion mass squared.

The form factor function of the 7 NN vertex taking into account the nonpole diagram contributions
was not determined in the frame of the OPE model. The following expression was suggested for the
form factor

G(k7) = ap®[[k] + (e + 1)p’]. (2)

The choice of « in the range 8-9 gave a good description of the experimental data on the
pp — pnmT reaction in the energy range 600-1000 MeV.

The 7N scattering amplitude 3 (z;,y2;k?) and its off-shell behavior were taken according to the
paper of E. Ferrary et al., where the off-shell corrections were introduced into partial waves. We
confined ourselves to the P33 wave only in the partial wave expansion, assuming the leading role of
the Asg resonance in the 7N scattering.

>
J
M
U

RN e E e P S P T
b~ q b .9 b~ q S
Pa ; 92 P2 9y P2 ' oF P2 o))

Fig. 1. Feynman diagrams of the OPE model for the NN — NN reaction
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The reaction matrix element is the sum of matrix elements of diagrams of Fig. 1
M =My — Mp— Mc + Mp, (3)

where the choice of signs is determined by the Pauli principle. All possible interference terms were
taken into account.
We used a FOWL simulation program in order to obtain all necessary distributions at once.

4. Experimental results and discussion

The main evidence for the pole diagram contribution would definitely be the observation of a peak
in the momentum transfer distribution from the target particle to the secondary proton (e.g., for the
diagram A — in the distribution on A2 = —(py —¢2)?) at low momenta. But since there is no difference
between the final protons in the pp — ppr® reaction, it is difficult to separate the contribution of a
certain diagram experimentally. The whole A? distribution is rather complex, because other diagrams
have singularities on their own variables which spread the studied one. So the contribution of the
diagram A really contains the low momentum peak, while the B diagram contribution has a maximum
at high A?. Tt is quite natural because the diagram B has a singularity in A? =—(p; —g2)? distribution,
so for this diagram the beam proton is a spectator and A2 is not small (ps is the nucleon mass in the
laboratory system and ¢o is almost equal to p1). The contributions of diagrams C and D are similar
to those of B and A, respectively, but more spread out.
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50 [ S i
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Fig. 2. The four-momentum transfer A2 distributions. The solid and dotted curves are the calculations of the
OPE model and the phase space normalized to the total experimental number of events

Figure 2 shows the A? distributions for our energies together with the OPE model predictions
(solid lines) and phase space calculations (dotted lines) normalized to the total experimental number
of events, because the absolute values of the OPE model calculations do not agree with the experiment.
We shall return to this question later when we will discuss the energy dependence of the cross sections.

Forgetting for a while the underestimated absolute cross section values, we can see that the OPE
model describes qualitatively well the data on A? at both energies studied. It is remarkable because
one should bear in mind that only the P33 wave was taken into account in the 7N scattering.

Perhaps, the A? distribution is mainly sensitive to the pole diagram propagator, and the depen-
dence on the 7N amplitude manifests itself in other distributions.

Figure 3 shows the laboratory momentum spectra of final protons of the pp — ppr® reaction. In
the proton spectra one can see two peaks, one in the region 300-400 MeV/c (independently of the
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Fig. 3. The laboratory momentum spectra of final protons. The curves have the same meaning as in Fig. 2

incident energy) and the second moving to the left with the decrease of beam energy. The low-energy
peak corresponds to the target spectator proton, while the high-energy one corresponds to the incident
proton being a spectator. The OPE calculations describe the experiment satisfactorily, contrary to
the phase space ones. The pion spectra calculated are close to the phase space and experimental
distributions.

Figure 4 shows the M, 0 effective mass distributions. It looks like that the distributions on M, o
consist of two parts: one is the phase space distribution, while the other has the form of a peak
with the width ~100 MeV/c?. The peak location corresponds to the Asz mass. The origin of these
two contributions is quite clear in the frame of the OPE model, if one keeps in mind that the 7N
scattering comes from the P33 wave only. When the M), is calculated for the spectator proton, (e.g.,
g2 in the diagram A, Fig. 1) one has the phase space distribution. When the proton comes from the
n N scattering block the resulting M), o distribution corresponds to the A3z isobar peak. As can be
seen in Fig. 4, OPE calculations are in qualitative agreement with the experiment at both energies
studied.
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Fig. 4. Mo effective mass spectra. The curves have the same meaning as in Fig. 2

The c.m.s. angular distributions of protons are given in Fig. 5. OPE calculations are in rather
good agreement with the experimental data, with the exception for the small proton scattering angles.
A possible explanation of this discrepancy is the presence of the sole P33 wave in the w N scattering
amplitude. It is clear that a small admixture of other waves interfering with the main one should
manifest itself mainly in the angular distributions.

The angular distributions of pions together with the OPE predictions are given in Fig. 6. One
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Fig. 6. 7%-meson angular distributions (c.m.s.). The curves have the same meaning as in Fig. 2

should say that the distributions are far from being isotropic. Since the c.m.s. angular distributions
of pions should be symmetrical, we tried fitting to them by the formula

do k
dQ—:ro ~ %(1/3—%()(}0829;0). (4)
The results of such a fit are shown in Fig. 7 together with the values found by other authors.
The problem is important, being connected with the attempts to estimate the contribution from the
isoscalar channel to the inelastic np-interaction. If this contribution is zero, the angular distributions
of charged pions in the np — ppr~ (nnmt) reactions should be simular to those of 7° mesons in
the pp — ppr® reaction. The presence of terms linear in cos 0>+ in the angular distribution of np-
reactions might be considered as an indication to the isoscalar contribution. It is clear that to catch
a small contribution of the isoscalar channel one needs to know well enough a form of the isovector
contribution for which the pp — ppr® reaction provides better opportunity.

As it is seen in Fig. 7, the anisotropy factor b is rather badly determined and a scatter of values is
fairly large. Nevertheless one can see that b increases gradually together with the energy and starting
with the momentum of ~1.2 GeV/c it is in the range 0.2-0.4.

As one can see in the above-given Figures, there is a good qualitative agreement of the OPE model
with experimental differential spectra while the predictions for the total cross sections underestimate
the data. The existing experimental data on the total cross sections are shown in Fig. 8 together
with the model predictions. It is seen that there is an obvious discrepancy between the OPE model

166



J

? l 5
04 ‘ ’ % . ‘f
i 45 F ¢ * %
03[ + N * ft
I % ‘
NI
0.2 - % 4
e ‘ ~ 3r
[ s ’ Eel F ﬁl
0.1 j¢ + \8/2.5 F Jﬁ
Lt ¥ o 2 E $+ the black circles — this work
0 [ [ 9; the solid curve — OPE model
L [ the dashed curve — Deck model
[ 15}
01| 1
0.5
_0'21‘ | 1‘1 | 1‘2 | 1‘3 | 1‘4 | 1‘5 | 1‘6 | 1‘7 | ‘1.8 OB L
11 12 13 14 15 16 17 18 19 2
P (CGev/c) P (Gev/c)
Fig. 7. The values of the parameter b from the fit of Fig. 8. Cross section of the pp — ppr® reaction
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calculations (solid curve) and experimental cross sections. Why does the OPE model fail to describe
the cross section values for the pp — ppn® reaction? One can obtain better agreement with a proper
choice of the form factor, but such a choice destroys the agreement with total cross sections of the
pp — pnwT reaction, as was shown in Ref. [1]. One might guess that the reason for such a situation
is that the 7N amplitude is not good enough because only the P33 wave was taken into account. The
dashed curve in Fig. 8 corresponds to the predictions of the Deck model, where the 7 N vertex includes
all the waves obtained in the partial-wave analysis of Karlsruhe group. One can see that this does not
change the situation significantly. One should keep in mind, however, that, with an exception for Ps3
wave, there is no good prescription for the calculation of the off-shell correction being very important.
So the question is still open.

The present measurements together with our previous data at lower energies [1] as well as mea-
surements of cross sections of the pn — ppr™ reaction' allow one to obtain the energy dependence of
the isoscalar inelastic cross section

o(I =0) =3[20(pn — ppr~) — o(pp — ppr°)] . (5)

Figure 9 shows one third of the isoscalar inelastic N /N7 cross section for the energies at which the
reaction pp — ppn’ was investigated by us [1, 2] and also by G. Rappenecker et al. The values of
o(np — ppr~) were obtained by the interpolation to the same final kinetic energy in the center-of-mass
system.

One can see that the isoscalar cross section is close to zero up to the momentum 1.4 GeV/c, and
furthermore it rises in agreement with the prediction of the Deck model (solid curve).

'L.D. Dakhno et al., Phys. Lett. B 114, 409 (1982).
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Fig. 9. Isoscalar inelastic cross section. The curve is the calculation of the Deck model

5. Conclusion

A detailed study of differential cross sections of the pp — ppm® reaction has been performed at
two incident energies near 1 GeV. The shape of the distributions is described by the OPE model quite
well, in spite of the fact that the P33 wave only is used in the 7V scattering amplitude. On the other
hand, the OPE model fails to predict the correct total cross sections and it cannot be improved by
the simple choice of the form factor.

We would like to express our gratitude to the bubble chamber staff as well as to the laboratory
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for supporting this work as well as to N. Grishin and the staff of engineers of the INP MSU without
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References

1. V.P. Andreev et al., Z. Phys. A 329, 371 (1988); V.P. Andreev et al., Phys. Rev. C 50, 15 (1994).
2. V.V. Sarantsev et al., Eur. Phys. J. A 21, 303 (2004).

168



EXTRACTION OF THE n~n — w~ 7w~ p CROSS SECTION FROM THE
MEASUREMENT OF THE 7—d — n~ 7~ pp REACTION AT ENERGY 430 MeV

S.G. Sherman, K.N. Ermakov, V.I. Medvedev, O.V. Rogachevsky, V.V. Sarantsev

1. Introduction

Recent few years have brought a number of measurements of the 7N — 7w N reaction at energies
close to the threshold. One of the main goals of these investigations was the extraction of the S-wave,
isospin—0, 2 wm-scattering lengths. In addition, these production processes certainly are of interest
due to their important role in the low-energy physics of elementary particles and nuclei. It was shown
that the low-energy experimental data for 7N — «w N are consistent with the assumption of isospin
symmetry as well as threshold predictions of chiral perturbation theory. An important progress in the
understanding of 7N — 7w N reactions was due to Olsson and Turner, who calculated the leading
contributions near threshold using an almost model-independent Lagrangian. The chiral perturbation
theory (and its extensions) is applied strictly at the threshold of the single pion production reactions,
where as a rule the statistics is rather poor because of a smallness of the cross sections. Experimen-
talists are forced to move to the above threshold region of energies because the pion production cross
section grows faster than 72, where T is the energy above the threshold in c.m.s. In this case an
accurate extraction of scattering lengths in the large extent depends on a correct understanding of the
production mechanism in the above-threshold region, because here other diagrams together with pole
and contact terms contribute into the reaction amplitude.

It is important here to know the role of contributions from tails of the N*(1440) and A(1232)
baryon resonances, which determine almost wholly the mechanism of the process at higher energies.
Hence in this region the experimental data are needed too. In addition, the certain models developed
for the pion production above threshold pretend to describe the experimental data up to incident pion
kinetic energy 400 MeV.

In the energy range 400-600 MeV, experimental data on the reaction 77p — 77 n are rather
scarce and the statistics consists of tens of events. The poor statistical accuracy is due to experimental
difficulties: apart from a smallness of the cross section, the single pion production reaction has a strong
background of the elastic 7 p scattering which also has two positive charged particles in the final state.

Due to these reasons we investigated [1] the charge-conjugated reaction

Tn—T T p (1)
using the bubble chamber filled with deuterium as a neutron target.

2. Measurements and experimental results

To determine the cross section of the process 7™n — 7w~ 7~ p we have selected in the deuterium
bubble chamber the events for the reaction

T d—m o opp. (2)

Experimentally the presence of more than two charged particles in the final state is an advantage in
using this reaction for it enables us to separate it unambiguously from the background (elastic and
quasi-elastic processes) at the first stage of the film processing.

The experiment was carried out at the pion channel of the PNPI synchrocyclotron. A 35 cm bubble
chamber filled with deuterium was exposed to the 7~ -meson beam at the momentum of 555 MeV /c
with the spread 25 MeV/c (FWHM). The muon and electron contamination was determined from
the time-of-flight spectrum and found to be negligible. The average number of incident particles per
picture was about 10. A total number of 225 000 pictures was taken.
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Monte Carlo simulation of the reaction (1) with the use of the FOWL code for a generation
of events according to the phase space as well as the GEANT21 for particle tracking through the
chamber showed that among the events generated there was none with a length of any negative track
of the unmeasured curvature. On the other hand, there were the events without one proton track
that corresponded to the case when one of the protons (the proton-spectator for the pion production
reaction off a neutron) with a momentum smaller than 80 MeV /c is not visible in the chamber. To
select the necessary three- and four-prong events with two negative charged tracks in the final state
all films were scanned twice. The efficiency of the double scanning was 99.5%.

The selected events could belong not only to the negative pion production but also to processes
with Dalitz pairs in the final state (e.g., the neutral pion production). The events found were measured
on semi-automatic measuring devices and geometrically reconstructed. To select the events for the
reaction (2) the y2-criterion was used with 1% confidence level. Dalitz pair events were rejected by
kinematical and ionization criteria. A total number of 207 events of the type (2) was selected.

To obtain the absolute cross section value, the total length of the beam tracks in the fiducial
volume of the chamber was determined. To this aim the number of the beam tracks was counted in
ten pictures taken from every fifty ones all along the exposure and the mean length of beam tracks was
measured. The deuterium density was taken to be 0.136 g/cm® with the 4% accuracy. The error given
below for the cross section value consists of the statistical one as well as errors of the measurement of
the average track length (1%), track density per picture (3%), total number of useful pictures (1%)
and deuterium density. The cross section value for the reaction (2) has been found to be

o(m d— 7 7 pp)=0.194 + 0.016 mb. (3)

The purpose of the present experiment is to determine the cross section of the reaction (1). So
it is necessary to discuss the influence of Fermi motion of the neutron in the deuteron and the Pauli
exclusion principle for identical protons in the reaction (2) as well as to take into account screening
effects.

The Fermi motion of the neutron in the deuteron
could change the mean value of the effective inci-
dent pion momentum for the reaction (1) as well as

[o)
o
T

} the momentum distribution form. Figure 1 shows
70 S the momentum distribution of the slowest proton in
S60F || the final state of the reaction (2) together with the
€ : + Hulthen deuteron wave function distribution. One
550 F . T Sy
SRS + can see that the impulse approximation is valid with
kS or an exception for the region of large momenta. The
o5l momentum distribution of effective incident pion
+ + from the reaction (1) calculated from the final state
20 + of (2) taking into account two pions and fast proton
10F + only has the same mean value as that of the pion
ok ‘f++f o beam. But the first distribution has the gaussian

0 005 01 015 02 025 03 0% 04 width three times larger. Since the cross section of
The spectator proton momentum (GeV/c) the reaction (1) grows linearly with the energy, this
increase of the width has nothing to do with the
mean energy for which we intend to give a value of
the cross section of the reaction (1).

The Pauli principle is important mainly at low
energies when two low-energy protons have rather large probability to be in the same state. The
simple estimates of the Pauli effect were made in the framework of the isobar model of the single pion
production. Such an estimate showed that Pauli principle could result in less than 2-4% decrease

Fig. 1. Momentum distribution of the slow proton.
Curve is corresponding distribution for the Hulthen
wave function
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of the cross section value. These estimates are model-dependent and, since the total error of the
cross section o(m~d — 7~ 7~ pp) measured in this experiment is above 8%, the last correction was not
included in the magnitude of the cross section off the free neutron.

The screening effect for the neutron in the deuteron was estimated in the framework of Glauber
theory. It was assumed that screening corrections are identical for any channel of mN-collisions.
Following the receipt given by Glauber theory, the negative pion production cross section on the
deuteron is connected with that on the free neutron as follows:

1 1
— tot
On—d = Op—n — 47r07r—n07r*p < ﬁ >a (4)
where the second term is the screening correction, o, -, and ofr"f p are the cross section sought on the

free neutron and the total cross section on the proton, respectively, and < r2 > is the mean distance
squared between the proton and neutron in the deuteron.

The distance between the proton and neutron in the deuteron is the double deuteron matter radius.
The mean square matter radius (rms) equal to 1.967 fm was taken from the paper of Friar et al.,
where this value was obtained from the isotope-shift measurements. The total cross section of the
7~ p scattering was taken to be 27.8 mb. Substituting these values and o(7~d — 7”7~ pp) into (3)
one obtains that the screening correction to the deuteron cross section amounts to 1.5% and is equal
to 0.003 mb. Then the cross section of the single pion production off the free neutron is

o(r"n = w7 p) =0.197 £ 0.016 mb. (5)

In Fig. 2, this value (black circle) is shown
together with the data of others experiments for
i _ _ 7Tp — ntrTn as well as the data for the reaction
»r :hj::,l;::ir:lee _ ;;;::;:teta,‘ (1) obtained by us earlier [2] for four lower ener-
| the dashed fine — Manley , gies (black triangles). Curves in Fig. 2 correspond
] to the isospin analysis by Manley and to calcula-
tions carried out in the framework of the model of
Bolokhov et al.! Among all diagrams considered in
this model, only those shown in Fig. 3 are needed
for a satisfactory description of the experimental
data. They include one-pion exchange diagram and
I those at tree level with the nucleon, A(1232) and
o1 b H { N*(1440) baryons in the intermediate states. The
I ; _ﬁ‘,_éfﬁ*"' parameters of the model were obtained by fitting
ol to five total cross section for five pion production
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 . . .

Incident pion momentum (GeV,/c) reactions in the energy points near 430 MeV as well
the differential distributions obtained by Kirz et al.
at 357 MeV and those of this experiment, which are

presented below.

In the papers by Bernard et al. and Jensen et
al., the single pion production was studied in the frame of relativistic baryon chiral perturbation theory
at tree level, with the A(1232) and N*(1440) baryon resonances in the intermediate states. In the first
of them the exchanges by heavy mesons (o, p) were also taken into account. In both papers, it was
declared that they can describe satisfactorily the majority of existing data for total and differential
cross sections for incident pion energies up to 400 MeV. Since the cross sections were calculated only
for the region below 400 MeV, we may compare our experimental value with those given by them on
the edge of this energy range. In both papers, a slow growth was predicted for the 7tp — 77T n

e o
12 »
T T

a(rn*p—>n'n'n) (mb)
I
T

Fig. 2. Total cross section for the 77p — 7tntn
(m™n — 7 7 p) reaction as a function of incident
pion momentum

LA.A. Bolokhov et al., Nucl. Phys. A 530, 660 (1991); Preprint PNPI-2197, Gatchina, 1997.
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Fig. 3. Feynman diagrams taken into account in the framework of the model of Bolokhov et al.

reaction cross section, and the values given for 400 MeV are about 0.4 mb and 0.35 mb, respectively,
that is much larger than the value measured by us for 430 MeV.

So the predictions of the chiral perturbation theory for the cross section of this reaction are
obviously overestimating. Of course, it is possible that the energy above 400 MeV is too high, and
these approaches are not applicable here. An analysis of pion production through the baryon resonance
formation in the intermediate states is more appropriate here. Such is the model of Bolokhov et al.

As it was mentioned above, the statistics for the reaction 7tp — 77 tn (m " n — 7 7 p) in the
energy range 400-600 MeV amounted to tens of events only. Therefore so far it was impossible to
investigate the differential spectra and compare them to the theoretical calculations. Although the
statistics for the present experiment is not large too, still it allowed us to carry out the analysis of
one-dimensional spectra.

Figure 4 shows the distributions of the events as a function of the pion and proton momentum in
the c.m.s. of the 7™n — 7~ 77 p reaction at 430 MeV.

[ 60
100 | :
I 50 -
ggol 5 [
£ | '840?
2 3
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2 27!
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o | 220
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Fig. 4. The center-of-mass momentum spectra of pions and proton of the 7~ n — w7 p reaction. Dashed
curve is the phase space distribution and the solid one is calculated in the framework of the model of Bolokhov
et al.
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Fig. 5. Distributions of events as functions of the 7~ -meson and proton angles in c.m.s. The curves are the
same as in Fig. 4

The curves normalized to the total number of events represent the phase space (dashed curve) and
the results of the fit (solid one) carried out in the framework of the model of Bolokhov et al. with
the use of diagrams of Fig. 3. Although the curves differ a little from each other, the calculations
within the model of Bolokhov et al. reproduce more correctly the behavior of experimental spectra.
The c.m.s. angular distributions of pions and the proton are shown in Fig. 5 together with curves
presenting the results of above-mentioned fit. It is worth noting that the observed behaviour of the
differential cross section of this experiment is similar to that observed by Kirz et al. at 357 MeV. The
calculations of the Bolokhov et al. model for angular distributions agree excellently with both set of
data of these experiments.

Figure 6a shows the distribution of events as a function of the relative pion momentum K, in the
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Fig. 6. a) Distribution of events as a function of the relative pion momentum in the dipion c.m.s. b) Distribution
of events as a function of the square of momentum transfer. The curves are the same as in Fig. 4
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dipion c.m.s. The phase space distribution and the calculation within the model of Bolokhov et al. are
similar here, though the latter is closer to the experimental distribution. In Fig. 6b one can see the
distribution of the events as a function of the momentum square 7 transferred to the proton, in the
m2 units. Again, the dashed line represents the phase space, whereas solid line shows the calculation
within the model of Bolokhov et al.

So the comparison of the various differential spectra with calculations in the frame of the model by
Bolokhov et al. shows that to reach the agreement of the theory with experimental data in the energy
range 450-550 MeV /c one needs to include into theory not only one-pion exchange but also diagrams
with the nucleon, A33(1232) and N*(1400) in the intermediate states. The exclusion from the fit any
of baryon resonances shown in Fig. 3 results in a considerable disagreement between experimental

data and the theory.

3. Conclusion

We have studied the single pion production 7~ n — 7 7 p reaction, using the bubble chamber
filled with deuterium as a neutron target. The obtained cross section value coincides fairly well
with the prediction of the isospin analysis by Manley but disagrees with models developed for the
description of the energy region of single pion production a little bit above the threshold. As a rule,
the predicted values are much higher than experimental magnitude. The fitting of various differential
spectra obtained by Kirz et al. and in the present experiment allowed us to find parameters of the
model of Bolokhov et al., so that the theory describes quite well experimental data in energy range
450-550 MeV/c.

We would like to acknowledge a personnel of the cryogenic division for excellent operation of the
bubble chamber and to thank the scanners and measurers for their painstaking efforts.
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EXPERIMENTAL STUDY OF THE NUCLEAR SPATIAL STRUCTURE
OF NEUTRON-RICH He AND Li ISOTOPES

G.D. Alkhazov, A.V. Daobrovolsky, A.V. Khanzadeev, G.A. Korolev,
A.A. Lobodenko, D.M. Sdliverstov, A.A. Vorobyov

1. Introduction

To understand the evolution of sizes and shapes of nuclei in the nuclear chart from the valley of
[Sstability to the drip-line is one of the central questions of modern nuclear structure physics. Recent
technique with radioactive beams has made it possible to reach the limit of the neutron drip-line for relatively
light nuclei. Experimental studies have led to a discovery of significant neutron halos (skins) in these
neutron-rich exotic nuclei. In nuclei near the drip-line, the separation energy of the last nucleon(s) becomes
small. The valence nucleons of such loosely bound nuclei may have a very extended density distribution,
called “halo”. The necessary conditions for the halo formation have been intensively discussed. It was
concluded that the nuclear states with small binding energy and low angular moment may form halos. The
halo structure manifests itself in different types of reactions, in particular, by a large interaction cross section
and by narrow momentum distributions of the reaction products in the processes of nuclear breakup and
Coulomb dissociation. Note that the term “neutron skin” is used to describe an excess of neutrons over
protons at the nuclear surface. It should be admitted however that a uniquely strict definition of the terms
“skin” and “halo” does not exist. Some nuclei, such as *He and *He, are often referred to as neutron-skin as
well as neutron-halo nuclei.

Experimental methods applied for studying halo nuclei were mainly measurements of the total interaction
cross sections and investigations of momentum distributions of the reaction products after fragmentation.
The spatial structure of exotic nuclei was proposed at PNPI to be studied by small-angle proton elastic
scattering on nuclei. The proton-nucleus elastic scattering at intermediate energy is known to be an efficient
means for studying the matter distributions in stable nuclei. This method can also be used in the inverse
kinematics to study unstable short-lived nuclei. An advantage of proton scattering experiments at
intermediate energy as compared to similar experiments at low energy is that at intermediate energy there
exists a rather accurate multiple scattering theory of Glauber, which can relate the measured cross sections
with the studied density distributions in quite an unambiguous way. The scattering of protons from the
nuclear halo is confined to small scattering angles. Therefore, in order to study the spatial structure of halo
nuclei it is important to measure with high accuracy the differential cross sections for proton scattering at
small momentum transfers. The recoil detector IKAR, developed and built at PNPI [1], was adapted as an
active hydrogen target in combination with a spectrometer for measurement of projectile scattering angles.
Previously, IKAR was successfully used for investigation of small-angle hadron elastic scattering.

In experiments performed at GSI (Darmstadt) by the PNPI-GSI Collaboration, precise data on absolute
differential cross sections for proton elastic scattering on stable *He, °Li and neutron-rich °He, *He, ®Li, °Li,
and ''Li nuclei have been obtained in the inverse kinematics at an energy of about 0.7 GeV/nucleon at near-
forward angles [2—4].

The matter radii and the radial structure of nuclear matter were derived from the data using the Glauber
multiple scattering theory. Combining these results with results of other experiments permits one to obtain
more details on the nuclear spatial structure.

2. Experimental setup and procedure

For the experiments, primary '*O beams were extracted from the heavy-ion synchrotron SIS and focused
on an 8 g/cm” beryllium production target at the entrance of the fragment separator FRS. Isotopes of helium
and lithium nuclei produced by fragmentation of O entered the FRS and were separated according to their
magnetic rigidity. In some cases the separation power of the FRS was enhanced by inserting an achromatic
(20 g/cm?) aluminum degrader at the dispersive central focal plane for achieving isotopically pure beams.
Beam intensities were generally 10°s™' with the duty factor between 25% and 50%.

176



The arrangement of detectors for the scattering experiment is shown in Fig. 1. The main constituent of
the setup was the hydrogen-filled ionization chamber IKAR at a pressure of 10 bar, which served
simultaneously as a gas target and a recoil proton detector. The recoil protons were registered in IKAR in
coincidence with the scattering projectiles. The momentum transfer could be determined either from the
measured energy of the recoil protons or from the value of the scattering angle ©, of the projectiles which
was measured by a tracking detector consisting of 2 pairs of two-dimensional multiwire proportional
chambers (PC1-PC2 and PC3-PC4), arranged upstream and downstream with respect to IKAR. A set of
scintillation counters (S1, S2 and S3) were used for triggering and identification of the beam particles via
time-of-flight and dFEdx measurements, and a circular-aperture scintillator VETO was used to select
projectiles that entered IKAR within an area of 2 cm in diameter around the central axis. In the experiment
with the secondary beams of the lithium isotopes, the experimental setup was supplemented with a magnetic-
rigidity analysis of the scattered particles (with the help of a dedicated dipole magnet ALADIN and a
scintillator wall behind it) for the reliable separation of the projectile break-up channels. The quality of the
isotope separation achieved is demonstrated in Fig. 2 for the case of the ''Li scattered beam, where the
ejectile horizontal plane X-coordinate measured at the scintillator wall is plotted vs the horizontal plane
scattering angle @), for the Li isotopes, these measurements being performed in coincidence with the IKAR
signals corresponding to scattering events. It is seen that the projectile breakup channels could easily be
discriminated.

SCINTILLATOR
WALL

DIPOLE MAGNET
ALADIN

"Li beam

Fig. 1. Schematic view of the experimental setup for small-angle proton elastic scattering on exotic nuclei in the inverse kinematics.
The central part shows the hydrogen-filled ionization chamber IKAR, which serves simultaneously as gas target and detector system
for recoil protons. In six independent sections of this detector the recoil energy 7%, the recoil angle G and the vertex point Z, are
determined. The forward spectrometer consisting of four multi-wire proportional chambers PC1-PC4 determines the scattering angle
O of the projectile. The scintillation counters S1-S3 and VETO are used for beam identification and triggering. The dipole magnet
ALADIN with a position-sensitive scintillator wall behind allows to identify the scattered beam particle and to discriminate breakup
channels
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The absolute differential cross section do/dt is determined from the relation

do dN

- (1)
dt dt-Mn-AL

Here, dN is the event rate of elastic pHe or pLi scattering in the interval dt of the four-momentum transfer
squared, and M is the corresponding rate of beam particles hitting the target. The quantity # is the density of
the target nuclei known from the measured H, gas pressure and temperature, and AL denotes the effective
target length. The differential cross section for proton scattering at the energy of E,= 0.7 GeV from the
*68He and **”'"Li nuclei were measured in the ¢-range of 0.002 (GeV/c)* < |f| < 0.05 (GeV/c)* (Fig. 3). The
systematic error of the cross section normalization was ~3%, while the uncertainty in the #-scale calibration
was about 1.5%.
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Fig. 3. Absolute differential cross sections dofdt vs the four momentum transfer squared ¢ for p*He, p°He, and p®He (left side), and
PLi, p°Li, and p''Li (right side) elastic scattering measured in the present experiment (full dots). For p*He scattering, the open dots
show the data of Ref. [5]. Plotted lines are obtained by calculations using the Glauber multiple scattering theory
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The measurement of dovdt for p*He scattering was carried out for the main purpose of providing a
reference to the known precise data of the IKAR experiment [5] performed in the direct kinematics. Good
agreement between both sets of data (see Fig. 3) gives confidence to the novel experimental approach
applied in this work.

For establishing the nuclear density distributions from the measured cross sections, the Glauber multiple
scattering theory was applied. Calculations were performed using the basic Glauber formalism for proton-
nucleus elastic scattering and taking experimental data on the elementary proton-proton and proton-neutron
scattering amplitudes as input. In the analysis, four parameterizations for phenomenological nuclear density
distributions have been applied, labeled as SF (symmetrized Fermi), GH (Gaussian-halo), GG (Gaussian-
Gaussian) and GO (Gaussian-oscillator). Each of these parameterizations has two free parameters. While the
SF and GH parameterizations do not make any difference between the neutron and proton distributions, the
GG and GO parameterizations assume that the nuclei consist of core nucleons and valence nucleons with
different spatial distributions. The core distribution is assumed to be a Gaussian one in both the GG and GO
parameterizations. The valence nucleon density is described by a Gaussian or a 1p shell harmonic oscillator-
type distribution within the GG or GO parameterizations, respectively. The free parameters in the GG and
GO parameterizations are the r.m.s. radii R, and R, of the core and valence nucleon distributions. It was
assumed that the considered nuclei have one (°Li), two (°He, °Li, °Li, ''Li) or four (*He) valence nucleons.
The free parameters of the model density distributions have been deduced by fitting the calculated cross
sections to the experimental ones in the #-range covered by the experiment. For p*He scattering, the data of
this experiment and those of Ref. [5], measured in a wider #-interval, were analyzed together.

3. Results on the matter density distribution and radii

The solid curves in Fig. 3 represent the results of the calculations performed using phenomenological
density distributions with fitted parameters. At very small values of [¢], the steep rise of the cross sections with
|| decreasing is due to the Coulomb scattering. As for the cross sections at larger values of || (at
lt| > 0.005 (GeV/c)* where the contribution from the Coulomb scattering is small), at first glance the
measured cross sections plotted in the logarithmic scale look like straight lines, that is the cross sections
seem to have an exponential #-dependence. However, at closer examination it is possible to see that the
t-dependence of the cross sections at 0.005 (GeV/c)® < |f| < 0.05 (GeV/c)® in the cases of p*He and p*’Li
scattering is indeed very close to the exponential one, whereas the shape of the cross sections in the cases of
p®**He and p®''Li scattering deviates noticeably from the exponential form. This deviation can be seen if one
plots the cross sections divided by exponential functions. Such a plot is presented in Fig. 4. It is seen that the
p''Li, p°He, p*He and p°Li cross sections are not consistent with the exponential form, that can be explained
by the fact that the contributions to the cross section of proton scattering from the core and from the halo of
these nuclei have different angular dependences, the contribution of scattering from the halo decreasing with
|f| increase faster than that from the core. The fact that halo nuclei demonstrate positive curvature in log
(do/dt) was supported by simulation calculations [2, 4] for the cases of °He and ''Li.

The parameterizations SF and GH applied for “He allowed us to describe the data equally well and have
yielded identical values of the matter radius. The experimental differential cross sections for the case of *He,
SLi, ®He, ®Li, and °Li are well described with the four density parameterizations used, the reduced value of x2
being around unity. For these nuclei, the matter density distributions obtained with the GG and GO
parameterizations are very similar to those obtained with the SF and GH parameterizations, the deduced
r.m.s. matter radii being practically the same for the four versions of the analysis. All versions of the analysis
also resemble each other in reproducing extended matter distributions in “He and ®He, the matter density
decreasing with the radial distance r increase much slower than that for ‘He.

A simple geometrical classification scheme has been suggested by theorists, where the ratio of the valence
nucleon to core nucleon radii K= R, /R, is used as a gauge for the halo. For light neutron-rich nuclei close to the
valley of Bstability theory predicts typically x~ 1.20-1.25, while for halo nuclei this values can be essentially
larger, up to x>2. Fig. 5 shows for the case of p''Li scattering the value of 7, which serves as a quantitative
criterion for the quality of the theoretical description of experimental data, the fitted cross sections being
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calculated with different values of the assumed ratio R,/R. of the halo (R;) and core (R.) r.m.s. radii. It is seen that
good data description is achieved only in the case when the halo radius is significantly larger than that of the core,
the fitted value of R,/R. being 2.46 (17). This figure demonstrates high sensitivity of the proton scattering cross
sections at small momentum transfers to the halo structure of exotic nuclei.

14 +
12 +
10 +
£ L4t o
hot S
g 12} o
S (@)
O ~
~ 10 r =
g 5
g E
LWL
lf 0 o B 44 2 ¥
14 | : :
12 +
11, -
Li
10 - o *
1t s e -
0.8 I I I I I
0 0.01 0.02 0.03 0.04 0.05

001 002 003 004 005
—t, (GeVic) -t, (GeVlc)?

Fig. 4. Measured differential cross sections for He and Li isotopes divided by an exponent. The positive curvature in log(do/df) is a
fingerprint of isotopes with an extended density distribution. The ''Li nucleus with the largest halo shows the most pronounced
positive curvature
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It should be noted that the data on small-angle proton scattering have low sensitivity to a possible
contribution of long halo density tails, which are predicted by theory for nuclei with low binding energy.
Taking such tails from theory may increase the deduced radii by 0.1-0.2 fm in the case of ®°He and *He [2]
and by ~0.3 fm in the case of ''Li [4].
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The results obtained for helium and lithium isotopes in this experiment are presented in Table 1. This
table presents the r.m.s. radii R,,, R., and R, of the matter, core and valence nucleon distributions, and the
ratio k¥ = R,/R. deduced from the data. It is seen that the matter radii of the 6He, 8He and ''Li nuclei are
significantly larger that those of the lighter He and Li isotopes. In the case of *He and °Li, which are the
N = Z nuclei, the matter density distributions and radii determined from the data on proton scattering are in
good agreement with the proton distributions deduced from the known data on electron scattering. The *Li
and °Linuclei do not have noticeable signatures of the halo-like structure. However ®He, *He and ''Li exhibit

a halo-like structure, the ''Li nucleus having the most pronounced halo.

Table 1
Summary of the results obtained for helium and lithium isotopes in the present experiment. The values R,,, R. and R, denote the r.m.s.
radii of the matter, core and valence nucleon(s) distributions, « is the ratio R,/R.. As mentioned in the text, R,, (and R,) for *He, *He
and "'Li are deduced taking into account long density tails predicted by theory at the nuclear far periphery

\ Nucleus \ R,, fm \ R., fm R,, fm ‘ K=R,/R, ‘

‘He 1.49 (3) - - -

He 2.45 (10) 1.88 (12) 3.31(28) 1.76
*He 2.53 (8) 1.55 (15) 3.22(14) 2.08
SLi 2.44 (7) 2.11(17) 3.00 (34) 1.42
*Li 2.50 (6) 2.48 (7) 2.58 (48) 1.03
°Li 2.44 (6) 2.20 (6) 3.12 (28) 1.41
ML 3.71 (20) 2.53(3) 6.85 (58) 2.71

The matter distributions deduced for *Li and °Li turn out be quite similar to each other (Fig. 6). Within
the quoted errors the matter radii of *Li and °Li are equal to that of °Li. This means that *Li and especially
°Li are more dense nuclei than °Li, the latter being considered to have an o+ d spatial structure.
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Fig. 6. Nuclear matter density distributions in 8Li and °Li deduced from the present data. Solid, dashed, dotted and dash-dotted lines
correspond to the densities obtained using the SF, GH, GG and GO density distribution parameterizations, respectively. The shaded
areas represent the envelopes of the density variation within the model parameterizations applied, superimposed by the statistical
errors. The nuclear density distributions are normalized to the total number of nucleons
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Figure 7 shows the core and total matter density distributions derived for ''Li and *He using phenomeno-
logical density distributions. It is seen that while in the case of *He it might be still questionable whether the
valence neutron distribution should be called halo or skin, the observed extended valence neutron distribution
in ''Li at the nuclear far periphery is decidedly an outstanding neutron halo.
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Fig. 7. (a) Nuclear core and total matter density distributions in ''Li deduced from the present data using the GG and GO density
distribution parameterizations. (b) Similar distributions in *He. The shaded areas represent the envelopes of the matter and core
density variations within the model parameterizations applied, superimposed by the statistical errors

Recent precise measurements of the charge radii by the laser spectroscopy for “He and **''Li permit to
extract the r.m.s. radii R, of proton distributions (see Table 2). Combining these values and the value of R,
deduced from the data on proton elastic scattering, it is easy to obtain the radii of the neutron distributions R,
of these nuclei. The thickness of the neutron skin J,,= R,—R, can also be determined (Table 2).

In the experiment on the Coulomb dissociation of °He performed recently at GSI, new information on
the structure of the ground state wave function was obtained. It was found that the mean square distance

between the center-of-mass (CM) of the *He system and that of the a-particle core is R2M= 1.12 (13) fm,
while the distance between the CM of the *He system and that of the two halo neutrons is ch’zlw =2.24 (26)

fm. Combining these values with the radii from Table 2 it is possible to find for “He the radius of the proton
distribution in the core center R; =[R i -(R ZM y*1"*=1.55 (10) fm and the radius of the di-neutron cluster

R, =[R;— (RSM)]"* =2.45 (48) fm. The determined size of the di-neutron cluster (or the distance between

the two neutrons R,,=2 R, ) denotes a weak attractive correlation between the halo neutrons. It means that
the di-neutron configuration of halo neutrons in °He predominates over cigar-like configuration [6].

Table 2
Neutron radii R, and neutron skin thicknesses 6,,= R,— R,, derived from matter radii R,, (present experiment) and proton radii R,
(laser spectroscopy experiments)

| Nucleus | R,, fm ‘ R,, fm R,, fm ‘ d,, fm |
He 2.45 (10) 1.91 (2) 2.68 (13) 0.77 (13)
*Li 2.50 (6) 2.16 (3) 2.68 (9) 0.52 (10)
°Li 2.44 (6) 2.09 (4) 2.60 (8) 0.51 (9)
i 3.71 (20) 2.37 (4) 4.10 (25) 1.73 (25)
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4. Conclusion

A new method to study the nuclear spatial structure of exotic nuclei by small-angle proton elastic
scattering in the inverse kinematics has been proposed and developed at PNPI. The positive curvature in log
do/dt at small momentum transfers can be used as a qualitative indication of a possible halo existence. The
method also permits to obtain from the data the matter, core and valence nucleon r.m.s. radii. The ratio of the
valence nucleon to core nucleon radii gives a parameter for the quantitative measure for the halo structure.

Successful measurements of p‘He, p°He, p*He, p°Li, p°Li, p’Li, and p''Li elastic scattering were
performed at an energy of 0.7 GeV/u at GSI, Darmstadt. Absolute differential cross sections were obtained
with the experimental setup where the main constituent was an active target-recoil detector IKAR. The
obtained results clearly demonstrate the halo structure of °He, *He and ''Li, the most prominent halo being
observed for ''Li.

New measurements with the same experimental techniques were performed on B and Be ion beams at
GSI in 2005 and 2006. Small-angle proton elastic scattering from the Be, ’Be, '’Be, ''Be, '“Be, “Be and *B
nuclei was studied. The most interesting among these nuclei are *B, for which the proton halo existence is
expected, and ''Be and '*Be, for which significant neutron halos are expected. An analysis of the
experimental data is in progress.

The data presented in this article have been measured and analyzed by the IKAR Collaboration:

G.D. Alkhazov, M.N. Andronenko, A.V. Dobrovolsky, G.E. Gavrilov, A.V. Khanzadeev, G.A. Korolev,
A.A. Lobodenko, D.M. Seliverstov, N.A. Timofeev, A. A.Vorobyov, V.I .Yatsoura (PNPI, Gatchina),

A. Baucher, P. Egelhof, S. Fritz, H. Geissel, C. Gross, H. Irnich, G. Kraus, G. Miinzenberg, S. R .Neumaier,
T. Schifer, C. Scheidenberg, W. Schwab, T. Suzuki (GSI, Darmstadt), M. Mutterer (IKP TU, Darmstadt).
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INVESTIGATION OF NUCLEAR MEDIUM EFFECT ON CHARACTERISTICS
OF PROTON-PROTON SCATTERING AT 1 GeV

0.V. Miklukho, S.L. Belostotski, K. Hatanaka'), A.Yu. Kisselev,
T. Noro?, H. Sakaguchi®

) Research Center for Nuclear Physics, Osaka University, Ibaraki, Japan
2) Department of Physics, Kyushu University, Fukuoka, Japan
3) Department of Physucs, Kyoto University, Kyoto, Japan

1. Introduction

The modification of basic properties of nucleons and mesons in nuclear fields is one of the most
interesting current topics in nuclear and hadron physics. It has been predicted in the framework
of quantum chromodynamics that nucleon and meson masses are modified as a result of the partial
restoration of chiral symmetry in nuclear media. From a different point of view, it has been con-
jectured that a nucleon Dirac spinor is modified in nuclear matter due to the large scalar potential
in the framework of quantum hadrodynamics. This modification, a lower-component enhancement
of the Dirac spinor, is also expressed as a decrease of nucleon masses in a nuclear field. Because
nucleon-nucleon (NN) interactions are described as meson exchange forces between mucleons, it is
expected that such medium effects at the hadron level cause the modification of NN interactions that
is detectable with some nuclear reactions.

Intensive efforts have been continued to study NN interactions in the nuclear field and to in-
vestigate the effects of possible modification of hadron properties. In the study of nucleon elastic
scattering, significant success has been realized with the relativistic impulse approximation, in which
a modification of the Dirac spinor is implicitly taken into account. The effect of meson-mass modi-
fication on proton-nucleus scattering has been investigated by Brown et al., and they found that the
theoretical prediction is improved when this effect is taken into account. Recently, Sakaguchi et al.
[1] studied this effect experimentally and concluded that modifications of the coupling constants and
meson masses in the VN interaction are necessary in order to obtain predictions consistent with their
experimental data in the case that the relativistic impulse approximation is employed.

Another type of nuclear reaction suitable for studying in-medium NN interactions is nucleon
quasifree scattering which is, in a simple picture, N N scattering in nuclear field. It was first pointed out
clearly by Horowitz that the analyzing power A, values measured at LAMPF in inclusive experiment
are smaller than those predicted using the free NN interaction. It has been suggested that this
decrease in A, is a signature of the relativistic effect mentioned above. This decrease has also been
found to be much more distinct for a (p,2p) reaction corresponding to proton knockout from the
S-shell of °0 target in a TRIUMF experiment with incident energy of 500 MeV. Maxwell and Cooper
analyzed these data with a relativistic distorted wave impulse approximation (RDWIA) formalism
that includes both dynamic and kinematical recoil effects. Although their formalism exactly includes
the relativistic effect, the calculated A, values for knockout from the S-shell and the experimental data
are in significant disagreement yet. They also found that the elimination of the spin-orbit parts of the
Schrodinger phase-equivalent distortion potential gives moderate outgoing-proton energy dependence
of the calculated A, for knockout from S-shell, which is closer to the experimental data. On the other
hand, Krein et al. have investigated the effects of modifications of meson masses and coupling constants
on NN interactions in nuclear field. They have found that the effective polarizations of the target
nucleons derived from TRIUMF data for %O(p,2p) reactions at proton energy of 200 MeV leading
to 3/2P and 1/2P hole states can be consistently accounted for if such modified NN interactions are
employed.
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The (p,2p) experiments have been made for several types of target nuclei at RCNP at proton
energy of 392 MeV [2]. As in the case of the TRIUMF data mentioned above, the A, data for
knockout of protons from the S-shells of nuclei were found to be smaller than those estimated by using
NN interactions in free space. In addition, it was found that the decreasing rates are significantly
target dependent. There was defined an effective mean density that provides a good measure of the
sensitivity of (p,2p) reaction to the density-dependent term of NN interactions and showed that the
observed decrease of A, depends monotonically on the mean density. It has also been shown that
this density-dependent reduction can not be accounted for by a medium effect in the nonrelativistic
framework, which is inclusion of the Pauli-blocking effect [3]. In a recent paper, Miller et al. compared
the TRIUMF data with results of ”the best available DWIA reaction models”. They concluded that
the existing density-dependent NN interactions are not adequate for nucleon knockout reactions and
the possibility of a more interesting mechanism, such as a hadron level medium effect, is implied.

At PNPI the polarization P of both secondary protons from the (p,2p) reaction with the Li
nucleus has been measured at proton energy of 1 GeV. The reduction of the measured polarizations
of both protons in comparison with the polarization in the free elastic proton-proton scattering was
observed, a value of the reduction being especially significant for the reaction with the S-shell protons
[4]. It has also been shown that this effect can not be related to depolarization of the secondary
protons due to proton-nucleon rescatterings in nucler matter, since the values of the reduction for
these protons, which had essentially different energies, are close to each other.

In this paper, we present new results obtained in joint PNPI-RCNP (p, 2p) experiment at 1 GeV.

The main goal of the experiment is to investigate the target dependence of the polarization in the
(p, 2p) reactions with the unmoved S-shell protons of nuclei *He, ®Li, ?C and *°Ca at 1 GeV, which is
an essentially higher energy than those at TRIUMF and RCNP. To study the nuclear medium effect
comprehensively, we have measured the angular distribution of the polarization for 12C and °Li targets
for an angular range where energies of secondary protons change considerably and for *He target for
an angular range where a value of residual nucleus momentum Kp changes from 0 to 150 MeV/c.
These angular distributions permit to control contributions from so called multistep processes which
are believed to vary significantly with kinematical conditions of the (p, 2p) experiment. These angular
distributions give the polarizations for a more wide range of the recoil momentum values compared
with the scale of typical meson-mass values in the meson exchange model of the NN interaction and
can be used for the examination of theoretical models that predict modification of the in-medium NN
interaction, which may be related to medium effects at the hadron level.

2. Experimental method

The experimental method is described in details in Refs. [5-7]. The (p,2p) experiment was per-
formed at non-symmetric scattering angles ©; = 13.2°-26.1°, ©9 = 53.1°-64.0° of the final protons
under the conditions of a practically coplanar quasi-free scattering geometry and a complete recon-
struction of the reaction kinematics.

External proton beam of the PNPI synchrocyclotron was focused onto a target of two-arm spec-
trometer (the magnetic spectrometers MAP and NES). The solid targets from CHs, 6Li, 12C, 4°Ca
and liquid helium (*He) target [8] were used in present experiment.

The polarizations of secondary protons from the (p,2p) reaction P; and P, were measured by
polarimeters located in the region of focal planes of spectrometers MAP and NES.

In measurements of the target dependence of polarization, the recoil spectrometer NES was in-
stalled at a fixed angle of around ®9 = 53.3°. The momentum settings of the spectrometers NES
and MAP and an angular position ©; of the latter for each target corresponded to kinematics of
the (p,2p) reaction with the 1S-shell proton (with the 2S-shell proton for the *°Ca target) in which
the nuclear proton momentum K (I? = K r) has a value close to zero. This is the condition for
which the cross section for the S-shell knockout is maximal and the reaction mechanism is expected
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to be the simplest. At this kinematical condition, the dependences of polarization for 5Li and 2C
targets as functions of an angular position of the NES spectrometer in the range of ©9 from 53.3° to
63.9° were measured. In the case of *He nucleus, the dependence of polarization as a function of an
angular position of the MAP spectrometer in the range of ©; = 24.21°-18.0° was measured, angle ©9
(53.22°) and momentum settings of both spectrometers being fixed. In this angular range, a value of
the residual nucleus momentum Kp changes from 0 to 150 MeV /c.

The proton separation energy spectra for solid targets, presented in Fig. 1, allow to estimate the
experimental energy resolution in this work.
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Fig. 1. Proton separation energy spectra for pp scattering and (p, 2p) reactions. The shaded areas were used
for data analysis

3. Experimental results

In Figs. 2-5 the results of present (p,2p) experiment are compared with various theoretical calcu-
lations. The experimental free elastic pp scattering points are also shown in these Figures with the
open and closed square (or triangle) points for the scattered forward and recoil protons, respectively.

In Fig. 2 the polarizations P; and P» of secondary protons from the (p,2p) reactions with S-shell
protons of the nuclei investigated are plotted wversus the effective mean nuclear density p (given in
units of the saturation nuclear density py ~ 0.19 fm—3) and the average binding energy E, of the
S-shell protons. These experimental data were obtained in the kinematical conditions in which the
nuclear S-shell proton before the interaction had the momentum close to zero and the momentum
q, transferred to a nucleus, depended weakly on the type of nuclear target. The actual calculation
of the effective mean nuclear density, which is determined by absorptions of the incident and both
outgoing protons, was carried out following a procedure described in Ref. [2] using the computer code
THREEDEE.
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Fig. 2. Target dependence of the polarization data for pp scattering and (p, 2p) reactions. The polarizations
of forward and recoil outgoing protons are denoted by P, and Ps, respectively. The data points are plotted
as functions of the effective mean nuclear density p and the average binding energy E; of the S-shell protons.
The dashed curve and the solid curve represent results of the DWIA and PWIA calculations with the NN
interaction in free space, respectively. The dotted curve is the DWIA result in which the relativistic effect is
taken into account in a Schrodinger-equivalent form

Figures 3-4 display the angular dependences of the polarization for the 2C(p,2p) reaction and
free elastic pp scattering, and for the Li(p, 2p) reaction, respectively. The data corresponding to NES
angle in the range of ®y = 53.1°-64.0° are plotted as functions of the momentum ¢ transferred to
a nucleus. These dependences were also obtained at zero values of the momentum of nuclear proton
before the interaction. In this case the ¢ is equal to the momentum K5 of the recoil proton scattered
to the NES spectrometer.

In Fig. 5 the polarization in the reaction “He(p,2p)3H is presented as a function of the MAP
angle in the range of ©1 = 24.21°-18°. The NES angle (02 = 53.22°) and the momentum settings of
both spectrometers were fixed in these measurements, the momentum of a nuclear proton before the
interaction being zero at the angular position of the MAP spectrometer of ©1 = 24.21°.

For free elastic pp scattering, the polarization of forward outgoing protons P; should be the same
as that of backward (recoil) outgoing protons P,. As seen in Fig. 3, at each value of ¢ considered
the measured values of P, and P» for elastic pp scattering are equal within the statistical errors of
0.01-0.02. Moreover, these data are consistent with the result of a phase shift analysis, that is
represented by the dot-dashed curve in Fig. 3. The agreement found between these results indicates
that the effective analyzing power of the both polarimeters is sufficient and that systematic errors are
not dominant.
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P, and P, are the polarizations of forward and recoil outgoing protons, respectively. The data are plotted as
functions of the momentum ¢ transferred to the nucleus. The solid curve is the PWIA result

4. Comparison with theoretical predictions and discussion

In this section, first the experimental data are compared with the results of calculations in the
framework of nonrelativistic plane wave impulse approximation PWIA [6] (solid curves in Figs. 2-5)
and distorted wave impulse approximation DWIA employing an on-shell factorized approximation.
The dashed curves, corresponding DWIA, represent the results of the calculations for nuclei 5Li, '2C
and *°Ca. These results were obtained using the computer code THREEDEE [5]. A global optical
potential, parametrized in the relativistic framework and converted to the Schrodinger-equivalent
form, was used to calculate the distorted waves of incident and outgoing protons, and a conventional
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Fig. 5. Angular dependence of the polarization for the (p,2p) reaction with 1S-shell protons of
the “He nucleus. P, and P, are the polarizations of forward and recoil outgoing protons, respec-
tively. The solid curve is a result the PWIA calculations in the range of the residual nucleus momentum
Kgr = 0-150 MeV/c

well-depth method was used to construct bound-state wave functions. Because the difference between
polarizations P; and P» values in the DWIA calculations was found to be small, typically smaller than
0.01 and no more than 0.02, only the P, values obtained from DWTIA are plotted in these Figures.
As seen in Figs. 2-3, the difference between the PWIA and DWIA results is quite small. This result
suggests that the distortion, in a conventional nonrelativistic framework, does not play an essential
role in the polarization for the kinematical conditions employed in the present work. The observed
experimental fact that the polarizations in both spectrometer arms are close to each other speaks also
that depolarization effect (distortion), due to proton-nucleon rescattering in nuclear matter, is small.
The final energy prescription was used for the impulse approximation (TA) calculations. It was found
that the difference between the initial and final prescriptions was small in the kinematics investigated.
The strong positive slope of the polarizations predicted by these calculations in Fig. 2 is caused by
the kinematical effects of the binding energy of the struck proton.

The difference between the polarization values from the TA calculations and the measured values,
both of P; and P, for all nuclei investigated excluding the *He nucleus are monotonically increasing
functions of the effective mean nuclear density. This result is similar to the corresponding result
obtained at 392 MeV [2] with regard to the analyzing power, and it provides the further evidence
that there exists a medium effect. As seen in Figs. 3-4, a value of the difference for the reactions
12C(p, 2p) and ®Li(p, 2p) is essentially constant over the entire range of the momentum ¢ transferred
to the nucleus, where the effective mean density for each nucleus is also almost constant. Note here
that there is a systematic difference between the P; and P» values, though they have the same value in
the case of free elastic pp scattering, as it was mentioned above. Possible origins of the finite difference
between these values include nonrelativistic and relativistic distortions (though the former is excluded
if the present DWIA calculations are valid), multistep processes (contributions, for instance, from
(p,2pN) reactions), and even a nontrivial modification of nucleons in the nuclear field. However, the
differences are within twice of the magnitude of the statistical errors and are considerably smaller than
the differences between either dataset and the results of the TA calculations.

In Figs. 2-3, the polarizations P; and P, observed in the (p,2p) experiment with the nuclei °Li,
12C and °Ca are also compared with a theoretical result (the dotted curve) obtained in the framework
of the Horowitz and Igbal relativistic treatment of proton nucleus scattering [5]. In this approach a
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modified NN interaction in nuclear medium is assumed due to the effective nucleon mass (smaller
than the free mass) which affects the Dirac spinors used in the calculations of the NN scattering
matrix. A linear dependence of the effective mass of nucleons on the nuclear density was assumed
in the calculations. As seen in Figures, the discrepancy between the predictions obtained with the
in-medium NN interaction and the experimental values is roughly half as large as that between the
predictions obtained with the free NN interaction and the experimental values. The result is also
similar to that found at 392 MeV in RCNP for the analyzing power A, and thus it implies that
the same kinds of mechanism causes the density-dependent modification of these observables at both
energies. It is also to be emphasized that this relativictic approximation gives an almost constant
reduction rate in Fig. 3, where the effective mean nuclear density is practically the same.

Another possible medium effect is the modifications of exchanged meson masses and meson-nucleon
coupling constants in the NN interaction. Krein et al. have shown in the relativistic Love-Franey
model (RLF) that these modifications cause significant changes in spin observables which include
suppression of A,. Because parameter values for the RLF model valid in the 1 GeV region are not
known yet, such a calculation is not presented in this paper, but this medium effect is expected to
lead also to smaller predicted values of polarization P.

As seen in Fig. 2, the *He nucleus breaks the correlation observed for other nuclei between a value
of the polarization reduction measured in comparison with the polarization obtained in the IA and a
value of the effective mean nuclear density 5. This reduction in the case of the *He nucleus having the
largest value of the p is close to that for the 6Li nucleus and is small in comparison with that for the
12C nucleus. The p for the *He nucleus was calculated as well as for other, more heavy, nuclei following
a procedure described in Ref. [2] using the computer code THREEDEE. Note that a result of such
calculations based on the DWIA is not reliable in the case of very light nuclei as *He. Moreover, the
bound state wave function of *He generated and used in these calculations, parameters of which are
tuned to get a reasonable mean square radius (1.47 fm) of the nucleus, gives a value of the proton
separation energy Es much larger than the experimental value (= 20 MeV). However, according to
studies of elastic nucleon-nucleus scattering, the *He nucleus has the largest mean nuclear density,
only a part of which (p), having unexpectedly small value, manifests itself in a (p,2p) experiment
because of absorption effects. It is possible that in light nuclei, where nuclear matter is strongly
heterogeneous and clusterized, the p does not reflect quite properly the scale of nuclear medium
effect on hadron properties and NN interaction. The important result of the present work including
experiment with the *He nucleus (see Fig. 2) is that the polarization reduction mentioned above keeps
to be a monotonous function of the S-shell proton binding energy Es, which for light nuclei at least may
also be a measure of influence of nuclear matter on protons and, as consequence, on characteristics of
the pp interaction. In 2006 year there was carried out the (p,2p) experiment in which the polarization
of the secondary protons produced in the reaction with protons of the very deep shell (15) of the “°Ca
nucleus was measured. The experiment was aimed to identify whether a value of nuclear density or
proton separation energy determines the scale of the nuclear medium effect in heavy nuclei.

The second important significance of the (p,2p) experiment with the *He nucleus, all nucleons of
which being at 1S-state, is a possibility to see the medium effect without any contribution from the
multistep processes, which can take place when there are nucleons of outer shells as in other nuclei.
Figure 4 shows that a value of the polarization reduction for the *He nucleus does not depend on
kinimatical conditions of the (p,2p) experiment in a wide range of the residual nucleus momentum
Kpg. This also confirms that there is a medium effect related to the modification of NN scattering
matrix in nuclear field.
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5. Conclusion

The reduction of both P; and P, polarizations of the secondary protons from (p, 2p) reactions with
the S-shell protons of nuclei *He, 5Li, '?C and “°Ca in comparison with the polarization calculated
with free NN interaction in the framework of the PWIA and DWIA was observed. A value of the
reduction does not depend on kinematical conditions of the experiment and for nuclei with atomic
number A > 4 monotonically increases with the effective mean nuclear density. This indicates a
modification of the proton-proton scattering matrix in nuclear medium. The experiment with the *He
nucleus showed that the magnitude of the reduction, in light nuclei at least, is determined rather by
the mean binding energy of the S-shell proton of a nucleus than by the effective mean nuclear density.
The calculations in the relativistic approximation, in which a modification of nucleon Dirac spinor is
taken into account, reproduce only a half of magnitude of the reduction. These results are similar
to the results of the RCNP experiment in which the analyzing power for the same reactions at the
incident protons energy of 392 MeV was measured. From the fact that essentially the same reduction
rate has been observed over a wide range of incident and outgoing protons, in which contributions
of multistep processes are expected to vary significantly, it is concluded that this phenomenon does
not originate from the reaction mechanism. In order to extract a definitive conclusion regarding the
medium modification of interactions, more theoretical works are needed. The data presented here
should provide a good test for such works.
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STUDY OF ENERGY DEPENDENCE OF PROTON-INDUCED FISSION CROSS SECTIONS
FOR HEAVY NUCLEI IN THE ENERGY RANGE 200-1000 MeV

L.A. Vaishnene, V.G. Vovchenko, Yu.A. Gavrikov, [A.A. Kotov, V.V. Polyakov, M.G. Tverskoy,
O.Ya. Fedorov, Yu.A. Chestnov

The need for the information concerning fission reactions induced in heavy nuclei by intermediate energy
projectiles has been obvious. The interest in this process emerges from both fundamental and applied
problems of nuclear physics. In spite of extensive experimental efforts, the fission process of nuclei induced
by intermediate energy projectiles remains insufficiently understood in many aspects. The proposed
measurements of the energy dependence of total fission cross sections of heavy nuclei induced by
intermediate energy protons will add to our understanding of the fission process in terms of nuclear
properties of highly excited nuclei, such as temperature dependence of level density and fission barriers of
excited nuclel. For physics applications, the nuclear data are required for new energy production concepts
with the help of accelerator driven system (ADS), for nuclear waste transmutation technologies, for
accelerator and cosmic device radiation shields. All the above-mentioned problems require fission cross
section data of high accuracy and reliability. Unfortunately, most of experimental data have been obtained in
various experiments by using different methods of registration. That is why available data on the fission
cross section are dispersed in the range which exceeds the declared accuracy of measurements, not allowing
to determine reliable energy dependence of the fission cross section on proton energy. High accuracy of the
fission cross section measurements may be achieved only by the use of modern electronic methods of the
registration of the both fission fragments in coincidence together with high precision monitoring of a proton
flux on the studied target. In the present experiment the method based on the use of gas parald plate
avalanche counters for the registration of complementary fission fragments in coincidence and atelescope
of scintillation counters for direct counting of the incident protons on the target has been applied. This
method allowed us to measure the absolute proton induced fission cross sections of 2°Pu, Z’Np, 22U, #°U,
23, 22Th, Bi and ™Pb in the energy range from 200 to 1000 MeV with the step of 100 MeV, and results
on the energy dependence of total fission cross sections are presented.

The experiment has been performed at 1-GeV PNPI synchrocyclotron. Since an external proton beam of
the PNPI synchrocyclotron has afixed energy of 1 GeV, in order to obtain proton beams with energiesin the
range from 200 to 900 MeV a method of energy decrease by the beam absorption in a copper degrader was
applied [1]. The proton energy was measured by the time-of-flight method. The TOF spectra analysis
showed that 7" mesons were practically absent. The beam diameter at the target chamber location for all
proton energies did not exceed 40 mm. The beam profile was measured by a thin scintillation counter which
scanned the beam in two orthogonal directions. The beam divergence was determined by measuring the
beam profile at the chamber inlet, outlet and in its center at each proton energy variation. The beam intensity
distribution on the target was a bi-dimensional normal distribution with the FAVHM not larger than ~18 mm.

In the present experiment the fission fragment detector comprised an assembly of two identical gas
paradlel plate avalanche counters (PPAC) with the target to be studied in between. The PPAC had a high
efficiency for the fragment detection and good time characteristics (better than 300 ps time resolution for
fission fragments). The latter property, together with the PPAC insensitivity to neutrons, photons and light
charged particles with minimal energy loss in the matter, makes the PPACs extremely favorable tool for
accelerator experiments, allowing one to place them in the direct proton beam, that provides the large solid
angle for the fragment registration .

The PPAC pulse amplitude is determined both by the specific energy losses of the detected particles in
heptane and by the gas amplification value. The latter depends on the voltage value between the anode and
cathode, so the detection efficiency could be controlled by voltage choosing. By the appropriate choice of the

1 A.A. Kotov, W. Neubert, L.N. Andronenko, B.L. Gorshkov, G.G. Kovshevy, L.A. Vaishnene and M.1. Y azikov,
Nucl. Instr. Meth. 178, 55 (1980).
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voltage value one can introduce a threshold selection criterion which is especially important when detecting
the fission fragments from nuclei with ahigh level of a-activity, such as***U, *'Np and **°Pu.

Nevertheless, it is not sufficient to employ only the threshold selection criterion when using the PPAC
directly in the proton beam. In fact, the amplitude spectrum of the detected particles contains, together with
the fission fragments, a considerable contribution of low-amplitude background events. These events are
caused by various proton-induced nuclear reactions in the matter along the beam line. Such a low-energy
component is strongly suppressed after a coincidence criterion is switched on. Moreover, the anaysis of
amplitude correlations of the coinciding fragments alowed us to exclude all background events almost
thoroughly.

Thus, in our experiment we used three criteria to select the binary fission events: the threshold criterion,
the coincidences, and the criterion of the total kinetic energy of detected coincident particles (the amplitude
correlations).

The PPAC is so thin that it does not harm practically the beam characteristics when located into the
beam. For this reason several assemblies with various targets could be readily placed into the beam. This
allowed us to diminish considerably the measurement time. In the real experiment up to six assemblies were
used simultaneously. The layout of the setup including the reaction chamber with the fission event detectors
and proton monitoring system is shown in Fig. 1. The main part of the setup is a hermetic chamber with six
detector assemblies, each assembly comprising the two PPACs and the target in between.

Before entering the reaction chamber the proton beam passed three scintillation counters (S1& S2& S3),
combined via the coincidence scheme and performed direct proton counting. Just downstream of the
reaction chamber the polyethylene target (CH,),, was placed. The protons elastically scattered from this target
were detected by atwo-arm scintillation tel escope (S4& Sb& S6), which served as a secondary beam monitor.
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Fig. 1. Experimental setup: 1 - chamber filled with heptane; 2 - entrance window; 3 - PPACs,
4 —target; Sl, S2, S3, $4, S5, S6 - scintillation counters

Direct counting of the incident protons with a scintillation counter telescope was used for beam monitoring.
This method provides good monitoring accuracy only for low intensity beams, up to ~10° s*. However, for
bismuth and lead nuclei with the fissionability is about an order of magnitude lower than for actinide nuclei
one needs much higher intensity. For this reason the measurements were performed at two intensity values of
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the proton beam: ~10° s* and 10°-10’ s*. In the latter high intensity case the beam monitoring was done by
two methods: 1) by detecting the fission events from the calibration target of “®U residing in the reaction
chamber, and 2) by detecting the events of the pp scattering on the auxiliary (CH,), target with the two-arm
scintillation telescope (S4& S5& S6). Both methods were previously calibrated at low intensity (<2 x 10° s?)
with the direct monitoring telescope (S1& S2& S3). The comparison of both methods at high intensity showed
the agreement of results within ~3% at al energies from 200 to 1000 MeV. The calibration procedure for
secondary monitoring is described in detail in Ref. [2].

The target to be investigated was a thin layer of material laid by vacuum evaporation on athin 50 mm in
diameter backing foil made of alumina (Al,Os). The thickness of actinide targets, their composition and the
uniformity of the evaporated layer were determined by measuring the a-activity and energy spectra of the
a-particles. For the lead and bismuth targets the thickness of the backings and targets was determined by
measuring the energy losses of a-particles passing through the target.

So, using the methods of detection of the binary fission events and beam monitoring described in
Ref. [2] we have measured the fission cross sections for each target at nine proton energies.

The cross section cal culation procedure comprised the following steps.

1. Background subtraction after the analysis of the bi-dimensional amplitude distribution of the detected
events. The number of the background events amounted to 2—3% of the total number of the detected events.
2. Determination of the solid angle for the fission event detection for each assembly. The calculation was
done by a Monte Carlo simulation which took into account: the proton beam profile on the target; the
detection geometry for the fission fragments, their mass and energy distributions as well as the anisotropy of
fragment angular distribution in the laboratory frame due to the longitudinal momentum component of the
fissioning nucleus. The statistical accuracy of the solid angle calculations amounted to 0.1%.

3. Estimation of the undetectable portion of the fission events caused by the energy loss of the fission
fragment in the target, its backing and in the PPAC electrodes. The undetectable part of the events depended
on the target nucleus and thickness and amounted to 3—-8%.

4. Determination of the integral proton flux through the target, with the account of the scintillation telescope
efficiency and the probability of the appearance of more than one proton in a microbunch at low intensity.

5. Determination of the normalizing coefficients to calculate the proton flux at high intensity via the counting
rate of the pp-scattering monitor and the fission counting rate from the calibration target.

The measured fission cross sections for 2°Pu, #'Np, 2##>2%8 2%2Th 2°Bj and "*Pb nuclei are shown in
Table. For the most of nuclei the data presented are averaged over the results of several measurements, the
errors being determined mainly by the monitoring errors and the uncertainty in the target thickness.

The energy dependence of the fission cross sections obtained in the present experiment for the
mentioned nuclei is shown in Fig. 2. Also presented are the results of previous experiments extracted from
compilations #* as well as the JINR data on the fission of 2’Np, #°?®U, %2Th and ®Bi nuclei induced by
1000 MeV protons. In the compilation > a parameterization of all the world fission cross section data was
proposed after the critical analysis and data selection for the actinide and pre-actinide nuclei for
proton energies up to 10-30 GeV. The results of this cross section estimation are also given in Fig. 2 by
dashed lines.

As seen in Fig. 2, the energy dependence of the fission cross sections for all actinide nuclel is
characterized by common regularities demonstrating the rise of the cross sections in the energy range from
200 to ~400 MeV with the following plateau up to 1000 MeV. Such a behavior is not consistent with
estimations of compilation # (dashed lines) which predict smooth decrease of the cross sections with energy
in the range 200-1000 MeV. Our experimenta results for actinide nuclel together with the previously
available data at low energies (below 200-300 MeV) form a certain picture of the energy behavior of the
fission cross sections in the whole energy range from the threshold up to 1000 MeV. In fact, alarge body of
the dataindicates (at least for #'Np, “®U, U and “?Th nuclei) the presence of the maximum in
the energy dependence near severa tens MeV, followed by the cross section decrease up to the energy
of ~200 MeV. Then after the indistinct minimum near 200-300 MeV the cross sections rise again till

2 A.V. Prokofiev, Nucl. Instr. Meth. A 463, 557 (2002).
3 A.l. Obukhov, Particles & Nuclei 32, 319 (2001).
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~ 400 MeV reaching a plateau which continues up to the maximum energy of 1000 MeV. The change of the
energy behavior of the fission cross sections near 200 MeV resembles a characteristic minimum of the total
inelastic cross section of the proton-nucleus interaction in the same energy region.

Table
Fission cross sections, mb
E,?/Ieé \g/y, 239p) 27Np 238 235
207 1260 +126 1187+ 81 | 1352+ 68 1464 + 83
302 1339 +134 1438+ 98 | 1470+ 68 1562 + 94
404 1585 +158 1624 + 88 | 1527 +104 1626 +138
505 1613 £161 1607+ 98 | 1491+ 78 1592 +102
612 1628 +163 1647 100 | 1499 + 72 1610 +124
702 1700 +170 1674+102 | 1518+ 76 1620 +131
802 1672 £167 1629+ 88 | 1503+ 63 1571+ 90
899 1688 £168 1673 +£114 | 1490+ 63 1592 + 96
1000 1592 +159 1568+ 96 | 1489+ 64 1501 +113
Energy, 2 232 209y n
ivd By 2Th Bj P
207 1625 £162 1144 + 90 136+ 13 60.5+ 35
302 1651 £115 1200 + 91 178 + 17 84+45
404 1767 £124 1236 £ 91 20721 1106
505 1818 +123 1239+ 61 227+ 23 1185+6
612 1763 +123 1268 + 80 233+ 23 127+ 6.5
702 1798 £126 1285+ 81 235+ 23 1325+ 95
802 1778 £124 1247+ 54 229+ 23 131+ 85
899 1779 £122 1252 + 58 239+ 24 1335+ 75
1000 1745 £122 1245 + 85 235+ 23 129+ 85

The energy behavior of the cross sections for pre-actinide nuclei **Bi and "™Pb demonstrates sharp
increase in the range 200400 MeV changing gradually to plateau at higher energy, at about 500 MeV for
29Bj and ~700 MeV for "™Pb. Our data for *®Bi nuclel are in a good agreement with the previous
experiments in the energy range 200-600 MeV, while for "™Pb our data in the range 200400 MeV lie
somewhat |ower than the previous experimental results.

Theoretical calculations of fission cross sections were carried out [3, 4] in the framework of the two-step
cascade evaporation model. At the first stage of the reaction, when the mean range of the incident protonsin
the nucleus is comparable with the nucleus diameter, the interaction of the nucleon with the nucleus may be
considered as a cascade of binary collisions of the incident nucleon with separate nucleons of the initial
nucleus. During this fast stage (7 ~10%s) some part of fast nucleons leaves the nucleus taking away a
considerable part of energy. The rest of the energy is transformed into the excitation energy of the residual
nucleus which nucleon composition differs from that of the initial nucleus. So, after the cascade stage of the
reaction a residual nucleus appears with wide spectra of the nucleon composition and excitation energies,
which depend on the incident nucleon energy. At the second (slow) stage of the reaction (7 ~10°-10"s)
the highly excited nucleus either emits nucleons or undergoes the fission. The calculation of the cascade
stage of the interaction was done by us with the help of the modified version of the model of the intranuclear
cascade *, in which a Fermi-gas model of the nucleus was used with the account of the nucleon density
spread at the border of the nucleus. This version of the cascade-evaporation model was successfully used
earlier to analyze the reactions of deep disintegration and fission ® induced by 1-GeV protons. At the stage

“V.E. Bunakov, M.M. Nesterov and N.A. Tarasov, Phys. Lett B 73, 267 (1978).
® L.N. Andronenko, A.A. Kotov, M.M. Nesterov, V.F. Petrov, N.A. Tarasov, L.A. Vaishnene and W. Neubert,
Z. Phys. A 318, 97 (1984).
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Fig. 2. Energy dependences of the fission cross sections. Black circles —our data,
open circles — data from the compilation 2. Dashed line— parameterization from
the compilation 2, solid line — theoretical calculations

196



of the decay of the highly excited nucleus the fission cross section is determined mainly by the ratio of the
fission probability to the probability of the neutron emission . The probability of the neutron emission was
calculated inthe frameof the statistical theory of Weisskopf, the fission probability being considered in the
Bohr-Whedler approach. When calculating the fission cross sections, one needs, as a rule, to vary the
nuclear level density at the equilibrium deformation a, and at the saddle point of the fissioning nucleus a;, as
well as the fission barrier value B;. It was supposed that at high excitation energy nuclear shell effects in the
fission barriers may be neglected, the ratio of the level density parameters as/a, being supposed to be
independent of the excitation energy of the decaying nucleus. In our calculations the level density parameter
a, was taken to be 4/10 MeV* for all actinide nuclei and 4/16 for pre-actinide nuclei of Bi and Pb, the ratio
of the level density parameters a,/a, being equal to 1.1. The fission barriers calculated in the liquid drop
model were taken for B,. The results of the calculations are presented by solid linesin Fig. 2. It is seen that
the calculations reproduce qualitatively the general behavior of the cross sections in the range 50-1000 MeV,
with a minimum near 200300 MeV and a plateau above 400 MeV for actinide nuclei. However, our
experimental data for “°Pu and ®’Np at 200 and 300 MeV and for "™Pb at 700-1000 MeV lie considerably
lower than the calculated cross sections.

The dependences of the total fission cross sections on the parameter Z%/4 of the target nucleus are shown
in Fig. 3 at the proton energies of 207 and 1000 MeV. It is seen that the total fission cross section is an
increasing function of the Z%A4 parameter only up to **U nucleus, while for *'Np and **Pu the cross
sections are equal but lower than that for 2°U. Besides, the fission cross sections for uranium isotopesin the
whole energy range demonstrate systematically (despite considerable experimental uncertainties) the rise of
the cross section when going from U to lighter isotopes — see Fig. 4.

The isotope dependence of the fission cross sections for uranium was observed earlier in the experiments
on the fission induced by neutrons and photons ®’ of intermediate energies. The cross section values for
uranium fission induced by neutrons of 100-300 MeV energy are in a good agreement with our data in the
corresponding energy region.
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Fig. 3. Dependences of the total fission cross sections on the parameter Z%/4 of the target nucleus

® P.W. Lisowski et al., in Proceedings of the International Conference on Nuclear Data for Sciences and Technologies
(Juelich, Germany, 13 — 17 May 1991), p. 731.
" J.C. Sanabriacet al., Phys. Rev. C 61, 426 (2000).
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However, the existence of the isotope dependence of the uranium fission cross sections for higher
energies looks unexpected and strange from the point of view of the cascade evaporation model for two
reasons. First, as it was written above, the cascade stage of the proton-nucleus interaction results in the
formation of the wide isotope spectrum of the residual excited nuclei, that should lead to the "loss of the
memory" about the nucleon composition in the input channel reaction (nucleon composition of the initial
nucleus).
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Fig. 4. Fission cross sections for uranium isotopes

Second, the fission barriers B, for the uranium nuclei calculated in the liquid drop model amount to less than
10 MeV, the difference in the B, values for a series of the residual nuclei not exceeding several MeV. So the
version of the cascade evaporation model we used cannot reproduce the isotopic dependence of the fission
cross sections for uranium nuclei.

The analysis of the dependence of the total fission cross sections on the parameter Z°/A4 of the actinide
nucleus in proton energy region of 200-1000 MeV shows that decreasing uranium mass number on one
neutron or proton is accompanied by changing the fission cross section by ~3%. The fission cross sections
increase or decrease proportionally to the parameter Z%/4 (Fig. 5).
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Fig. 5. Dependences of the fission cross sections on the parameter Z%/4 for various energies
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To resume, we can formulate a summary.

For the first time in one and the same experimental technique the cross sections of proton-induced fission
for "™Pb, 2°Bi, #*Th, U, #°U, U, *'Np and *’Pu nuclei have been measured in the wide energy range
from 200 to 1000 MeV. The analysis of the results and comparison with the previous experimental data
allows one to come to the following conclusions.

The cross sections for al actinide nuclei have similar energy dependences characterized by the rise of the
cross sections in the range from 200 to ~400 MeV followed by a plateau which continues up to at least
1000 MeV.

For pre-actinide nuclei Bi and Pb the increase of the cross sections for energies above 200 MeV isfaster.
The rise then changes to a plateau which begins at ~500 MeV for *®Bi and at ~600 MeV for ™Pb and
continuestill 1000 MeV.

The calculations of the fission cross sections in the framework of the cascade evaporation model allow
one to reproduce qualitatively the cross section behavior.

The data for uranium isotopes in the whole energy range demonstrate the systematic rise (despite
considerable experimental uncertainties) of the cross section when going from *2U to lighter isotopes.

The total fission cross section in the saturation region (at the proton energy of 1000 MeV) is an
increasing function of the Z%4 parameter only up to **U nucleus, while the cross section values for *'Np
and “°Pu are approximately equal to the cross section for 2°U.

References

1. N.K. Abrossimov, V.G. Vovchenko, V.A. Eliseev, E.M. Ivanov, Yu.T. Mironov, G.A Riabov,
M.G. Tverskoy and Y u.A. Chestnov, Preprint PNPI-2525, Gatchina, 2003. 31 p.

2. V.G. Vovchenko, L.A. Vaishnene, Yu.A. Gavrikov, A.A. Kotov, V.I. Murzin, V.V. Poliakov, S.I. Trush,
O.Ya Fedorov, Yu.A. Chestnov, AV. Shvedchikov and A.l. Shchetkovski, Preprint PNPI-2532, Gatchina,
2003.

3. A.A. Kotov, L.A. Vaishnene V.G. Vovchenko, Yu.A. Gavrikov, A.Y u. Doroshenko, V.l. Murzin,

V.V. Poliakov, M.G. Tverskoy, O.Ya. Fedorov, T. Fukahori, Yu.A. Chestnov and A.l. Shchetkovski,
Izvestiya RAN, ser. fiz., 70, 1602 (2006).

4. A.A. Kotov, L.A. Vaishnene, V.G. Vovchenko, Yu.A. Gavrikov, V.V. Poliakov, M.G. Tverskoy,
O.Ya Fedorov, Yu.A. Chesthov, A.l .Shchetkovskiy, A.V. Shvedchikov, A.Y u. Doroshenko and
T. Fukahori, Phys. Rev. C 74, 034605 (2006).

199



MECHANISMS OF NUCLEAR DISINTEGRATIONS INDUCED
BY RELATIVISTIC PROJECTILES

B.L. Gorshkov, , V.R. Reznik, G.E. Solyakin

1. Introduction

During the time of 2001-2006 years investigations on the fission and multifragmentation induced by
relativistic projectiles remained at the focus of experimental activity of many world accelerator centers.
These both nuclear disintegrations as yet were treated in the frames of two distinct models, the first as a
division of a nuclear drop and the second as a decomposition representing the specific nuclear liquid-fog
phase transition. Meanwhile binary fission fragments very often were accompanied by large nucleon losses
what was a reason for lower fragment masses. Such fission fragments might be attributed to the category of
intermediate mass fragments (IMF) which is an important signature of the multifragmentation. Thusthere are
some common features of two processes in spite of the fact that the binary fission is possible at a low
excitation energy and can take place even spontaneously, while the multifragmentation requires high
excitation. Our intention is to make an attempt to connect the fission and multifragmentation by the
introduction of the intermediate process of collinear three-body disintegration which was the main goal of
experimental studiesin 2001-2006.

Though the detection of two massive fragments which separate collinearly seems to confirm
unambiguoudly the two-body character of the nuclear fission reaction, it is clear, however, that this
experimental result is a necessary but not a sufficient sign of the two-body kinematics. To be consistent with
experimental observation of the two collinear fragments, one could consider a more general case, when the
classical liquid drop was fissioning into three fragments, the third fragment remaining at rest. The nuclear
fission reaction should be written then as

Wz, z 42, )
where M, and Z, are the mass numbers and the electric charges of theinitial fissioning nucleus and of three
fragments. The conservation of the mass and of the charge leads to

|v|0=23“|\/|i and zozizi. @)
i=1

i=1

The fragment M3Zg, being located between the two others, will not move, if the two repulsive forces from its

partners are equal. The detected fragments MlZl and M222 in this case will separate from each other in the

collinear geometry. This generalization of the nuclear fission concept implies the binary process as aresult of
the ultimate disintegration of the binary configuration which isonly alimit of previous successive three-body
configurations. Then three-body disintegrations would take place at the earlier stages of the nuclear
deformation of the fissioning nucleus. If the collinear three-body configuration loses its unstable equilibrium,
a coplanar disintegration will be seen in the experiment. Thus coplanar three-body disintegrations have their
origin from the collinear three-body nuclear configurations. A certain part of disintegrations could preserve
their primary collinearity. It goes without saying that the concept of the collinear three-body disintegration
needs its experimental verification.

2. Nuclear fission experimental studies beyond two-body kinematics
Experimental studies of the nuclear fission beyond two-body kinematics were first of all performed with
28 target nuclei irradiated by 1 GeV protons. Using (2E, 2V)-measurement method, a comparison of

kinematics of two complementary fragments was carried out for events detected in collinear and non-
collinear geometries. Signs of collinear three-body disintegrations were observed with respect to the third
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nuclear-unstable slowly moving fragment. Further possibilities for the investigation of the collinear nuclear
three-body disintegrations at low and high excitation energies were discussed in details. Then the
experimental search for the spontaneous collinear tripartition of #°Cf nuclei gave an upper limit of
7.5 x 10°° to the probability of the binary fission process for M3> 75 u. Later studies lowered the limit for M
mass to 18+ 3 u[1].

Experiments with relativistic light projectiles could be more favorable for the search for the collinear
three-body disintegrations. The important premise for this conclusion was the observation of the momentum
compensation of the primary projectile interacting with heavy and medium-heavy nuclei. As aresult of such
interaction, a residual nucleus remains at rest in the laboratory frame [2]. The same recoil-free kinematics
was observed also in experiments where deeply bound pion states in several nuclei were detected. The first
stage of the interaction of a relativistic projectile with a target nucleus of mass M; presents itself as a

reaction
m,+M; — Mg +m, 3

on the condition that the projectile momentum is compensated by the gjectile momentum. Excitation states of
the residual nucleus with mass My receive significant energy only if the mass of the gjectile mg is larger than

the mass of the projectile m,, i.e. m; <m,[2].

In the experiment on the search for the collinear three-body disintegrations a method of (2E, 2V)-
measurements of the two complementary fragments was used at the 1 GeV proton beam of the PNPI
synchrocyclotron. A tungsten target enriched by ***W isotope of 270 ug/cm? thickness was irradiated by the

stretched in time 1 GeV proton beam with the intensity of 5x10™ s™. Two massive complementary
fragments were detected within narrow cones whose common axis was orthogonal to the proton beam
direction. The two-arm time-of-flight angle-velocity-energy correlation spectrometer (SAVEC) shown in
Fig. 1 comprises a vacuum chamber with two time-of-flight tubes. In the end of each tube at the distance of
70 cm a mosaic of eight semiconductor surface-barrier silicon detectors was located. An independent start
signal device (SSD) was placed at the fixed arm close to the target for time-of-flight measurements. The
#2Cf source was used for energy and time calibrations.

Asit follows from Fig. 1, in the experiment 8 x 8 = 64 spectrometers were used. Various combinations

of the address pairs (A, A,) of the semiconductor surface-barrier detectors were possible as a characteristic
of the average folding angle (@) between the two detected fragments. Two angular diapasons | and Il were
easily distinguished in the experiment according to Table.

Table
Collinear geometry Angular diapason | Angular diapason |1
(6) , deg. 180-177.5 176.5-172.9
Number of addresses
combinations 28 36

The first angular diapason | covers an interval of 180°-177.5° with the average value (8), =178.2°. The
second angular diapason Il covers an interval of 176.5°-172.9° with the average value (8),, =175.3°. Two

mosaics of the semiconductor surface-barrier silicon detectors in combination with the start signal device
made it possible to measure kinetic energies E and times of flight T, for both (i =1, 2) complementary

fragments. So each of the registered events has been characterized by the collection of six measured
quantities (A, E;, T;; A,, E,, T,) related to the two detected fragments.
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3. Observation of collinear three-body disintegrationsinduced in tungsten nuclei by 1 GeV protons

When kinetic energy E, and time-of-flight T. for each of the two complementary fragments are measured
simultaneously, one can determine, unlikein (2E) or in (2V) -measurement methods, their absolute masses
M, ~ E -T.? and momenta P ~ E, - T. . However, as a consequence of the enlargement of the experimental

merits of the SAVEC, there arises an unavoidable problem of background events. They have their origin
mainly from two independent sources. The first one is accidental coincidences and the second — fragment
scatterings on details of the experimental equipment. In the following analysis a useful dimensionless
parameter of the background elimination was proposed. It looks like

E -E TKE
| E1+ 2 rec=|
g E gE

rec rec

: (4)

where measured sum of two kinetic energies E; and E, is compared with the calculated recoil energy of the
disintegrating nucleus
(R+P)°

=T 2M M) X

Asarule, the background events group at low TKE and smaller values of the chosen parameter (4).

Figure 2 shows the distribution on IQE-vaI ues for al the registered experimental events with the

rec

tungsten target at the proton beam.

U|\\|F|'nrr:
3 4 5

-1 0 1 2

Ig(TKE/Erec)
Fig. 1. Scheme of the angle-velocity-energy correlation Fig. 2. Distribution of al experimentally registered events
spectrometer (SAVEC). The length of the time-of-flight base on the value of elimination criterion. The right large peak
L = 70 cm. The distance between the sources of fission is originated from disintegrations of tungsten target nuclei
fragments (proton beam targets or a source of spontaneous induced by 1 GeV protons, while the smaller left peak-
decay of 2 Cf) and the foil of the start-signal device (SSD) from random background coincidences
d=3.7cm

A portion of amost one fifth of the total statistics belonging to the left-hand part of the distribution was
eliminated from the further analysis as originated from accidental coincidences. The rest events were
considered as those from disintegrations induced in tungsten nuclei by 1 GeV protons.
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The correlated mass distribution (M, M,) for complementary fragments of these disintegrations is

shown in Fig. 3 which demonstrates the efficiency of the chosen elimination criterion. Disintegration events
from the angular digpason | are shown by stars and those from the angular diapason 11 — by full points. There
is no real difference for the correlated mass distributions between the two angular diapasons. In both cases
together with fission events, disintegrations were registered in a wide variety of nucleon losses in total mass
of two detected fragments. This means that in the experiment collinear disintegrations had various values of
£ . Thelast were calculated for each experimental event according to the expression

M,+M
— :l_ 1 2 . 6
. M, M; —(m,—m,) ©

In this formula M, is atarget nuclear mass, m,and m, are masses of alight projectile and of an gjectile
compensating projectile momentum. The value of (m,— mp) is aways positive and small with respect to

M, so hereafter the denominator in formula (6) is put equal to 182 u. The introduced ¢-value is a

significant characteristic of the third fragment in the collinear three-body reaction (1). During the time of the
nuclear disintegration reaction (1) it varies from 1 for the initial nucleus to O for the two-body configuration
of the binary fission. A certain interval of £-values close to 0 should also satisfy to the binary fission process

while the intermediate values between 0 and 1 could be inherent for the collinear three-body configuration.
The particular interval of £-valueswould be revealed in experiments with different target nuclei.

Every collinear three-body configuration possesses its own potential Coulomb energy which is
transformed into fragment kinetic energies at the latest stage of the nuclear reaction. A slowly moving third
fragment initially has to be located at the point between its partners where both repulsive forces are equal.
This condition permits to write an expression for the potential energy of the three collinearly situated
charged bodies:

= ezzg p(l—f) 1/2 -1/2y2 _ . 7
T )

In formula (7) besides above introduced values of Z, and £ aso used are e — electron charge, p=M,/M, —

mass ratio of detected fragments, and D3 — initial distance between the centers of fragment charges Z; and Z,.
In the evolution of formula (7) the equality for mass and charge ratios of all the fragments was supposed.
When £ goesto O, formula (7) transforms into awell known expression for the two-body configuration:

_ezzj P . 8
U,(p) = D, (L p) ©))

Two variables p and & represent a minimal set for the description of the nuclear collinear three-body

configuration.
The next step of the analysis is to use the equality of the potential configuration energy with the total
kinetic energy of all the fragments. From this equality one can get an independent of p parameter

€72 (1+p) E +E,+E,
M) =, = pa=d) e & p" 4 p =2} ©
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When calculating 7(£) , valuesof &, p, Eand E, are taken directly from the experimental data. The kinetic

energy of the third fragment E; can be obtained if one takes into account the momentum imbalance of the
two detected fragments

_(P+PR)’
2M,
As a rule, E, represents a smal addition to the sum E +E,. The 7(&)-values determined from

experimental events are shown by stars for the angular diapason | and by full points for the angular diapason
Il in Fig. 4 for £ up to 0.7. A few events at small negative £-values are accounted for by the finite
experimental mass resolution of the SAVEC. In the range from £ =0 up to 0.15-0.20 experimental eventsin
Fig. 4 are concentrated as a whole sample having origin from the same disintegration reaction. It is binary
nuclear fission with a certain amount of nucleon losses before and after the neck scission. Three separated
branches of events are clearly seen in the range 0.2<£<0.7. And what is of a great importance, the first
upper branch consists only of star events. Two others the second and the third branches are mixtures of stars
and points in comparable quantities. This experimental result emphasizes the importance of three-body
configurations for different kinds of deep inelastic reactions depending on the collinearity of the detected
fragments. Each of the reactions proceeds having its own three-body (p, £ and 77) parameters.
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Fig. 3. Correlated mass distribution (M, M,) for complemen- Fig. 4. Digtribution of experimental events from
tary fragments from disintegrations of tungsten target nuclei disintegrations of tungsten nuclei induced by 1 GeV
induced by 1 GeV protons. Stars are events from the angular protons in the frame [£n(&)] for the folding angular
diapason 180°-177.5° and points are events from the angular digpason 180°-177.5° marked by stars and for the
diapason 176.5°-172.9° angular diapason 176.5°-172.9° marked by points. The
meaning of variables and of a solid curve is explained in
the text

It follows from Fig. 4 that there is an angular dependence of 7 (&) -parameter. Its upper branch is
preserved only for the digpason | and achieves maximum proximity to the solid curve which represents the
electrostatic potential energy 7,(£) -parameter for the most compact configuration of collinear three
contiguous spherical bodies

-1
62202 62202 vl 1-¢ . 1/3
= = x| 1+ — 2| +2 (11)
770(5) D30 12Mé/3 ( p ) 1+ p 5
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taken at p = 1. In the expression (11) the distance D3, between the charge centers Z; and Z, was used in the
form

Dso(p1§) = Ro[(l+ plla)(%j + 2§1/?1 ' (12)

where the radius of the initial nucleusis expressed as
R, =1.2xMJ"°. (13)

Numerical value of the multiplier for the solid curve was evaluated at Z,=74and M,=182u. If one

suggests that Fig. 4 demonstrates all possible disintegration reactions induced in tungsten nuclei by 1 GeV
protons then it is convenient to distribute and to discuss their mechanisms according to different £ intervals.

4. Discussion

The binary fission registered in the present experiment is the most prominent process which comprises
experimental events with 0<£<0.2. The mass distribution from these events for the single of
complementary fragmentsis shown in Fig. 5 by closed circles, the most probable mass corresponding to the
nucleon losses AM = (20 + 2) u. The FWHM value of the mass spectrum amounts to 40 U what is amost

twice as large as the value (23 + 2) u measured for fission of rhenium and iridium nuclei induced by “He ions
with energies of 40.9 and 42.2 MeV, respectively. References on the origina experimental results are
provided in Ref.[3]. Nucleon losses were negligible, evaluated as(1+ 1) u inthefission of rhenium and
(2+ 1) uinthefission of iridium. Broadening of the mass spectra of the fission fragments with increasing the
projectile energy indicates the increase of the mass range for the two-body configurations, i. e. the significant
change in the variations of p -parameter. At the same time larger projectile kinetic energy gave rise to the
increase of the binary fission cross section by two orders of magnitude. Together with the variation of
p -parameter, assumingly between 1 and 2, changes of ¢&-parameter in the limits 0< £ < 0.2 also took place
due to nucleon evaporation processes.

Depending on the collinearity of the detected fragments each of the disintegration reactions in the
interval 0.2<¢£<0.7 proceeds having specific excitation energy and its own shape elongation of the
collinear three-body configuration. The first upper branch is characterized by the minimal excitation energy,
the second and most prominent branch originates from disintegration events with the moderate excitation
energy. The largest excitation energy is inherent to experimental events from the third lower branch. The
shape elongation of three-body configurations is also changed, being minimal for the first upper branch and
becoming larger for the second and especially for the third branches. It is possible to calculate ratios
L =D,(&)1 D,y (E) which distinguish experimental elongations D,(¢£) from those of the collinear three

contiguous spheres D, (&) . Comparing formulas (9) and (11) one obtains

B= M (S)

neE) (4

Numerical results, shown in Fig. 6, can be valid only for events from the first branch where the total nuclear
charge Z, is definitely equal to 74. It should be stressed that according to relation (14) branching inversion

takes place. For two other branches the total nuclear charge should be decreased because of the unknown
number of emitted secondary charged particles. At the present stage of investigation one may restrict oneself
by calculations for al the experimental events choosing Z, = 74. Then results of Fig. 6 except those of the

205



first branch are considered as limitations for values of shape elongation S coefficients. In spite of the
rudeness of the evaluations it may be definitely stated that three branches are quite different with respect to
shape elongations of collinear three-body configurations.

In the recently published papers [4, 5] we proposed that disintegration events with two detected collinear
fragments could reveal specific mechanisms of interaction of a light relativistic projectile with a heavy
nucleus. In this respect the three branches of experimental eventsin Fig. 4 can be treated as those originated
from the formation of mesonic statesin a fissioning nucleus at the stage of its deformation. This statement is
supported by the recoil-free kinematics for collinear fragment disintegrations [2] and for the pion state
formation also.
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Fig. 5. Comparative single fragment mass distributions for Fig. 6. Distribution of experimental eventsin the [£— /]
induced binary fission of rhenium + 40.9 Mev “He ions (open frame. The straight horizontal line 8 = 1 represents the
triangles), of iridium + 42.2 MeV “He ions (open circles) and lower possible limit for shape elongation parameter. The
of tungsten + 1 GeV protons (closed circles) largest measured beta values are forming its upper limit

The only difference is in the excitation energies of the residual nuclei. In the case of tungsten disintegrations
induced by 1 GeV protons the excitation energy exceeds 300 MeV [2] which is more than two pion masses.

Thus three branches of experimental events may correspond to different kinds of pion absorption in or
emission from the fissioning nucleus, when the total pion number is equal to 2. Then there are three variants
to distribute emission and absorption of two mesons. They are (2,0) — two emitted and nought absorbed,
(1,1) — one emitted and one absorbed, and (0,2) — nought emitted and two absorbed. The detailed picture is
shown in aspecial preprint [4].

It is of interest to perform experiments with the excitation energy sufficient for the formation only one
pion in the primary interaction. In this case two possibilities would exist for the pion emission from or its
absorption in the fissioning nucleus. Such experiments can be carried out at the PNPI synchrocyclotron if
instead of the proton one would use a deuteron beam with the same initial momentum. The primary kinetic
energy of the deuteron beam would be 653 MeV and the excitation energy of a fissioning nucleus only
180 MeV in the interaction with the recoil free kinematics in the pickup reaction of (d,°He)-type. The
evolution of detected events grouping in branches should follow the number of pions produced in
experiments with 1 GeV proton and 653 MeV deuteron beams.

5. Conclusion

The first claim of the observation of the collinear three-body disintegration appeared in paper [5]. This
was adeliberately planned experiment. But indirect tokens could be found in many previoudy fulfilled
experiments of different authors. A few were mentioned in our preprint [4]. Leaving aside all the examples at
relativistic energies of projectiles it is rather instructive to pay attention for quaternary fission and for two-
proton radioactivity which were discussed in Ref. [4] as limiting cases of the collinear three-body
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disintegration. They differ from others by relatively low excitation energy much less than in experiments
with relativistic projectiles.

A didtinctive feature of this presentation is the treatment of the nuclear excitation in a number of pions
formed in the primary interaction of a projectile with a target nucleus. Temperature concept is not used at
any stages of the disintegration. If one continues the tendency, new sorts of nuclear disintegrations could be
revealed when the energy of the incoming projectile would increase together with the number of pions. The
cardinal intent in this direction may be a complete disintegration of a tungsten nucleus by a relativistic
projectile into nucleons and lightest nuclei accompanied by uncertain number of pions.
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MASS DEPENDENCE OF NUCLEAR ISOTOPE TEMPERATURE
IN LOW ENERGY FISSION

M.N. Andronenko, L.N. Andronenko, W. Neubert )
U Institut fir Strahlungsphysik, FZ Dresden-Rossendorf, 0131} Dresden, Germany

1. Introduction

The nuclear temperature is an important parameter in statistical models of nuclear reactions
but this quantity is not directly available in experimental investigations. The reason is that the
temperature can be evaluated only from other physical observables. A promising situation has arisen
as several approaches were available to determine the nuclear temperature which allowed to minimize
systematic errors of this parameter. We point to some examples which show the preference of the
nuclear temperature as an essential physical quantity. The temperature is in relationship with the
nuclear excitation energy, the nuclear phase transition and the time scale of the investigated processes.
Furthermore, the nuclear temperature is important for the choice of theoretical models to describe the
physical process of interest. During the last decade, this has provided the opportunity of an extended
use of isotope thermometry in investigations of multifragmentation at intermediate energies. At the
same time, in nuclear fission experiments the temperature was rarely explored, apart from traditional
measurements in which the slope of neutron time-of-flight spectra were determined. Here we present
an analysis of available low energy fission data (see Refs. in [1, 2]) to extract isotope temperatures
with a view to confront it with the corresponding results of nuclear fragmentation [3] at intermediate
energies.

2. Method of tempearture extraction

The method of isotope temperatures (or Double yield Ratio Temperatures (DRT)) allows for the
determination of the nuclear temperature related to the moment of the formation of reaction products.
The so called ”apparent” temperature can be obtained from the relation

Topp = B /In(a - Rapp) (1)
where the double ratio Rqp, =Ri/R> is defined by the isotope yields (Y') as
Ry = Y(Al, Zz) /Y(AZ +AAZ; + AZ), Ry = Y(A]‘, Z]) /Y(AJ + AA, Zj + AZ),

where AA=1, 2,3, ... and AZ=0, 1, 2, ... may be used. The parameter a includes the spin degeneration
factor and mass numbers of the considered isotopes. The numerator B in Eq. (1) is determined by
the binding energies BE: B = BE(A;,Z;) - BE(A;+AA,Zi+AZ) ~BE(A;,Z;) + BE(Aj+AA,Z; +AZ).
Eq. (1) is valid if the fragments with mass A;, A; and nuclear charge Z;, Z; are produced in their
ground states. Each combination of (R, a, B) in Eq. (1) terms a thermometer which allows to find
the corresponding temperature related to the fragment formation.

The relation (1) must be modified for ”sequential decays”, i.e. if fragment decays from higher
lying states of the same and other isotopes contribute to the yields. An empirical correction for such
decays was given by M.B. Tsang et al. [Phys. Rev. Lett. 78, 3836 (1997)] for the special case of

thermometers selected by B > 10 MeV

1 1 Ink

= 4+ —, 2
Toww T, B @)

where T, is the unknown intrinsic equilibrium temperature. The correction factor k is defined by
Ropp=k - R, where R,p, is the measured double isotope yield ratio and R, is the corresponding one
for isotopes produced at equilibrium.
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For the beginning we compare isotope temperatures for nucleon-induced reactions with different
beam energies but nearly the same targets and the same range of the emitted fragments (Z<5). A
scatter plot of Ty, versus B presented in Fig. 1, taken from Ref. [4], shows a similar behavior in
p(1 GeV)+238U fragmentation and Ternary Charged Particle (TCP) accompanying neutron-induced
fission of 23?Pu. In spite of this similarity, both the absolute values of Tupp and the fluctuations from
thermometer to thermometer are obviously different.

= 1g = 13 - Fig. 1. Scatter plots of T,,, versus
?0 6—* PR ?o Bl n.f) the difference of the binding energies for
2 g‘ v } ;.'!.: T 2 g‘ . p(1 GeV) + 238U collisions (left panel)
g Oo"” 1Ga 230 a Og il L and TCP accompanied n-induced fis-
- —i % PLSELE - —i ‘o. sion of *Pu (right panel)
i B2 -
0 5 10 15 20 0 2 4 6 8 10 12
B (MeV) B (MeV)

According to the number of available thermometers, Ny, we used three methods ((i)-(iii) be-
low) to extract the temperature dependence on the target mass. A first inspection of the obtained
temperatures [3, 4] suggested a linear dependence on the target mass Ar:

Tapp =cy +co- Ar. (3)

Method (i): Ny, ~ 1,2, ... up to 10, utilizes simple fits of Ty, versus A [3].

Method (ii): Ny, ~ 102, after fits of the dependence for individual thermometers the average value of
the parameter (co) has been obtained [1].

Method (iii): Ny, ~ 103 — 10%, in this case the average values of isotope temperatures, (Tapp), have
been extracted from temperature distributions as described below (see Refs. [2, 5, 6])

3. Results of fission data analysis

3.1. Ternary fission

Recently we analyzed more than 103 thermometers, which are available for TCP accompanied
fission, and then the dependence on the target mass Ar was evaluated [1, 5]. Data related to fragment
production at E,=1 GeV provided more than 102 thermometers [3]. The temperatures extracted from
the considered processes have confirmed that a linear relation like Eq. (3) can be used to parametrize
the dependence of Typ, on A7r. An example of case (ii) is shown in Fig. 2, taken from Ref. [1], where a
detailed comparison of isotope temperatures evaluated for different reaction types is given, namely for
neutron-induced ternary fission and for 1 GeV proton-induced fragmentation. Figure 2 demonstrates
that the temperatures T,,, differ considerably in the two interaction mechanisms with regard to the
absolute value. Here we selected thermometers with the same AA = AZ=1 where the influence of
the chemical potentials cancels out. A slight increase of T,,, in Fig. 2 is observed with increasing Ar
of the fissioning nuclei whereas proton-induced fragmentation shows an opposite behavior.

3.2. Temperature distribution method

The case (iii) is appropriate for processes characterized by low excitation energy, e.g. in low-
energy fission. In this case a large number of isotope thermometers can be considered, and one
may expect that small fluctuations from sequential decays of different origin are partly canceled
out. Therefore, we propose to use the whole ensemble of available isotope combinations to obtain
Temperature Distributions (TD). Then the average of the distribution and its variance are supposed
to be related to the intrinsic temperature and its dispersion, respectively.

Figure 3 implements these ideas and demonstrates how we get a temperature distribution using
the measured TCP yields for 2*2Am(n,f). Every point on the scatter plot Topp versus B represents
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an individual thermometer with its error bar (left panel, top). Some points, which are scattered away
from the region where the bulk of thermometers is located, have usually the largest errors caused by
experimental uncertainties. This observation is sufficiently confirmed by the plot Tg,, versus relative
errors ATgp,/Tapp (left panel, bottom). Values T,,, with large relative errors can be removed by a
simple cut set in the projection onto the axis ATqy,/Topp (right panel, top). After this selection, the
reduced TD represented by the hatched histogram is obtained (right panel, bottom). The mean value
(Tapp) of this distribution was found to be insensitive to the chosen cut. Therefore, it is possible to
apply any relevant cut in the relative errors to remove the unphysical negative tail of the TD.

Thermometers: (AA=1, AZ=1)
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Fig. 3. Extraction of T}, distributions on the base
of TCP’s accompanying n-induced fission of 242Am.
Left panel, top: T,,, versus difference of the bind-
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mass scale. The solid lines show the applicability of Right panel: projections onto the axes ATupp/Tapp

the obtained slope parameter {cs) to various isotope and Typp. Details are described in the text

thermometers

The small value of ¢y (see Eq. (3)) for ternary fission gives us the opportunity to combine isotope
temperatures T;,, evaluated for target nuclei from 229Th to 245Cm into one temperature distribution.
Sufficient statistics allows to select isotope combinations with Z>3 to avoid distortions of light particle
yields by decay modes like "He—*He + n and "He—5He 4 n, which cannot be distinguished from the
intrinsic yields of the He isotopes. As shown in Fig. 4 this selection leads to a slightly reduced average

500
- 229, 2450 Fig. 4. Summary temperature distribution
o r obtained from TCP in low-energy neutron-
induced fission of heavy nuclei from 22°Th to
245Cm (see Ref. [1]). Only TCP with Z>3 were
selected (see text). Open bar histogram: no
cut in ATypp,/Tupp. Hatched histogram: cut at
AT upp/Tapp < 0.10. Black histogram: cut at
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temperature of (Tgpp) = 1.00 MeV. We emphasize that the mean value (T,,,) obtained from such
distributions is stable for different cuts even if we consider the summary TD for all targets.

3.3. Binary fission

It should be noted that the DRT method was suggested for light fragments, but it was shown later
[2, 5, 6] that it can be applied properly also to heavy products like fission fragments. The analysis of
binary fission is based on the Evaluated Nuclear Data File (ENDF-349) from which data for nuclei
from 238U to 26Fm are presented here. First of all we mention that the 2-dimensional plot (Fig. 5),
obtained for fission fragments from the spontaneous fission of 2*U, is very similar to that presented
in Figs. 1 and 3. The main dissimilarity is the number of available thermometers Nyy,.
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Fig. 5. A scatter plot of Tpp, versus B for binary Fig. 6. Temperature distributions obtained for

fission of 238U(sf) obtained using thermometers in- 2520f(sf): a - from TCP’s accompanying fission

cluding the yields of isotopes As—Nb and Sb—Pr [6] and b - from binary fission fragment yields [5]

Concerning TD’s related to ternary and binary fission, we present in Fig. 6a corresponding com-
parison for one of the fissioning nuclei. Figure 6a shows the TD derived from TCP’s associated to
the spontaneous fission of 2°2Cf. Data on neutron decay of these TCP’s [M. Mutterer, in ”Seminar
on Fission, Pont d’Oye IV” edited by C. Wagemans, O. Serot and P. D’Hondt, World Scientific, Sin-
gapore, 95 (1999)] allow to correct the yields of He isotopes for contributions from decay modes like
SHe—1He+n and "He—®He+n. The resulting TD delivers (Tp,) = 1.20 + 0.15 MeV in agreement
with T=1.1 £ 0.2 MeV obtained from the spectrum of neutrons accompanying the ternary fission
of 2°2Cf [A.P. Graevsky et al., Pis’'ma Zh. Eksp. Teor. Fiz. 15, 572 (1972)]. The TD in Fig. 6b
extracted from isotopically resolved yields of fission fragments in the binary spontaneous fission of
2520f [G.M. Ter-Akopyan et al., Part. and Nucl. 28, 1357 (1997)] delivers (Tp,) ~ 0.6 MeV. This
value is close to the temperatures obtained from the neutron spectra associated with the most cold
fission fragments [C. Budtz-Jorgensen and H.H. Knitter, Nucl. Phys. A 490, 307 (1988)]. It should
be mentioned that the temperatures obtained from TCP yields in ternary fission are related to the
moment of TCP’s escape, i.e. can be assigned to the local nuclear temperature. In the binary fission
mode it will be the scission-point temperature.

3.4. Target mass dependence of isotope temperatures

Various temperatures (and the corresponding excitation energies) which are responsible for ternary
and binary fission modes can be obtained by the data analysis for one target. In order to establish
the dependence of the nuclear temperature on the target mass a sufficient data base is required which
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provides isotopically resolved yields of reaction products for a number of target nuclei. In the case
of ternary fission we made use of TCP yields (Z <14) available for the targets from 22Th to 2*°Cm
and 252Cf (see Refs. in [1]) The method labeled (ii) was applied to ~ 10? thermometers to determine
the dependence on the target mass and then the corresponding slope parameter co. Afterwards this
dependence was normalized to (T,,)=1.2 £ 0.15 MeV obtained for 2>2Cf. The top line in Fig. 7 shows
this result. The large error bars for 22Cf are due to the limited number of available thermometers and
large experimental errors of the measured yields. In order to demonstrate the common fit—quality for
ternary fission, some points which represent the temperatures evaluated using the special double-yield
ratio (°He/"Li)/(°Li/!°Be) for 6 targets, are also given here. The lower points and line in Fig. 7
show the temperature (T},,) obtained by the method (iii) for the binary mode of spontaneous fission
and the fit to these data. The applicability of the ENDF-349 data base was verified by comparison
with independent measurements of fragment yields for 252Cf [G.M. Ter-Akopyan et al.] and thereby
the same set of thermometers was exploited. The temperatures obtained from both data sets are in
agreement within the error bars. Thus, Fig. 7 demonstrates in this way convincingly the dependence
of the temperature, extracted by the DRT method, on the target mass for both TCP accompanied

Isotope Thermometry for Low Energy Fission
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on target mass Ap in spontaneous and neutron- Fig. 8. Corrected temperatures (T,) as function of

induced fission. Top line — fit of (T,,,) versus Ag (or Ag) evaluated from isotope production cross

Ar for ternary fission for targets from 229Th to  Sections. Dots: p(1 GeV)+nucleus fragmentation [3],
252Cf [1]. Bottom line — fit of (T,,,) versus Ay  SAUAres: multifragmentation in 1A4-GeV Au, La and Kr
for spontaneous binary fission (black points) in collisions with carbon. Ag is are the remnant mass in

the target mass range 238U — 236Fm [2] the multifragmentation reaction

and binary fission modes. This result seems to be a nontrivial one because a number of authors
suggest a non-adiabatic TCP production (neck rupture) in the ternary fission mode. But, on the other
hand, isotope thermometry is generally applicable to systems in thermal and chemical equilibrium.
In order to approve the obtained isotope temperatures, we compared our results with temperatures
obtained by other methods. The temperatures evaluated from the slope of the spectrum of neutrons
accompanying the ternary fission of 2°2Cf (T = 1.1(2) MeV) and the temperatures derived from the
population of excited states of “Li produced in n,-induced fission of 234U (T = 0.80(9) MeV), 236U
(T = 0.87(6) MeV) and 252Cf(sf) (T = 0.98(12) MeV) [P. Jesinger et al., Eur. Phys. J. A 24, 379
(2005)] show a similar dependence on the target mass and they are comparable with our results. Hence
it follows that for ternary fission both the values of isotope temperatures and the dependence of these
temperatures on the target mass are supposed to be confirmed.
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3.5. Comparison with p(1 GeV)+A fragmentation

The dependence of the temperature on the target mass, which was found for low-energy fission, may
be compared with that observed for nuclear fragmentation at intermediate energies. In the discussion
regarding Fig. 2 we mentioned already the different sign of the slope parameters cs found by the
method (ii) for low-energy ternary fission and nuclear fragmentation. The characteristic dependence
of T versus A (see Fig. 8), obtained by the standard procedure (i) applied to fragmentation of nuclei
induced by 1 GeV protons [3], can be also verified when extending this method to multifragmentation
of 1A-GeV Au, La and Kr projectiles on carbon nuclei [B.K. Srivastava et al., Phys. Rev. C 65, 054617
(2002)]. We mention that in this case the temperature T, was obtained by using empirical correction
according to Eq. (2) but not by averaging of Tj,,. It is remarkably that such dependence, i.e. the
decrease of T' with increasing A, was predicted by theoretical models assuming that the long-range
(Coulomb) force dominates in the fragmentation. This conclusion is also supported by Hartree-Fock
calculations. On the other hand, models based on short-range forces (Ising and percolation models)
show the opposite slope.

3.6. Comparison with p(1 GeV)+A fragmentation

The analysis of TCP data [1] showed that the temperature increases with the mass number A of
the fissioning nuclei like Eq. (3), where (c2)=0.013 + 0.004 MeV. An additional check of the obtained
results can be performed by comparing the dependence of Tg,, as function of A with theoretical
calculations of released energies in binary and ternary fission. For this purpose we converted the
values Tgpp(A) into the corresponding excitation energies (supposing the same (cp) for binary and
ternary fission). At this we used in a first approximation the Fermi-gas relation Fey. = a - T? with
level density parameters a for low-lying levels evaluated from neutron resonances [W. Dilg et al., Nucl.
Phys. A 217, 269 (1973)] in 230,231,233 233-237,2397)  239-241py apd 245-247:249Cm. The results are
shown as open symbols in Fig. 9 (taken from Ref. [5]).
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The dissipated energies extracted earlier from the odd-even effects in the abundance of binary
fission fragments are shown in Fig. 9 as black dots together with the corresponding linear fit.

The overall trend of our estimated values E,., related to binary fission, is an increase with Z?2 JA
guided by the fit to the earlier data points (black dots). On the other hand, the values of E,;. referring
to TCP data (open stars) are closer to the difference AV of the potential energy jump from the saddle
to the scission points predicted by theoretical calculations (dashed and dotted lines). Thus, both the
temperatures evaluated for the two fission modes and the value of the slope parameter (cy) in the
temperature dependence on the target mass don’t contradict to earlier estimations of energy release
and its global dependence on Z2/A.

However, it is worthy of note that E.,. related to a chain of fissioning isotopes steeply increases
if the mass number A raises (open symbols in Fig. 9). Formerly, the limited number of data (black
dots in Fig. 9) relevant to some isotopes of one element did not allow to observe this tendency. Our
evaluation, i.e. the observed tendency for fixed Z, is nothing else as a consequence of the dependence
Tapp(A) displayed in Fig. 7. This observation is evidently confirmed by the data shown in Fig. 10

300 ¥ L] ] 1
A
Es
2 2004 ]
- \
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2 /A
(taken from the earlier cited review ed. by C. Wagemans, there it is numbered as Fig. 27). In
this figure the dependence of the variance ogEk of the total kinetic energy of fission fragments on the

fissility Z2/A is given. A comparison of Figs. 9 and 10 suggests for binary fission that the higher the
temperature of fissioning nuclei the higher the variance o%,.

4. Summary

In this contribution we show that

e the determination of the nuclear temperature from double yield-ratios of isotopically resolved
reaction products can be applied to quite different reaction types as low-energy fission and
fragmentation induced by intermediate energy projectiles.

e The mean temperatures in the spontaneous and low-energy fission, related to ternary charged-
particle emission or to the binary fission modes, differ in a factor of two. In the case of 2°2Cf
these mean temperatures amount to ~1.2 MeV and ~0.65 MeV, respectively.

e The dependence of the temperature on the masses of the fissioning nuclei shows the same be-
havior for the binary and the TCP accompanied fission modes. In particular, the temperature
increases with increasing mass of the target nucleus. We notice about the different behavior of
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the analog dependence for nuclear fragmentation at intermediate energies which was also ob-
tained by isotope thermometry. The consideration of such dissimilarities may be appropriate to
the choice and parametrization of theoretical models to describe the mentioned processes.

Finally, we point out that the presented results are in agreement with other experimental data regard-
ing temperature evaluation by other methods as well as with results of calculations in the framework
of theoretical models.
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LASER SPECTROSCOPIC STUDIES OF NEUTRON-DEFICIENT EUROPIUM
AND GADOLINIUM ISOTOPES

A.E. Barzakh, D.V. Fedorov, A.M. lonan, V.S. Ivanov, F.V. Moroz, K.A. Mezilev,
S.Yu. Orlov, V.N. Panteleev, Yu.M. Volkov

1. Introduction

The region of nuclei near Z = 64 and N < 82 is of great interest for nuclear physics. It has been
established that closed sub-shell Z = 64 considerably influences on the regime of the entrance into the
deformation region at N > 82. Nuclei with Z close to Z = 64 keep their spherical form up to N = 88. Then the
sudden jump of deformation takes place. For nuclei with Z as far from Z = 64 as five and more protons, the
deformation is changing smoothly and reaches the maximum at N = 90-92 *.

The region of nuclides at N < 82 was systematically investigated at the IRIS facility for a long time.
Studies of the deformation behavior for Eu (Z = 63), Sm (Z = 62) and Nd (Z = 60) isotope chains point to the
smooth change of deformation, growing right after N = 81, without any jump-like effects.

In this report the recent devel opment of the laser ion source spectroscopy technique and the results of the
very neutron-deficient Eu isotope shift measurements are presented.

To complete these investigations, the isotope change of deformation for Gd (Z = 64) isotope chain has to
be studied. For Gd the stabilizing influence of the closed sub-shell should be maximal, if it takes place. It is
of importance also to extend our knowledge of the deformation behavior in the adjacent isotopic chains (for
example, for Eu isotopes) as far as possible.

2. Experimental method

Method of the resonance laser photoionization in the laser ion source proves to be one of the most
efficient for isotope shift and hyperfine structure investigations 2. The essential point of the experimental
method is step-by-step resonant laser excitation to autoionization states or continuum. The ionization
schemes for Eu and Gd are shown in Fig. 1. The first experimental techniques based on the resonant
ionization of the radioactive atoms at the exit of the mass separator enable one to carry out experiments with
the isotopes at a production rate down to 10*~10° atoms per second.

To extend the investigations to the more neutron-deficient isotopes, first of all to the region of neutron-
deficient isotopes near and below the magic neutron number N = 82, the method of photoionization
spectroscopy inside the laser ion source has been proposed and applied at the IRIS facility 2. The
experimental setup is presented in Fig. 2. Nuclides under study are produced in the target of the mass-
separator by 1 GeV protons of the PNPI synchrocyclotron. The atoms are thermally released from the target
to the ion source cavity. Three beams of pulsed dye lasers are introduced to the same cavity to provide the
multistep resonance ionization of the atoms under investigation.

The dye lasers are pumped by three copper vapor lasers (repetition rate 10 kHz). The wavelengths of the
dye lasers are tuned to the transitions of the chosen ionization scheme. The radiation frequency of the two
broadband lasers (bandwidth 30 GHz) are fixed according to the second and the third transitions. The
wavelength of the narrowband laser (bandwidth 1 GHZz) is scanned across the first transition. The photoion
current in the mass-separator collector increases at the resonance. Thus, the experimental spectra represent
the dependence of the ion current on the scanned laser frequency. The detection of ion current is provided by
o-, [, or »counting. The corresponding detectors are installed on the tape-driving system.

A part of the scanning laser radiation is directed to the Fabry-Perrot interferometer (free spectral range
5 GHz) to produce frequency marks for the frequency scale calibration. Another part of the laser beam is
used in a reference chamber to provide a reference spectrum from the sample of stable isotopes for the
isotope shifts measurements.

1 G.D. Alkhazov et al., JETP Lett. 37, 274 (1983).
2G.D. Alkhazov et al., Nucl. Instr. Meth. B 69, 517 (1992); A. E. Barzakh et al., Phys. Rev. C 61, 034304 (2000).
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Eu ionization scheme

Gd ionization scheme
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Fig. 1. lonization schemes of Eu and Gd
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Fig. 2. Experimental setup

Two methods of the multistep resonance ionization at the entrance of the mass-separator have been used
in the course of the experiment. The first one is a laser spectroscopy in the laser ion source. This is a
traditional for the IRIS facility method, and it was described in details elsewhere 2. The main point of this
method is the multistep resonance ionization of the atoms under investigation directly inside the cavity of the
ion source, coupled with the target, irradiated by proton beam. A scheme of this method is presented in Fig. 3
(left).

The second method is based on the resonance ionization directly inside the target, producing the nuclides
under study [1]. We call this method as the laser target (LT) in order to emphasize that it differs from the
method employing the resonance ionization in the laser ion source (L1S). Schematically this construction is
presented in Fig. 3 (right).
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For such a hard volatile element as gadolinium (boiling point is 3546°C) an effusion is the main
process responsible for the delay of nuclides in the target-ion source system. The newly developed target was
specialy designed for the production of elements with long sticking time such as Gd to exclude “cold spots’
which sometimes exist at the places of the target — transfer tube — ion source connection.

tungsten container

inner target container

laser ion source
laser
beam
target
a target material
current materia -
container
tantalum plugs

connectors

extraction electrode _current connectors,

|

extraction electrode

proton beam
proton beam

Fig. 3. Scheme of the resonance laser ionization inside the laser ion source LIS used for Eu (left)
and the laser high temperature target LT used for Gd (right)

3. Experimental results and discussion

3.1. Europium

|sotope shifts for the chain of europium isotopes have been measured [2]. For “?™Eu, the jline with the
energy 556.6 keV was used to avoid influence of the short-lived ground state (75, = 2.4 s). Table 1 presents
the experimental results of the isotope shift measurements for neutron-deficient Eu isotopes.

Table 1

Experimental results for isotope shifts of the neutron-deficient Eu isotope chain

| sotope AV45.4, MHZ AV,45.4, MHz, Aras.a, TP

(previous meas.)

ey 240(160) 340(200) —0.039(25)
ey 150(160) 200(170) —0.028(25)
“2Ey 20(180) 35(150) —0.010(28)
ey —260(160) —300(150) 0.032(25)
(=0 —590(240) —750(200) 0.079(37)
=T -880(220) ~500(350) 0.114(34)
= —730(280) - 0.096(44)
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The results previously obtained by the conventional resonance ionization technique ® are also shown.
They are consistent with the new results within the experimental errors. To extract the parameter 4,45 4 which
is connected with the changes of the mean square charge radii &(-),45.4 the standard procedure * was used
(with the electronic factor F = —6.55 GHz/fm?). The specific mass shift for this pure s*sp transition was
neglected. The errors for 4,454 in Table 1 are pure statistical; the uncertainty of the electronic factor is
assumed to be about 5%.
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Fig. 4. Hartree-Fock calculations with SkM” forces for the neutron-deficient Eu isotopes

Hartree-Fock calculations with SkM” forces for axially deformed nuclei have been performed for neutron-
deficient Eu isotopes (see Fig. 4). The states blocked by the last odd particle were fixed in accordance with
the known spin and parity of the corresponding nuclei (see Table in Fig. 4). For **’Eu the agreement of the
experimental and theoretical data can be obtained only for the negative deformation minimum on the
conditions that the proton state with £2"=11/2" which lies closest to the Fermi level is blocked by the odd
proton. The results of the Hartree-Fock calculations for the very neutron-deficient Eu nuclel are crucially
dependent on the odd particle states. It should be noted that for the proper theoretical description of
13018192, a triaxial deformation should be taken into account instead of the negative quadrupole
deformation.

3.2. Gadolinium

The isotope shifts of the optical line 569.622 nm for nuclides *Gd, **"Gd and *"Gd have been
measured [3]. For **Gd (I = 1/2) the hyperfine splitting has also been measured. During the data processing,
spins for **"Gd and ***"Gd have been fixed according to known values 7 = 11/2 because the resolution of
the method applied is not sufficient to provide hyperfine splitting measurements for the independent
determination of the spin values. The optical line width on the measured spectrais taken as a convolution of
the laser linewidth and the Doppler broadening in the target-ion source system. Calculated by this way value
of the optical line width (of about 2100 MHz) is in agreement with the width of a separate optical line in the
experimental spectrum of **°Gd.

We suppose that ***"Gd with its closed proton sub-shell and one neutron vacancy has an electric
guadrupole moment with the absolute value not exceeding 1 barn. The systematics for all known nuclei with

3V.S. Letokhov et al., J. Phys. G 18, 1177 (1992).
“ A.E. Barzakh et al., Eur. Phys. J. A 1, 3 (1998).
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the same neutron configuration and spin (for instance **'Dy: Z = 66, N = 81, = 11/2, O ,= 0.67(10) barn)

sidewards confirm this estimation.

At this supposition, taking into account the optical linewidth and varying the quadrupole moment in the
limits mentioned above, the magnetic moment of ***™Gd can be determined from the broadening of the line
in the **™Gd spectrum. In Table 2 the experimental results on isotope shifts and hyperfine structure constants
are shown. For **"Gd there are no reliable limits for the quadrupole moment. Therefore only the isotope
shift for this nuclide has been determined as a distance between the centers of gravity of **™Gd and **Gd

optical lines.

Experimental results for isotope shits Av and
hyperfine structure constants a in the 569.622 nm line of Gd isotopes

Table 2

Isotope AV, 160, MHZ a, MHz
MG (1=11/2) —12350(320) —7.5(1.5)
Gd (1=1/2) —12550(190) -58.8(3.8)
NGd (1=11/2) —12350(350) -

Table 3 represents the values of the nuclear parameter 4, -~ &4 and dipole magnetic moments

evaluated according to the standard procedure °.

Changes of mean-sguare charge radii and dipole magnetic moments of Gd isotopes

Table 3

| sotope &> 160, FIP i, n.m.
BNGd (1=11/2) -1.76(5) -1.0(0.2)
Gd (1=1/2) -1.79(3) -0.74(5)
MGd (1=11/2) -1.69(5) -

3.3. Changes of mean-squar e chargeradii &r2>A,1460f Gd nuclideswith | = 11/2 as compar ed with data
for Eu (Z = 63) isotopes with the same neutron numbers

In Fig. 5the data for &, 146 Of the Gd nuclides with 7 = 11/2 are presented as compared with the data
for Eu (Z = 63) isotopes with the same neutron numbers. The value of &% 146160 fOr Gd has been measured

earlier at the IRIS facility °.

<ﬂ2>1/2 0.20
0.20- :
i —8—FEu |
—e— Gd
0.151 L
o - 145
£ 0.101 e TG
z 0.05-E N
N/\°° T \
g 0.00- \;\ /
-0.05- \i
1 . '1.44
0.10_ IE” .
78 79 80 81 82

Number of neutrons

0.00

<ﬁ>1/2

Fig. 5. Changes of mean-square charge radii of Gd nuclides with 7 =11/2 as compared with datafor Eu (Z = 63) isotopes

®>G.D. Alkhazov et al., JETP Lett. 48, 373 (1988).

220



Obviousdly, the deformation for Gd isotopes rises with the decrease of the neutron number from N = 82 to
N = 79 even faster than for adjacent Eu isotopes with the same neutron number. Therefore there is no
indication on the stabilization effect of the proton sub-shell Z = 64 near the neutron sub-shell N = 82. Values
of the dipole magnetic moments measured for **Gd and ***™Gd are close to the values of the dipole magnetic
moments for " *'™Msm;: 'Sm, (7 = 1/2) = —0.74(2) n.m. and **'™Sm, u(I = 11/2) = —0.84(2) n.m.

4. Conclusion

The laser ion source has been used for the study of the isotope shifts of neutron-deficient Eu and Gd
isotopes. The extension of the region of the applicability of the method by using the » and S-radiation
detection is reported. We have measured the isotope shifts of the Europium optical line 576.520 nm for
13114 and 569.622 nm for 14 1M 43MGq  Changes in mean square charge radii for *¥'Eu, 1% 2™ 143mGq
and magnetic moments for **>*"Gd have been determined for the first time.

The resonance ionization directly inside the target (without special ion source unit) was used for
producing the Gd nuclides under study. For such a hard volatile element as gadolinium (boiling point is
3546°C) an effusion is the main process responsible for the delay of nuclides in the target—ion source system.
The newly developed target was specially designed for the production of elements with long sticking time
such as Gd to exclude “cold spots” which sometimes exist at the places of the target — transfer tube — ion
source connection. The laser has ensured the resonance count of Gd ions considerably higher than the target
system of the usua construction. The most likely explanation of that effect can be a much higher
concentration of Gd radioactive neutrals irradiated by the laser beam inside LT than in the volume of the
laser ion source.

The gradual transition from the spherical nuclei near the magic neutron number N = 82 to the deformed
ones near N = 74 contrasted with the abrupt increase of deformation on the other side of the same magic
neutron number for Eu isotopes at N = 89. This different behavior is supposed to be connected with the
different influence of the semi-magic number Z = 64 on the deformation development for the nuclei
with N> 82 and N < 82.

There is no indication on the stabilization effect of the proton sub-shell Z = 64 near the neutron sub-shell
N =82 for Gd isotopes as well. Values of the dipole magnetic moments measured for **Gd and ***"Gd arein
agood agreement with magnetic moments of other nuclei with the same neutron number.

References
1. V.N. Panteleev et al., Rev. Sci. Ingtr. 75, 1585 (2004).

2. A.E. Barzakh et al., Eur. Phys. J. A 22, 69 (2004).
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NUCLIDES OF ASTROPHYSICSINTEREST WITH MASSNUMBERSCLOSE TO A~80

PNPI participants of the |GISOL/JYFL TRAP collaboration*
L.Kh. Batist, S.A. Eliseev, Yu.N. Novikov, A.V. Popov, D.M. Sdliverstov, G.K. Vorobjev

1. Introduction

Nuclei close to the N = Z line in the region near 4 = 80 play a special role in nuclear astrophysics since
the rapid proton (rp) capture process is passing right through them (see Fig. 1). The rp-process, a sequence
of rapid proton captures and §'-decays, proceeds along the N = Z line up to *°Ni and it can continue ending in
a SnSbTe cycle either in explosive X-ray bursts or in a steady state burning (e.g., in X-ray pulsars). At higher
Z values, where proton capture rates become smaller, the reaction path can be broader and shifted by about
one or two mass units towards the Sstability line. This shift can be even greater for the steady state burning
model.

The properties of neutron-deficient nuclei involved in the rp-process, especially masses and f-decay
half-lives, are needed to perform calculations of rp-process nuclear reaction network. These simulations are
crucial for the understanding of the energy generation and fuel consumption in the rp-process and its
potential contribution to galactic nucleosynthesis. The discovery of new long-lived isomeric states in
neutron-deficient nuclei is of special interest. Low-lying excited states can therefore alter proton capture
rates and 5'/EC decay rates considerably. This is particularly true for isomeric states. Such states typically
have different properties than the ground state and therefore potentially different capture and decay rates.

Ru@a | | o, .
Te (43) *,
Mo(42)| | | . N !
@ T
Zr(40}| | N3 :
Y () % T4 4
Sr (38) [ | | - LN :
Rb (37) E -.. ] o.§ ¢=: o".
Fig. 1. The rp-process path close to 4 = 80 for steady state Kr (36) S L
burning. The reaction flow of more than 10% is shown by | | l [ ol 2. 5".."
the solid line and of 1-10% by the dashed line. The nuclei Br (35) % 4 N

studied in this work are highlighted by squares N 51 S2 33 94 35 56 57 98 99 40 41 42 43 44 45 46

Another problem in astrophysics directly related to our present study is solar neutrino detection. After the
experiment using the *’Cl detector had shown the discrepancy between expected and experimental solar
neutrino fluxes, it was suggested that the flux should be measured for lower neutrino energies. For this
purpose other detectors were proposed, one of which was based on *'Br. Although the solar neutrino flux
puzzle has recently been explained by neutrino oscillations, more solar neutrino experiments are required to
measure the CNO fusion cycle contribution to the solar luminosity and new types of detectors are very
desirable. According to current solar model calculations, 98.5% of the solar luminosity is provided by the
p-p chain and only 1.5% by CNO reactions. At the moment, solar neutrino experiments have only set an
upper limit of 7.8% to the CNO fraction of the Sun’s luminosity.

The threshold energy for neutrino capture in the proposed *'Br detector is by a factor of two lower than in
7CL. It is assumed that a 8'Br detector is most sensitive to °B neutrinos, but 'Be neutrinos as well as neutrinos
from "*N and O decays from the CNO cycle can also contribute. In radiochemical experiments *'Br can be

" This work has been performed at the IGISOL facility of the University of Jyviskyli (Finland)
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used for total solar neutrino flux measurements because its energy threshold allows the observation of
neutrino-induced events from all main solar neutrino sources mentioned above.

In order to obtain the neutrino capture cross section on *'Br, the probability for the inverse process of
electron capture decay of *'Kr has to be measured. As can be seen in Fig. 2, the neutrino capture on *'Br
should predominantly populate the isomeric state at 190.5 keV in *'Kr because this allowed transition has to
be six orders of magnitude stronger than the capture to the ground state of *'Kr, whose inverse rate is well
known. Thus, the rates for all decay branches of SImg r. which are electron capture, internal conversion and
y-decay, are needed to derive the electron capture
probability. The data for the K-electron capture 1/2’ 190.5keV 4

channel, determined independently by two groups, v e

are in satisfactory agreement but the information on ’ Ve =9

the internal transition (y- and conversion electron ('Br)e) e 0 keV
branches) is strongly contradictory. Therefore, the ’\ e & 2.3:10%y

electron capture branching ratio has not been
obtained with high accuracy and new measurements
on the internal decay channel of *'™Kr are needed. (EC,v)
logft ?

Fig. 2. A decay scheme of the isomeric state *"™Kr (13.1 s) 32

8By (stable)
2. Experimental methods

The experiment was performed using the IGISOL facility at the Jyvaskyla isochronous cyclotron. The
isotopes of interest were produced by a 150170 MeV *2S™ beam with an intensity of about 500 nA on ™Ni
(2 mg/cm®) and **Fe (1.8 mg/cm’) targets. The fine tuning of the primary beam energy was performed with
degraders of Havar foil and/or "™Ni. The reaction products passing through a 2.1 mg/cm’-thick Havar
window were stopped in a helium gas cell of the IGISOL facility [1]. After extraction from the gas cell by
helium flow and under a small extraction potential (typically 300 V) the ions were accelerated to 40 keV.
The accelerated ion beam was mass-separated and used for spectroscopy and mass-spectrometry
measurements.

For the aims of spectroscopy measurements the first detector station was situated where the ion beam was
implanted into the collector tape (see Fig. 3). It consisted of two HPGe detectors situated face-to-face and
a plastic scintillator (Af) which gated y-radiation by f-particles. After some time of accumulation at the first
station, the tape was moved and the source was delivered to the second detector station where an
electromagnetic electron transporter and a low energy Ge detector (LeGe) were installed. The next source
was prepared at the first station until the measurements were completed at the second station. Short
accumulation and measurement times were optimal for the observation of short-lived nuclei.

Conversion electron decays and low energy jradiation were studied at the second detector station.
Electron spectra were measured by ELLI, a magnetic conversion-electron transporter spectrometer consisting
of two coils. It transported electrons from the implantation point to a cooled Si(Au) surface barrier detector
in a remote detection area, that helped to reduce the background. A low energy Ge detector with a very thin
entrance window (0.5 mm Be) was placed on the opposite side of the Si detector in a geometry close with
respect to the implantation point. The ELLI-spectrometer had a typical efficiency of about 5% at electron
energies less than 100 keV in this experiment. With this kind of setup one could measure both the absolute
value for ax and the ratio ax /oy ..

HPGe F LeGe

Ion beam |[_ —
7 ELLI

) L . HPGe
Fig. 3. A schematic view of the detection setup Si
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For mass measurements mass-separated ions of interest were sent to the radiofrequency quadrupole ion
beam cooler and buncher. After cooling and accumulating for a short time the ions were extracted as a short
bunch and transported to the Penning traps system. JYFLTRAP consists of two cylindrical Penning traps in
one superconducting magnet. The traps are placed in the homogeneous regions of the magnet separated by
20 cm. The first trap, the purification trap filled with helium gas at a pressure of about 10~ mbar, is dedicated
for isobaric cleaning using mass selective buffer gas cooling technique. The second trap called the precision
trap operates in vacuum and is used for high precision mass measurements employing time-of-flight ion
cyclotron resonance technique.

In this trap, RF dipole excitations employing the phase locking technique were applied in order to
enhance the magnetron radius. Then the RF quadrupole excitations were applied to convert periodically a
slow magnetron motion to a fast reduced cyclotron motion with a higher radial energy. An excitation time of
900 ms was chosen with corresponding excitation amplitude which finally allows a full conversion at the
resonance frequency. At the end the ions were ejected from the trap. They drift towards the micro channel
plate (MCP) detector through a set of drift tubes where a strong field gradient exists. Here the ions
experience an axial force which converts the radial kinetic energy of the ions into the longitudinal energy. As
a result, an ion in a resonance with the applied quadrupole excitation field moves faster towards the detector
than an ion which was off the resonance. By measuring the time of flight as a function of the applied

excitation frequency, the cyclotron frequency of the ions under investigation was determined. The mass of an
ion can be determined using the equation:

-4 p,

27mm
where v, is the cyclotron frequency of the ion, m is the mass and ¢ is the charge state of the ion. The
magnetic field B is calibrated with a well-known reference mass.

Vv

c

3. Reaults

Below we would like to illustrate some example spectra. Full information for different nuclides in the
region is given in Refs. [2, 3].

A part of the low energy y-spectrum at mass number 4 = 81 is shown in Fig. 4. The most intense peaks
can be seen in this clean spectrum which has no contaminants from neighboring masses.

An internal conversion electron spectrum is shown in Fig. 5. K- and L-electron lines have been identified
for known transitions and the 63.1 keV K-electron peak of the 79.2 keV transition in *'Sr has been used for
the internal calibration. Conversion electrons from 43.0 keV and 221.0 keV transitions in *'Sr have been
observed for the first time. The internal conversion coefficient for the 43.0 keV transition has been
determined as ax = 1.5 £ 0.3 which supports an M1+ E2 multipolarity for the transition.
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Strong lines belonging to a 190.5 keV isomeric transition in *'Kr can be observed in y- and electron
spectra (see Figs. 4-5). The previously known experimental values of the ratio oax/a;+y have been
controversial before this experiment, as can be seen in Fig. 6. Hereafter, we have used the latest internal
conversion coefficient tables for the multipolarity determination. Our values are ax = 0.50 + 0.07 and
ox /oy =4.7 £ 0.1, favor an E3-character for this transition.
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Another application of our data in astrophysics concerns the proposed *'Br neutrino detector for which
the decay properties of *™Kr are crucial [2, 3]. The electron capture branching ratio #, of the isomeric state
$ImKr, which is inverse to the neutrino capture process (see Fig. 2), can be deduced from the relation:

A 1+LEK*EM)

77 _ ﬂg _ ﬂé‘K
¢ ﬂe+ﬂ7,+/’i£ 2 1+M 1_{_& + A, 1_,_@

ek ﬂ«eK /1

e

/,i’gK

where 4., 4, and 4, stand for the internal conversion, gamma transition and electron capture probabilities,
respectively. Indices K, L and M label the corresponding atomic shells.
Ifn, « 1, as it is expected for the decay of *'™Kr, we can deduce the following expression:

1+ ﬂ(sKHsM) ><]<)((B}/')Q.K(I<r)>< aK
A K . (Kro.(Br) l+a,,’

tot

n. =

where Ky is the intensity of characteristic X-rays corresponding to the K-shell, wk stands for the respective
K-fluorescence yield and a represents the internal conversion coefficient. As a summary, the electron capture
branching ratio depends on the following factors:

— the ratio of electron capture branches Az v y/A:x;

— the intensity ratio of Br K X-rays to Kr K X-rays;

— the ratio ax /(1 + ayy).
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We have now calculated the first factor with the literature values and with overlapping and exchange
effects taken into account; these calculations have led to Aqiap/Ax = 0.144. Groups at Princeton and
Argonne have considered the second factor and measured the ratio for K X-rays. However, in order to
determine the electron capture branching ratio 7, they used theoretical values for the estimation of the first
factor (Ar+emy/2ex = 0.119) and for the internal conversion coefficients (ax = 0.4 and a,, = 0.48). In the
present work we have measured the internal conversion coefficients needed for the third factor, ax /(1 + o).

Experimental values for the internal conversion coefficients and for the intensity ratio of K X-rays
together with a revised value for the ratio of electron capture branches were used to compute the neutrino
capture rate of the 3/2”— 1/2” transition in the *'Br detector. The corresponding log f# value calculated with
the tabulated f-values is given in Table 1 in comparison with the averaged literature value. Our value is
slightly lower than the earlier value leading to an increased neutrino capture cross section. This supports the
conclusion that *'Br can be successfully used as a solar neutrino flux detector.

Table 1

Neutrino capture probability for the *'Br — *'™Kr transition
Group Argonne Princeton This work An electron line with an energy of 50 keV
Py 3142058 2262032 — obsgrved at the mass number.{l = 85 cannot I:fe
(x10°%) attributed to any known transition in the isobaric
Average 1, 5474037 30205 mass chain 4 = 85: The coincidence of . the
(x10%) 50 keV. electrons w1j[h the Nb K X-rays manifests
that this electron line belongs to an unknown
o 0.4 0.4 0.50+0.07 transition with an energy of 69 keV in ®Nb. The

o 0.48 0.49 0.61+0.09 measured half-life of the transition is 3.3 £ 0.9 s.

log ft 5.19+0.07 5.13£0.09 The new 69 keV transition can originate

(v capture) either from the f'-decay of ¥Mo or from a decay

of a new isomeric state in “°Nb. Further analysis showed that there is no coincidence of this peak with the
annihilation radiation, which supports the latter option. In addition, the yield of this new transition is
0.8 transitions/s that disagrees strongly with the expected yield of ®Mo and speaks in favor of the
identification of *™Nb. We have also observed a y-transition with an energy of 292 keV belonging to the
known isomeric state, >™Zr.

No indication of the existence of an isomer in **Nb with a early 550
declared half-life of 56 s has been observed atthe mass number
A = 86.

Examples of the measured time-of-flight resonances are shown
for the odd-odd nucleus **Y (Fig. 7), for the even-even nucleus *Zr
(Fig. 8) and for a reference nucleus **Mo (Fig. 9).
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Fig. 7. Time-of-flight resonance of **Y with an excitation time of 900 ms.

The fit on experimental data points is shown by a solid line
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Fig. 8. Time-of-flight resonance of **Zr with an excitation time of 900 ms.

The fit on experimental data points is shown by a solid line 1075048 1075350 10?53§an [H'z??ﬁ“ 1075356 1075356
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Fig. 9. Time-of-fight resonance of a reference nucleus **Mo with an excitation 250 |
time of 900 ms. The fit on experimental data points is shown by a solid line
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All measurements were done with 900 ms excitation time in the precision trap. The stable isotopes
%" %Mo were used as reference masses. Except for the stable Mo references, all nuclides were measured as
oxides formed with '°O in the IGISOL. Results for measured mass values are given in Table 2 (see Ref. [4]).

Table 2

Overview of the measured mass excesses (ME) compared to the tabulated values. All masses are for the ground states.
The mass excesses are based on the frequency ratio of the reference nucleus to the measured nucleus (v,.¢/V) given in
the Table. The error for the difference AME-JYFL is dominated by the uncertainties in the AME-2003 mass excesses

Nuclide Vier /V ME(JYFL) (keV)  ME(AME) (keV) AME-JYFL (keV)
By 1.00025645(7) -61144(7) -61220(180) -80(180)
fly 1.00018938(6) -65709(6) -66020(60) -310(60)
B2y 1.00016793(6) -68060(6) -68190(100) -130(100)
By 1.01033685(6) -72170(6) -72330(40) -160(40)
8zr 1.01040553(7) -65908(7) -66460(100) -550(100
Yzr 1.02055911(6) -71418(6) -71490(200) -70(200)
8zr 1.03075388(7) -73170(6) -73150(100) 20(100)
87r 1.04091538(7) -77958(7) -77800(30) 160(30)
87r 1.06128125(7) 83624(7) -83623(10) 1(12)
%Nb 1.03082952(7) --66273(7) -67150(220) -880(220)
%Nb 1.04101219(6) -69129(6) -69830(90) -700(90)
8Nb 1.05117423(7) --73868(7) -74180(60) -310(60)
%Nb 1.06136322(7) -76149(7) -76070(100) 80(100)

The results of the Y isotopes are presented in Fig. 10 in comparison with the earlier results and the AME
values (Nucl. Phys. A 729, 3 (2003)). Most of the masses known so far are based on measurements of end-
point energies of B -spectra. The corresponding mass excesses have been calculated from the Qg values
with the tabulated mass excesses of the daughter nuclides (***'**¥Sr). Our measured mass excesses agree
with the AME value only for the isotope *Y for which a direct time-of-flight measurement has been

performed.

Fig. 10. Mass excesses of the measured Y isotopes relative to AME values.

The error bars represent only the uncertainties of the corresponding

experiments
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In this experiment, the mass of *Zr was measured for the first time. It agrees with the AME value based
on systematics. The measured masses of *Zr and *Zr are also in agreement with the AME values (see
Fig. 11). However, there are discrepancies in the mass excesses of “Zr and **Zr.
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Fig. 11. Mass excesses of the measured Zr isotopes relative to AME 2338 =<8 3 g 3 g =85 <23§
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Fig. 12 shows the measured Nb isotopes together with the AME values and previous mass
measurements. The large deviations from the AME mass excesses in *’Nb and **Nb might be explained if the
masses of isomeric states instead of ground states had been measured. However, also the mass excess of 8Nb
differs significantly from the AME value although the isomeric state should lie at 4 keV which is within the
error bars. Only the mass of ®Nb agrees with the AME value. The mass measurements of ******Zr make it
possible to determine Qg values for ******Nb. With the mass of **Zr, a proton separation energy for **Nb can
be experimentally determined for the first time. The measured Zr masses have been taken into account in the
derivation of the Nb mass excesses from beta-decay experiments for these nuclides.

LU N B R B N N R S I B B B I B B B B I A B

2004 w .
< ol T T I T = -
g 11l J= I
L% 200 ] ]
g Tz | Mze | Bz | Pz | Pz
' ~400 [ ]
I, ]
= 4
<< 1 =
@ 600 8
Fig. 12. Mass excesses of the measured Nb isotopes relative to AME ]
values. The error bars represent only the uncertainties of the corresponding -800 s
experiments. The values of *****Nb marked with an asterisk have been £9888 2% 12§28 2gg :ig
calculated with the mass excesses of the corresponding daughter nuclei F;f,,%:’ = oo o= =9
8586887 measured in this experiment at the JYFLTRAP. The other mass gE% E £ §E < E ag
. . @ 2y — — -
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Almost all of the studied nuclides lie on the path of the rp-process and are involved in the proton
captures (see Fig. 1). The masses of these nuclides have been measured with uncertainties of less than
10 keV required for detailed rp-process calculations. Large deviations (several hundreds of keV) to the
adopted AME values have been found except for Y, ****7r and ¥Nb which all agree with the AME
values. Many of the AME mass excesses based on beta-decay experiments differ significantly from the
directly measured values for these neutron-deficient nuclides. A similar tendency has also been observed for
neutron-rich nuclides in direct mass measurements at ESR and at JYFLTRAP. With the measured absolute
masses, the accuracies of proton separation energies and Qpc values for 12 neutron-deficient nuclides have
been improved substantially (see Tables 3, 4). The Qg value for *Zr and proton separation energies for **Zr
and **Nb have been determined experimentally for the first time.
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Table 3
Proton separation energies for the measured nuclides. The mass of the (Z—1,N) nucleus is
from this experiment for 87r, 3471, 3Nb, **Nb and ¥’Nb (marked with *). For the others,
the AME mass of the (Z—1,N) nucleus is used. Proton separation energies for **Zr and ®*Nb
have been experimentally determined for the first time. The last column lists the difference
between the determined S, value and the corresponding AME value

Nuclide Sy(keV) Sp(keV) Difference (keV)
this work AME

Sy 2956(11) 3030(180) -70(180)
Sy 2690(9) 3000(60) -310(60)
B2y 3821(9) 3950(100) -130(100)
By 3451(9) 3610(40) -160(40)
8zr 5137(9)* 5560(140) -420(140)
$7r 6536(9)* 6460(200)# 80(200)
87r 6300(90) 6280(140) 20(170)
87y 7410(20) 7250(40) 160(50)
87r 7895(7) 7893(10) 2(12)
%Nb 2144(9)* 2950(300)# -810(300)
%Nb 3248(9)* 3970(130) -720(130)
$Nb 3199(9)* 3670(70) -470(70)
Nb 4090(11) 4010(100) 80(100)

Table 4
QOrc values for the measured nuclides. The mass of the daughter nucleus from this experiment
for ¥7r, %Nb, **Nb and **Nb is marked with *. The last column lists the difference between the
determined Qg value and the adopted AME value

Nuclide Qec (keV) Qec (keV) Difference (keV)
this work AME

0y 9164(10) 9090(180) 70(180)
Sly 5819(9) 5510(60) 310(60)
82y 7948(9) 7820(100) 130(100)
By 4625(12) 4470(40) 160(50)
87r 6263(9)* 5870(90) 390(90)
$zr 2740(90) 2670(220)# 70(240)
8zr 4670(20) 4690(100) -20(110)
87r 1326(16) 1480(30) -150(40)
87r 675(7) 676(10) -1(12)

5Nb 6898(9)* 6000(200) 900(200)
$Nb 8829(9)* 7980(80) 850(80)
8Nb 5480(11) 5170(60) 310(60)
%Nb T476(9)* 7550(100) -70(100)
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EXPERIMENTAL ESTIMATION OF THE ®Be YIELD
IN THE FRAGMENTATION OF B NUCLEI IN PHOTOEMULSION

F.G. Lepekhin

In the identification of ®Be nuclei, the accuracy in estimating the angle 6,5 between the tracks of
particles is important. This accuracy depends not only on the quality of the treatment of the emulsion-
chamber layers but also on the energy of particles between which the angles are measured. At the
early stage of the development of the photoemulsion method, the tracks of particles were assumed to
be rectilinear. However, it was soon experimentally established that, in fact, the particles were subject
to multiple Coulomb scattering, false scattering, and distortions. The last two phenomena represent
specific distortions of the tracks in an emulsion. Their nature is essentially unknown, but they lead
to the fact that trajectories of even high-energy particles are complex curves.

In experiment described in Ref. [1], an emulsion chamber composed of layers of the emulsion BR-2,
that were 10 x 20 cm? in area and 500 pm thick, was irradiated along the layer in °B-ion beam with
energy of 10 GeV in the Nuclotron at the Laboratory of High Energies (JINR). We then searched
for the events by scanning along a track. The total length of all the portions of the scanned primary
tracks before detecting an inelastic interaction with the photoemulsion nuclei or their escape from the
layer was equal to 243 m. We found 1823 inelastic interactions at this length. Thus, the mean free
path before the interaction is equal to 13.3 = 0.3 ¢m. In 217 events containing two doubly charged
fragments of !B nucleus, the z, y, and z coordinates were measured at 11 points with 100 ym intervals
along the X axis on both tracks of the doubly charged fragments and the primary-particle track.

If the average values of the coordinates x, y, and z are equal to < £ > and < ¢ >, where a = y, 2,
the estimate of the tangent of the angle ¢ = ¢, a for a = y, z is equal to

<za> — <zr><a>
tan € = 5 - (1)
<zt > — <zx>

By calculating the angles ¢ and « for the given track, we obtain an estimate of the angle :

tan 6 = \/tanQLp + tanZa. (2)

In spite of the fact that the accuracy in measuring the coordinates along the axes Y and Z are
different, the parameters of the distributions for the angles ¢ and « appeared to be virtually identical
for these statistics. As it was expected, both distributions agree with the hypothesis that they are
samples of a normal distribution with constant calculated using the '°B-nucleus radius.

It was shown that the angle 615 between the two a-particles produced in the ®Be-fragment decay
from a '°B nucleus can be measured with an accuracy of about 1.5 mrad. The maximal value of ;9
for the decay ®Be — 2« at the energy of 1.0 GeV per nucleon was equal to 5.45 mrad, and its regular
bias at the smallest angles was equal to 1.5 mrad. For this reason, it was suggested that the angles
612 smaller than 8.5 mrad are found for the a-particle pairs produced in the ®Be decay, while all the
a-particle pairs with angles 65 exceeding this value arise in the '°B — 2« process.

In Figure below we show the normal-distribution function, with the average equal to zero and the
standard deviation equal to 21 mrad, calculated from the value of the constant for the '°B-nucleus
radius (the smooth curve) and the empirical distribution function for the angles ¢ and a.
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Fig. The smooth curve represents an expected standard normal distribution. The empirical dis-
tribution function for the angles ¢ shown by the asterisks. The empirical distribution function for
the angles « is shown by the open circles

The sum of the squares of the differences along the vertical between the smooth curve and empirical
distribution function gives the value of w? (Kramers-Mises goodness-of-fit) between the empirical
distribution function and the normal distribution. According to our data, this hypothesis is accepted
for both ¢ and « angles at 1% CL.

The value z = @1 + 2+ a1 + ao for this sample of events is normally distributed with the standard
deviation o, (exp) = 39.7 &+ 2.7 mrad. Therefore, no angular correlations between the particles in the
event are experimentally found. Then, it is quite natural that the distributions of the angles 612 = =
between the independent emissions the a-particle pairs should have the distribution function of the

form:

)

557 )- (3)

When estimating the parameter o of this distribution from experimental data, it is necessary to
exclude the angles 65 that are smaller then a certain value z,,;,. This exclusion is necessary because
we are searching for angles o arising due to the channels containing 8Be — 2a. It is also necessary
to exclude the angles 62 exceeding a certain value z,,,, because they can correspond to rare events
of absolutely different nature, for example, to rescattering of particles in the final state.

Then, the likelihood function for the Rayleigh distribution (3), which is cut off on the left- and
right-hand sides by the x,,;, and Zy,q; has the form

F(z,0) =1 —exp(

i=N
L= H f(zi, 0)F(zmin, o)l — F(Tmaz,0)]. (4)
i=1
In order to estimate the parameter o, it is necessary to solve a nonlinear equation that can be

derived by setting the derivative of the logarithm of the written likelihood function equal to zero. The
peak of L for the given sample is attained for o = 31.7 £+ 2.0 mrad.
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Table
Calculated and experimental values of different quantities
characterizing the '°B-nucleus fragmentation

H N ‘ Quantities ‘ Calculated | Experimental H
1 o(p) = o(a), mrad 21.011 20.5 £0.7
2 o(Rel, 612), mrad 29.714 31.7+2.0
3 < 619 >, mrad 37.22 34.6 + 2.2
4 | o(p1+ @2 + a; + ag), mrad 42.0 39.7 £ 2.7
5 W (®Be — 2a) 0.197 0.18 +£0.03
6 < 615 > for 15 < 8.5 mrad 6.3 5.6 £1.0

Finally, in the experiment 33 events were observed with an angle 615 < 8.5 mrad (instead of
the expected 36 events). This number indicates that the probability of observing ®Be nuclei in the
fragmentation of a '°B nucleus in this experiment is equal to (18 & 3)% instead of expected 19.7%
yielded by the calculation. The principal results of Ref. [1] are summarized in the next Table. All
the predictions made before experiment in Ref. [2] have been confirmed.
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HSR-INVESTIGATIONS AT PNPI

S.G. Barsov, S.I.Vorobyev, V.P. Koptev, E.N. Komarov, SA. Kotov,
S.M. Mikirtychyants, G.V. Shcherbakov

1. Investigation of the magnetic properties of homogeneous copper-manganese alloys

In this work, the magnetic properties of homogeneous copper-manganese alloys Cu;Mn, were studied
[1] by the muon spin relaxation (#SR) technique at the PNPI synchrocyclotron. Samples were homogenized
by quenching in water after their heat treatment in a muffle furnace at a temperature of 1100 K for 100 h.

In our experiments, we measured the time distributions of positrons N,(¢) that were formed as a result of

the decay t/'— e” +V,+V ,, (the muon lifetime is 7,~ 2.197 x107® s) and emitted in the direction of the initial

muon polarization (polarized muon beams were used) in a time window Af¢ ~ 4.5z, after each muon was
stopped in the sample, as well as the integrated yields of these positrons [2]. The time distributions were
approximated by the function
Ne(t)=No - [1 +ao - G(1)] - exp (—1 /1), (6]
where the normalization constant N, and the maximum asymmetry a, characterize the experimental
conditions specific for each sample and do not depend on the muon depolarization. The muon spin relaxation
function G(¢) determined from the time distribution N,(¢) reflects the effect of local magnetic fields on the
muon spin at the site of its stopping. In particular, we have

Z: — CuaMn, s E G(Y) = 1 in the absence of depolarization and G(¢) = 0 for

0r ]| g x0zHeo F ﬁ I unpol.arlzed muons. . . .
06| & rosH=0 . 5 e Figure 1 presents the normalized integrated y¥elds of
—~ o5 X x080iH=s000e | i% * positrons for samples with different concentrations of
S 0.4 ¥ & f % magnetic atoms N (norm) = ((n./ny) —1)/a,. This integrated
= 0:3 ] . f‘g il %; yield does not depfend on thg sample geometry, parameters
02 8%, . & ;"§ it . of the muon spin relaxation setup, and muon beam
01 eﬁ?% - . s * polarization and provides general model-independent
0.0 ,iﬂi* #5 , ““, , X« information on muon depolarization under local magnetic
0 50 w0 15°T K2°° 250 300 3% fields. The parameters n, and a, were determined at a
' temperature considerably higher than the temperature of

Fig. 1. Temperature dependences of the the transition to the magnetically ordered phase.

normalized integrated yield N (norm) of positrons Specifically, the normalized integrated yield N, (norm)

for samples with different concentrations of

magnetic atoms Mn, measured for the Cug,Mngg sample at temperatures

T > 330 K in zero magnetic field tends to unity. This

circumstance suggests the absence of muon depolarization
in the far paramagnetic range in which the frequency of oscillations of electronic moments is too high
(~10" Hz) for their magnetic field to change substantially the muon polarization. The paramagnetic state is
also indicated by the complete depolarization of muons in a relatively weak transverse external magnetic
field of ~580 Oe. In the temperature range 290—320 K, the normalized integrated yield N.(norm) changes
drastically and then reaches a value of ~1/3. This suggests that the sample transforms into a magnetically
ordered state with an isotropic (on a local, cluster or domain level) orientation of static internal local
magnetic field. This behavior is in good agreement with the phase diagram previously proposed by
A. Banerjee and A.K. Majumdar [Phys. Rev. B 46, 8958 (1992)], according to which the antiferromagnetic
transition at 7y ~ 300 K occurs in a homogeneous alloy with the concentration x = 0.8. The normalized
integrated yield N.(norm) equal to 1/3 is retained to 7'~ 200 K. With a further decrease in the temperature,
the normalized integrated yield N, (norm) decreases sharply almost to zero. This indicates that in the given
temperature range a strong dynamic depolarization of muons arises. The temperature dependence of the
normalized integrated yield N.(norm) in the range 20-200 K is characteristic of frustrated magnets which
undergo transition to a low-temperature spin-glass state through an intermediate magnetically ordered phase
with a long-range order. In this case, the dynamic polarization is associated with the transformation of the
magnetic structure in the transition range [3].
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The temperature dependence of the normalized integrated yield N.(norm) for the samples with the
concentration x = 0.17, 0.25, and 0.45 are also plotted in Fig. 1. The normalized integrated yield N (norm) for
these samples decreases drastically with a decrease in the temperature due to the strong depolarization of
muons. Since the normalized integrated yield N.(norm) decreases almost to zero, the inference can be made
that the arising local magnetic fields have a fluctuation character and are rather high. Moreover, the
normalized integrated yield N, (norm) for the sample with the concentration of manganese atoms x = 0.45
initially decreases to a small value and then remains virtually unchanged over a wide temperature range
(from 60 to 200 K). This suggests to some extent that, in the given temperature range, the sample is in a
specific phase state characterized by a fast spin dynamics. As the temperature decreases (7' < 60 K), the
normalized integrated yield N, (norm) increases gradually to the value of ~1/3 which corresponds to the
transition of the sample to the isotopic magnetic phase with a slow spin dynamics.

It should be noted that the dependence of the normalized integrated yield N.(norm) on the
concentration x of magnetic manganese atoms exhibits one more feature. The rate of change in the
normalized integrated yield N, (norm) with a variation in the temperature in the high-temperature transition
range is identical for all samples with concentrations x = 0.17-0.60. This indicates once again that the same
physical processes occur in the alloys and that the characteristics obtained are not associated with the
specific quality of the samples. The transition temperature increases with an increase in the concentration of
magnetic atoms to x = 0.45. A further increase in the concentration of magnetic atoms is accompanied by a
decrease in the transition temperature. For example, the transition temperature for the sample with the
concentration x = 0.60 is approximately equal to that for the sample with the concentration x = 0.25. A
similar dependence of the transition temperature on the concentration x was observed by Banerjee and
Majumdar. This effect was explained by the corresponding change in the size of antiferromagnetic clusters.

The analysis of the time spectra N,(¢) demonstrates that the experimental data cannot be described using
simple relaxation functions. In the paramagnetic range, the experimental data are well described by the
relaxation function

G (¢) = exp (=A41). 2)

However, as the temperature of the first magnetic transition is approached (this can be judged from the
drastic increase in the relaxation rate A), the description of the experimental data requires the use of the
relaxation function in the form of the sum of two exponential functions; that is

G() = a, - exp(—Apt) + ar - exp(-A+), 3)
where a; + a; = 1, G(?) is the dimensionless relaxation function varying from 0 to 1, and Ap and A are the
dynamic relaxation rates for the corresponding exponential function. The experimental data are best
described using constant parameters a; = 1/3 and a, = 2/3.

At temperatures below 100 K, the experimental data for the samples can be described by the following
relaxation function:

G@)=[1/34+2/3-(1 = At) - exp(-A-1)] - exp(—Ap+t). 4)
For Ap << A this form of the relaxation function G is consistent with the spin-glass model. In this case, the
parameter Ap corresponds to the relaxation associated with the occurrence of fluctuating random fields. The
parameter A is connected to the static fields.

A more complex expression for the relaxation function was proposed by Uemura et al. [Phys. Rev. B 31,
546 (1985)]. However, when describing the time spectra N.t) for samples with high manganese
concentrations (x >0.2) the form of the relaxation function represented by expression (4) is more preferential.

The behavior of the relaxation functions for the CugssMng 45 sample with a variation in the temperature is
illustrated in Figs. 2, 3. It can be seen from these Figures that a virtually complete depolarization of the muon
ensemble is observed in the temperature range 120-240 K. The relaxation function decreases only when the
temperature of the sample decreases below a temperature of 100 K. At a temperature of 20 K, the relaxation
function asymptotically approaches a value of ~1/3 which corresponds to the isotropic orientation of
quasi-static local magnetic fields.

The temperature dependences of the parameters A, Ap, and A are shown in Fig. 4. There are two magnetic
phase transitions. The first transition in the sample is observed at a temperature of ~200 K, and the second
transition occurs at temperatures in the range 130-150 K.
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(A, Ap) and static (A) relaxation rates manganese alloys Cu;_Mn,

It should be noted that the static-field parameter A can be obtained by processing the experimental data
only in the case where A > Ap. Note also that a decrease in the parameter Ap leads to an increase in the
reliability for determining the static-field parameter A.

Therefore, the results obtained demonstrate that in the homogeneous alloys Cu;Mn, over a wide range
of concentrations, there exists a phase transition to a specific magnetic state at temperatures in the range
100-200 K. This phase arises irrespective of the type of the high-temperature state, i.e. the paramagnetic or
antiferromagnetic state. The new phase is characterized by a considerable non-uniformity of local fields due
to the absence of a long-range magnetic order.

Thus, the data obtained make it possible to complement substantially the magnetic phase diagram of the
homogeneous copper-manganese alloys Cu;Mn, (Fig. 5). This phase diagram takes the form characteristic
of systems with competing exchange interactions [3].

In the phase diagram depicted in Fig. 5 the solid line indicates the boundaries between the paramagnetic
(P), antiferromagnetic (AF), and spin-glass (SG) states according to the data available in the literature. Points
(0) and (m) correspond to the results obtained in the present work for the high- and low- temperature
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transitions, respectively. The dot-dashed line represents the conventional boundary of the existence of the
new phase state between the paramagnetic and spin-glass phases. As can be seen in Fig. 5, the concentration
dependence 7(x) does not contradict the tendency of the change in the temperature 7 of the transition to the
spin-glass state for concentrations x < 0.15. The largest temperature range between two transitions is
observed at concentrations x ~ 0.5. The experimental results indicate that the new phase is characterized by a
fast spin dynamics not only in the vicinity of the transition but also at lower temperatures down to the
temperature of the transition to the spin-glass state. The analysis of the experimental data obtained allows us
to assume that two magnetically ordered phases can be formed in the Cu;Mn, binary alloys at relatively
high concentrations of magnetic manganese atoms in the temperature range from 20 to 250 K. At
temperatures below ~180 K there arises a state with a fast spin dynamics and fluctuating random fields. In
this state, the parameters Ap and A are of the same order of magnitude. The experimental data obtained can
be described using complex relaxation functions G(f) [expressions (3), (4)]. At a temperature of ~100 K the
transition to the spin-glass phase without fluctuating random fields, i.e. the conventional spin-glass phase,
is observed in the alloys for all the concentrations under investigation.

2. The study of the magnetic properties of the (PdixFe)ossMnogs alloy

The measurements were performed both in a zero external magnetic field and in various transverse magnetic
fields over the temperature range 10—300 K [4, 5]. The behavior of the relaxation parameter A allows determination
of the phase transition point, since a sharp increase in A is observed near this point due to critical fluctuations.
Figure 6 shows the temperature dependence of the dynamic relaxation rate A(7); we can see a pronounced peak
in Aat Tc = 39.5 K which suggests that critical fluctuations develop near this temperature.
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points obtained at 7 = 28 K in a field H. = 0. One
channel on the time axis corresponds to 5 ns

A further analysis of the experimental data showed that, below 7= 39.5 K, the description of G(¢) will have
the best value of 7 in the collinear-ferromagnet (CFM) model (Fig. 7)

G(t) =[1/3 + 2/3 (cos(Q-1)-exp(—A-t))]-exp(—4-1). ®)
The distribution function of local static fields is a Lorentzian with the average magnetic field A and the magnetic field
variance A (Fig. 8); the temperature dependence at 7'>25K can be described by the relation H ~ Hy(1 — T/TCY,
where the value = 0.40 = 0.02 corresponds to the model of the Heisenberg-type 3D magnet.

As the temperature decreases further (below 25 K), the y’-parametr changes and the confidence level decreases
down to zero. The experimental data in Fig. 8 significantly deviate from the fitting curve and are poorly described
by the model based on relation (5). None of the hypotheses proposed in Ref. [2] (CFM, asperomagnet (ASM), and
spin glass (SG)) yields a more or less adequate description of the G function. The value y*= 1 at 97% confidence level
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was achieved only in the case when the experimental data are processed using the sum of two functions,
CFM+SG (Fig. 9),

G(t):((lCFM'(l/3 + 2/3~cos(Ho't)-exp(—ACFM-t))+asg~(1/3 + 2/3-(1—ASGt)-exp(—ASG-t)))-exp(—/i-t), (6)

where acpy + asg = as is the initial decay asymmetry.
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Fig. 8. Temperature dependence of the variance A of static fields and the average field H. The curves are fitting of the
experimental data using the relation H ~ Hyu(1 — T/Tc), where 8~ 0.40 + 0.02 corresponds to the model of the Heisenberg-type 3D
magnet

By writing the initial decay asymmetry in the form of a sum of two terms describing different states, we can
separate both contributions. Thus, we can conclude that two phase states coexist simultaneously in the sample below
25 K; one of these states is ferromagnetic and the other is the spin-glass state. This conclusion is consistent with the
model presented by relation (6). Figure 10 shows the temperature dependence of the ratio of the spin-glass fraction
asymmetry to the maximum asymmetry. It can be seen that, as the temperature decreases, the spin-glass fraction
increases long before the transition to the spin-glass state.
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processing within the CFM model with ¥*=1.23, (3) ensemble

processing within the ASM model with y’=1.58, (4)
processing within the SG model with ¥*=1.85, and (5)
experimental points obtained at 7=15 K in a zero external
field. One channel on the time axis t corresponds to 5 ns

An analysis of the distributions of local magnetic fields shows that various magnetic states occur in the
(Pd ggs4Fe g016) 09sMn o5 alloy as temperature is varied (Fig. 8). For example, in the temperature range 25 <7<39 K this
alloy is in the CFM state with a Lorentzian distribution of local magnetic fields. In the temperature range

10<

T<25 K, the magnetic structure of the alloy can be considered as a superposition of a collinear ferromagnet
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74 and a spin glass with a Lorentzian distribution of local
Q:soig.g magnetic fields. Below 7' = 10 K, the alloy probably

...Q % undergoes a transition to the SG phase.
5+ ® ¢ We also calculated the size d of magnetic
n ° e © inhomogeneities. To estimate it, we used the data on
E ° n® neutron depolarization AP obtained upon sample cooling
S 27 o under the ZFC conditions. We note that the temperature
] dependence of the depolarization AP under these
] conditions is characteristic of samples without magnetic
o anisotropy (the so-called 3/2 rule is valid). The quantity d
] (the average size of a domain or a cluster) is calculated
o 5 10 15 20 25 30 35 40 with allowance for the sample magnetic isotropy and
T.K assuming that the average magnetization M, of
Fig. 11. Temperature dependence of the average size inhomogeneities is equal to the average field A (Fig. 8).

of magnetic inhomogeneities under cooling in a zero ~ The results of this calculation are shown in Fig. 11.
field

3. Muon investigation of HoOMnO3; and YMnO; hexagonal manganites

Manganites RMnO; exhibit a wide variety of physical properties, depending on the rare-earth element R.
Compounds with a large ion radius of the element R (La, Pr, Nd, Sm, Eu, Gd, and Tb) are crystallized in the
orthorhombic structure with the space group Prnma. Compounds with a smaller ion radius of the element R (Ho, Er,
Tm, Yb, Lu, Y, Sc, and In) exhibit the hexagonal crystal structure with the space group P6;cm. The hexagonal
manganites belong to ferroelectromagnetic materials in which the transition temperature to the ferroelectric state,
T~ 600—1000 K, is much higher than the temperature of antiferromagnetic ordering, Ty ~ 70—130 K.

This work is devoted to the investigation of local magnetic fields and their distribution in multiferroics
HoMnO; and YMnO; by the tSR-method of substance investigation [6]. The samples were obtained by the
solid-phase synthesis method. The measurements were performed on the muon channel of the PNPI

synchrocyclotron using a uSR setup [7].
Figure 12 shows the temperature dependence of the

087 relaxation rate 4, of the polarization of muons stopped in
0.7+ * * the HoMnO; sample in zero magnetic field. This
0.6 dependence exhibits two peaks at 76 K and 40 K, which
05 i correspond to two phase transitions. The first transition at
’ T =76 K is a transition from the paramagnetic state to the

H‘g 04 °® antiferromagnetic ordering state. The second transition at

<034 o o T =40 K is associated with the rotation of the spins of Mn
02] %0  o® ° % by 90° (spin-relaxation transition). This conclusion is in
o] i good agreement with results obtained by other methods
' [B. Lorenz et al., Phys. Rev. Lett. 92, 087204 (2004)].
0,0

20 25 30 35 40 45 50 55 60 €5 70 75 80 85 90 Detailed analysis of the muon polarization
' relaxation function G makes it possible to determine the
Fig. 12. Relaxation rate of the polarization of  parameters of the distribution of local magnetic fields at
muons stopped in the HoMnOs; sample in zero various temperatures of the samples under investigation. In
magnetic field particular, the relaxation function of the polarization of
muons stopped in the HoMnO; sample, G(f), in zero

magnetic field is described by the expression

G(t) =[a"(1/3+2/3-cos(Q-t)-exp(=A;-t))+ar(1/3 + 2/3-cos(Q,:1)-exp(—Ax-t))]-exp(—4-1), (7
where a; + a, = as is the initial asymmetry of the decay of muons stopped in the sample, 4 is the dynamical relaxation

rate, Q, ,=2x- F| , are the cyclic frequencies (associated with the mean local field at the muon localization site), and
A, are the frequency spreads associated with the spread of internal magnetic fields.
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Figure 13 shows the temperature dependence of the frequencies of the muon spin precession for the

HoMnOs sample in zero external magnetic field. It is seen that precession at two frequencies, one of which is
negligibly low as compared to the other frequency (£~ 40 MHz and F, < 1 MHz), is observed for sample
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temperatures below 7 = 76 K. As the sample temperature is decreased, F increases monotonically, whereas F,
decreases. For sample temperatures below the temperature 7gg = 42 K, the frequency F, increases noticeably (almost
from zero) and continues to increase monotonically with decreasing the temperature.

Figure 14 shows the temperature dependence of the coefficients ¢, and @, (see Eq. (7)). It is seen that the
relation between the coefficients a; and a, changes sharply at the temperature of the spin-rotation transition,
Tr=42K.

Similar investigations were performed for the YMnO; sample. Figures 15—18 show the results of the
processing of the experimental data obtained with the YMnO; samples. The temperature dependence of the
polarization relaxation rate A for muons stopped in the YMnO; sample exhibits a peak at a temperature of 7= 66 K,
which corresponds to the paramagnetic-antiferromagnetic phase transition (see Fig. 15). A non-monotonic
temperature behavior of the parameter 4 is seen in the temperature interval of 45—55 K (see the inset in Fig. 15).
The precession at two frequencies F and F; is seen in the temperature interval of 20—60 K; the relation between
the frequencies, F»/F| = 2, holds in the indicated temperature interval (Fig. 17).

Figure 18 shows the temperature dependence of the parameters A; and A, (frequency spread) in the temperature
interval of 20—60 K. Similar results were obtained by T. Lancaster et al. [Phys. Rev. Lett. 98, 197203 (2007)].

Note a feature in the behavior of the partial amplitudes a; and a, in the temperature interval of 20—60 K.
A change in the ratio of these parameters, a;/a,, is observed at a temperature of 7= 50 K (see Fig. 16). Thus, the
temperature dependences of the relaxation rate of the muon spin (shown in Fig. 15) and partial amplitudes a,
and a, (shown in Fig. 16) for the YMnO; sample exhibit features at a temperature of ~50 K. This is likely attributed
to the partial rotation of the manganese spins in the YMnO; compound obtained by P.J. Brown and T. Chatterji
[J. Phys.: Condens. Matter 18, 10085 (2006)].

The temperature dependence of the precession frequency for the HoMnO; and YMnO; samples is well
approximated by the Curie-Weiss curve, F ~ Fyw(1 — T/TyY’ with the value £ = 0.39 % 0.02 corresponding to the
Heisenberg 3D magnet model.

4. Influence of magnetic nanoparticles on behavior of polarized positive muonsin ferrofluid
on the Fe;0,4 basein carrier medium D,O

The ferrofluid on the basis of the Fe;O, nanoparticles dispersed in heavy water (D,O) have been
investigated by means of the xSR-method. It was revealed that the distinct muonium precession signal is
observed simultaneously with the muon (diamagnetic) precession signal. The behaviour of the muon and
muonium fractions in the ferrofluid i