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CopeprKaHue (CTpyKTypa AOKNaAa?)

® fApepHbiii Komnnekc ISOLDE

® NazepHblt MOHHDBIN UcTOUHUK RILIS (ISOLDE)

® dotonmoHM3aLMOHHaA Na3epHaa cneKkTpockonua c nomoubto RILIS
Obuiee onncaHne metToaa M SKCNEPUMEHTA/IbHOMN YCTAaHOBKM
Pa3BuUTME YCTAHOBKMU

® NpumeHeHne pOTOMOHU3ALMOHHOMK CNEKTPOCKONUM Ha YCTaHOBKE
ISOLDE

MouncK HoBbIX cxem poTomoHmsaumnm (Po, At) n nsmepeHme noteHumana
noHmsaumm (At)

PasgeneHue nsomepos

N3mepeHne N30TONNYECKUX CABUITOB N CBEPXTOHKOM CTPYKTYPbl aTOMHbIX
nepexoaos (A4epHble 3apsAA0Bble PaguyCbl U 3IEKTPOMArHUTHbIE MOMEHTbI)

® MNepcnekTusbl
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Nuclear mass surface
lons that are confined almost at rest in devices: called
Penning traps can have ther mazses messured with
. wery high preccision. The large wariety of nuclear species
. avaitsble at ISOLDE allows a comprehensive survey of
L : the “nuciear mass surface” - in effect a map of the many
muclear masses. This gives important input for studies
. of fundsmental symmetries, theoretical models of the
- | abarmig, medeus, and nudear astrophysics.
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par astrophysics

Ore of the most fundamental and challenging
questions of the Zlst century = how the elements
from iron o wanium wene created. Mudesr resctions
ooourming in explosie stellar ervironments, such as
bursters, are believed o

which can be studied at ISOLDE and REX ISOLDE.



ISOLDE — An Isotope Factory

Of the 3100 known isotopes, 256 are stable.

Only 83 radioactive isotopes are found in -
nature. =82 o "
Up to now I.I.i.ll"" N=126

>800 isotopes of 70 elements “n —

have been produced at ISOLDE _l_l" . i(ml?@ o2
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‘ ISOLDE physics program

Solid state physics Particle and Astrophysics
24%, 109 Biclogy/Medicine
4%
e
Atomic
Physics
22%

Weak Interaction and
Nuclear Physics

40%
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Y i
4 RILIS operation i2%19<

Ion beams of 15 elements were prnduc'ed

7 demand

2500 ~ Realistic curjve for
- one laser syftem Laser ON time
=l 2000 - - i in 2011:
] _ 1 756 h —Total
Q
r 1500 A - 2527 h — On-line
Q
o
c |
O 1000 > 50 % of the
e
g Total running time of
-3l 500 1 ISOLDE facility
° I\ |
0 Tt e e e 9

1994 1996 1998 2000 2002 2004 2006 2008 2010

Eﬂﬂﬂﬂﬂ!lﬂlﬁlﬂﬂﬂﬂﬂ

Planned 80 184 B4

Real 89 101 146 269 221 35 110 4 92 231 242 390 348 73 407

\ V. Fedosseev, B. Marsh /




ISOLDE-I produces
its first radioactive beam

ISOLDE-II is installed
at the PS-Booster

Construction of HIE-ISOLDE starts




‘ Target —lon Source

auto-ionizing state -
= & iOnization potential

Rydberg state

excited states

ground State

Laser beams
-
. Nb cavity
lonization

.4 Transfer line
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RILIS laser system
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‘ RILIS lasers
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On-axis APIPS On-axis
collimator PIPS detector

mount

On-axis
APIPS detector

mount

Beam axis

Off-axis 5 Carbon foils

PIPS detectors

Rotatable steel wheel
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4 RILIS upgrade
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frequency detuning, GHz
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Advantages:

Better beam quality
Stability of operation
No desynchronization problems!

omplications:

New ionization schemes are needed (Mn, Au)

Service by manufacturer only
Shorter pulses

Copper Vapor Lasers are replaced by
Diode Pumped Solid State Nd:YAG Lasers
Total power > 100 W

Laser generates 3 beams at 10 kHz:
Main green beam
—532nm, 70-80 W, 8 ns
Residual green beam
— 532 nm, 12-28 W, 9 ns
UV beam
-355nm, 18-20 W, 11 ns




‘ RILIS Dye Lasers

Optimized for Nd:YAG pumping 5[ =
(UV+Visible) A
Higher power L
Tunable and SCANNING

Pump laser: Nd:YAG
(532 nm), Edgewave
Repetition rate: 10 kHz,
Pulse duration: 9 ns
Power: 100 W

efficiency (%)
0000 N EEJCYADP»EO

550 600 650 700 750 800 850
wavelength (nm)




RILIS Ti:Sa lasers

Pump laser: Nd:YAG (532 nm), Photonics
Repetition rate: 10 kHz

Pulse length: 180 ns

Power: 60 W

Design & Construction:
S. Rothe (Uni Mainz)

Wavelength tuning range:

* Fundamental (W) 690 940 nm (5 W)

* 2nd harmonic (2w) 345 470 nm (1 W)

_ * 3rd harmonic (3w) 230 310 nm (150 mW)
. * 4th harmonic (4w) 205 - 235 nm (50 mW)

J 6 resonator mirror sets cover the Ti:Sa range




‘ Comparison dye vs. Ti:Sa system

GabsSTtienfRed

Dye
Active Medium > 10 different dyes
condition of aggregation liquid (org. solvents)
Tuning range 540 -850 nm
Power <12 W
Pulse duration ~8 ns 9
Synchronization optical delay lines
# of schemes developed 47
Maintenance renew dye solutions
20.07:
' Dye . _ !
g Lo -|-| S_ ]
< _ 2x Dy | '
GEJ . - 2X T| Sa
o :
2 332‘ Tigs
. 4;( Ti: Sa g
()

Ti:Sa

=1 Ti:sapphire crystal @
solid-state

680 — 980 nm

<5W

~50 ns

g-switch, pump power

37

~ none @

Ti:S

Dye

Ti:Sa system is complementary



‘ Narrow-band scanning Ti:Sa laser
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LIST: Laser lon Source Trap
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‘ LIST: Laser Spectroscopy of 217Po
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RILIS elements

Currently available RILIS elements are highlighted in red.
Elements for which ionization schemes have been tested to some extent but not yet applied are
highlighted in green.

87 83 ga| 104| 105
Fr |Ra |Ac |Rf |Db
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‘ New photoionization schemes: Po

Continuum

a b

Po yields (scheme ,a")

. Yield,
510.6 nm Isotope Half life, s Atoms/uC

193gPo 0.42 7x101

6p38p ? 12 193mPo 0.24 1x102

6p38p ? 10
194Po 0.392 2.5%103
195gPo 4.64 2x104
843.38 nm 532.34 nm 538.89 nm

195mPo 1.92 5x104

196Po 5.8 4.7x105

6p37s 197gPo 53.6 2.5x105

255.8 nm 3S1

245.011 nm 197mPo 25.8 1.75%106

pi 3P2 198Po 106.2 7%x106




‘ At: Photoionization scheme and
lonization potential

Recent interest in At and its IP:
766000m-1\ * targeted a therapy for cancer treatment
* Benchmark for theoretical chemistry of
IP astatine
74200 cm-1 * Benchmark for calculations for IP( 117Uus)
* At beam for ISOLDE users (-delayed
fission, laser spectroscopy)

Theoretial predictions of IP(At)

Reference VYear IP (eV) IP (cm-1)
[Fin55] 1955 9.2+0.4 74203 %6500
[Kis60] 1960 9.5 76 623
[Kue91] 1991 9.4 75 816
e [Mit06] 2006 9.24 74526
44549 cm-1 [Chal0] 2010 9.35+0.01 75413 + 160

216 nm

‘ - ASTATINE 70mg

i
ml.DE
S




‘ At: Photoionization scheme and
lonization potential

~2W @ 273 nm for non-resonant
ionization
IP~75000 cm-H * Laser scans of 224 nm and 216 nm
transitions
Very low yields 1-10 s-1
~5 min per wavelength step
12 B T T T T T T ]
199
£ C 10 ._(a) At ]
= o 216 nm
™ E 0.8 |- 4
N v L
N = 06[ ]
:Cs L
o %4r ]
©o2t ]
46234 cm-1 oop T, T
46231 46233 46235
44549 cm-1 wavenumber (cm™)
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©
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0.cm-1




‘ At: Photoionization scheme and
lonization potential

IP 75129 cm-1

count rate (5'1)
-~ o

o
-

0.01 _— s : : L : L
| 75000 76000 77000 78000
total photon energy (cm’1)

Laser scan of second laser
Low resolution

46234 cm-1| Required ~6 h data taking

44549 crm-1 |Pthreshold(At) = 75129(95) cm-1

216 nm

Higher resolution needed
low yield due to low laser power in final step
3-color scheme allows use of 532 nm (50W)

0 cm-1




‘ At: Photoionization scheme and

IP75129 cm-1

£ =
= c
22
58805 cm-1
= 57277 cm-1
g ~57269 cm-1
o| 57157 cm-1
~
46234 cm-1
44549 cm-1

216 nm

0 cm-1

lonization potential

Spectroscopy at ISAC/TRIUMF (199At)
cw proton beam from cyclotron

200 nm scan: 3 new transitions
Verified at ISOLDE/CERN (205At)

90

60 -

counts x 10°/s @ CEM20

30Fm‘”i

50 GHz/s scan from 715 to 930nm

total scan in about 30 min

11 000

12 000 13 000

wavenumber (cm™)

6 transitions, 4 new energy levels available
Up to 150 pA of 205At
Continuously measurable with Faraday cup



‘ At: Photoionization scheme and

Ionlzatlon potentlal
Spectroscopy of Rydberg Ievels
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Isomer selectivit
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Isomer selectivity

Laser-> Maximize different isomers
189Pb

A level scheme of the 189TI nucleus
has been established from the B+/EC
decay study of the 189Pb isomers using
both nuclear spectroscopy and in-
source laser spectroscopy experiments.

T i T i —&— High spin isomer (I = 13/2), 480 keV
12 | @ Low spin isomer (I = 3/2), 667 keV

signal, normalized

40 gamma lines belonging to the B/EC
decay of 189Pb have been identified:

| 386, 480, 700, 399....and 667keV are the
main ones.

35286,2 35286,4 35286,6 35286,8 35287,0 35287,2

-1
wavenumber, cm
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‘ Isomer selectivity

" " 367Kkev 184Tl

% « ——— ground state hfs

hfs of the previously unknown isomer (/=10)

it : Hyperfine structures observed for
et asiegasd | 184TI with different detection modes

WSE T ArsRE iBESLa  lE0T  1E0S

Wavenumber [cm?']
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1800 -

Isomer selectivity
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Isomer selectivity enable us to measure masses of 197g,198gAt
and receive nuclear spectroscopic information for pure g.s.



‘ Nuclear charge radii and
electromagnetic moments

Isotope shift JVA,A’

OVA,A* = F A4,A° + MS
Rms charge radius

A, A= Kr2A4,4 + C20¥rd4A 4,4 +...=0.93 0%r2 A4,4°
Relative line position - hyperfine constants A & B - ml, QS

V VotV -V
F.F, =V 0"V F, TV

K 0.750K (K + 1)- 10+ nyn+ 1) JFE112

F2=1+1/2

V= A0—=+ Bl

2 2027 - )I(2J - DI LJ
K=FLF+1)-10I+1)-J0J+])
F=I1+J, F=|I-J||I-J|+L. I+J
A0y, BOO

Amplitudes of the components:

F1=1-1/2

_ (QF, + DX2F+ 1) XHJf F, 1%2

S(E ~ Ff)

Ji=1/2 /v Fa=IL2

27+ 1 0k J, 17
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Nuclear deformation

Charge radii and deformation:

5 /2 PR . .
nrz‘, g szﬁ.ﬁph ,,3 ) 4 \r7)4 is .the mean square radius of a spherical
Aqr VT2 nucleus with the same volume. Usually evaluated
using droplet model

Quadrupole moment and deformation:

Q2 _ I(I+1) K is the projection of the nuclear spin on the

_ _ symmetry axis of the nucleus.
Qs (I+1)(2I+3)Q |
2 5 Ro =1.2A1/3 fm.
= ZRE 3 —\/jfig S— .
R “('”? n2 T )



‘ Hyperfine components intensities:
rate equations
Nz G NS Bl (v- v €,
To take into account the saturation of transitions, pumping processes between
hyperfine structure (hfs) components and a population redistribution of the hfs

levels the number of photoions Nion for each frequency step was calculated by
solving the rate equations for the given photoionization scheme:

(dNp ] . ] . ] _
ke > WgpNpr — > Wpp:Np — Wgion Np
t 2 k
\:
d*'“\'rmﬂ - AT
Tat ; Wes ionNE?

W~ S d(v+ AV =), S, = S [(2F + 1)

Att=0: Np ~2F +1
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‘ Hyperfine components intensities:
rate equations

AN, =W, N.dt+ ...

won

n

ANy = = Nw (W + Wit )dlt
t N Wopdt+ ...
AN = = N (Wt Wo +..)dt +

t (NpWoupt N Wt .)dt

AN, = - N, (W, + ..)dt+
t (N W t .. )dt

Wep _ 2F% 1

W.. 2F+1
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Nion A ionization
W ion
F’2
NIIFII ‘ F"l
| N FHO
WFF’ e
Ly L F2
N'F 4:1_—,_-,1
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W FF W FF
2 F2
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Shape coexistence in Pb region

3000 —
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Level systematics for the neutron-deficient

lead isotopes.
R. Julin et al., J. Phys. G: Nucl. Part. Phys. 27

(2001)
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Nuclear charge radii around Z=82

v Ground state

M — e —|somer EEREEsnes
Droplet model prediction Po (Z=84);

2
Or“0, fm?

100 105 110 1I1V5 120 125 130

nuclear ground and isomeric state properties : é r 2 [
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Pb: charge radii and magnetic

moments
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Magnetic moments
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*This tranistion was already used for optical spectrosc
(Kowalewska et al, Phys. Rev. A, 44 R1442, 1991.)
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‘Po, 1=(3/2)

40

20
O L L L] L] ' LJ L) L L I L L] L] L]
10000F| po, 1=3/2)| -
» | 9% l i
}
O L L L] L] I LJ L) L L I L L] L] L] I L) |*l Ill L] L] I L) L
Loookl 7po, 1= (3/2)]
O
L000E[ 2p, 131
SO0
Of L L L] L] l LJ L) L L
0.040 2ipy =31
0.02F
OAOO L} L) L) l L) |‘
0.02} *Po, I=512
OAOO_ L} L} L) L) I L) L) L} L} i
06_ ] -
F | *Po, I=1/2 ' ]
0‘;_— ] _-

-15

-10
Frequency detuning (GHz)

ion current (a.u.)

005 E
0.00 [

0.02
0.00

-20

T T T T T | T
| ®'po, 1=(1112) PN i
"‘:.‘o

T T T T
- | po, 1=(132) Y _
T L) L] T I L] L] T T I L) L] T

py. I=(1312)
L L L A LA
[ | “po. T-(1312)

T | LA
199,

| o, 1= (13)| ;;rz[

*'po, I=13/2) . ' E

L | o, 1-13/2) ..,i":ﬁ. I: -
llllllll L

-15 -10 -5 0 5
Frequency detuning (GHz)



A

190 195 200

0.50 —————s 205

l L T L] l L] L] I T 'I. L] l T ‘_I- L]
e o evend ,\ﬂ-"'dﬁ) IO\
: R
v . v low spin states (odd A4) Qhr L .-"6-\6
0.25 high spin states (odd 4) N ;
o . Q]
= I TR
L AN
20,00 b o S——
= e
/\,q:‘ .-a .--‘.3
>-025} o T -
——-E ; o v
- R |
-0.50 | LT - s ST
ST x gy a " &8 .
Y . - "i-- |
'0.75 i | '|.‘ 1 1 |"| 1 | 1 ‘|' 1 1 1 1 | 1 1 1 1 | ‘i 1 1 L

105 110 115 120 125 130

GabsSTtienfRed



. _C!ick to edit Master text styles

LI LI
Second level
- . Po gr ‘?‘dgtfé o
0 L D At e o T .
| ’ Spiﬁoglﬁ?{ﬁslevel
v  Po, low -spin states
g‘ i * ol,
s20 3
g —#
= /9‘3’/8
‘“(: /8/3’3
I . _8.-‘8" -0 Pb
-10F * o ° —— Hg, ground states
o v Hg, 1somers
(o] :
100 105 110 115 120 125

N

GabsSTtienfRed



1.5
1.0
0.5

— 0.0

-1.5

-2.0

Click to edit Master text styles

197 199 201 203

— 05

-1.0

e ground states (/' =3/2")
a  isomeric states ("= 13/2")
---------- theoretical calculation 7

113 115 117 119
N




A

190 195 200 205 210

| I ) 1 ) 1 I ) ) ) ) I L] ; ) ) I 1 1 ) 1 I ] i
: * (4" from B(E2) :
0.30 E- x . (ﬁz)liz from & (rz), ground states_z
0.25 F A (/6,2)1:2 from §¢~°), 13/27 isomers-
_ E * % ==& g from O, 3/2 states, B<0 E
o 0.20 -; .
- F T. ]
N : § ‘ ¢z a 4 -
0.10:— .%Elgiiz . cs” —:
0.05 F % :
OOO : "I S S S I S S S . | "'§ PR N [ S TR WY S N ;

105 110 115 120 125

N

2919

L[N







Next step: At
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At (Z=85)
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Next step: Au
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Spins of 177g,179gAu
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Au: charge radii
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Charge radii in Pb region
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Charge radii: summary

Pb: 182, 183, 183m, 184, 185, 185m, 186, 187, 187m, 188, 189, 189m -
published

Bi: 189, 191, 191m published (IS and electromagnetic moments)

Po: 191, 192, 193, 193m, 194, 195, 195m, 196, 197, 197m, 198, 199, 199m,
201, 201m, 203, 203m, 211, 216, 217, 218 partly published

Tl: 179, 180, 181, 182, 183, 183m, 184, 184m
At: 197,19/m, 198, 203, 205, 207, 209, 211, 217
Au:177,178,178m, 179, 180, 181

At and Au: proposal submitted
Hg: proposal in preparation
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Collaboration

NMNAD®: A.E. bap3ax, [.B. ®énopos, ./71. MonkaHos, tO0.M. Bonkos ...

ISOLDE (CERN): B.H. ®epgocees, B. Marsh, S. Rothe, R.E. Rossel, D. Fink ...

KU Leuven: P. van Duppen, M. Huyse, A. Andreyev, H. de Witte, T.E. Cocolios ...
Mainz University
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Padovan rpynna mo corpyaEETecTRY ¢ [IEPH

PacxogoeaHHE cpeIcTE
HA cOOepAaHHE POCCHACKHX CHemHAMHCToB Ha 20.09.2012
(e gomtapax CIITA)

JHCOepHEMERT Koopommarop | Pacmpenenemme  Herpameno Mponerr Hogvoe
2012roma Do OpoekTAM | HCTPAUEHO | pacmpen.

ATLAS AM. 3afizes 817 000 538685 65.0 915 000
oMs BA Marsees 817000 562553 13 915000
010 JTyszma (FF) + 20177 :

ALICE ‘B Massso 570000 424848 745 640000
LHCb AL Toayreas 466 000 362070 770 520000
MUCAP  AA BopoGees 32000 1894 501 36000
IHC-MA  OM Hsascs 70 000 31846 455 20 000
LCG BA Hmm 70 000 31314| 447 80 000
COMPASS  C.B. [omcwos 92 000 56939 61.0 103 000
DIRAC JLJL. Heasésios 32 000 31888 007 42 000
‘NAS61 AB Kypemmz 32000 18143 567 36000
NAG2 B.®. OGpasmos 26 000 16234 624 36 000
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CAST BA Marsees 7 500 2540 330 g 500
ISOLDE 11 B. ®&g0poz 6 500 504 776 7 000
RD30 AT 3amysmsi 14 000 0, 8 000

E M. Bepbmmas 8 000
MEG 10.A. Taxom0E 13 000 1718] 504 15 000
AEGIS BA Marsees 18 500 13623 736 22 000
ADM#RES  BH. Caspsm 123 093 55653 452 153 343
UTOTO: ' 3212003 2201138 685 3632843
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