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MUON CATALIZED dd- and dt-FUSION
A A Vorobyov, E.M.Maev, G.G.Semenchuk

Introduction

The possibility of formation of the mesomolecules like ddp and pdp followed by fusion of the
nuclei in the mesomolecules was first pointed out by A.D.Sakharov (1946) and F.Frank (1947).
The muon released after the fusion reaction is able to form a new mesomolecule thus serving as
a catalyzer of the nuclear fusion. Later on Ja.B.Zeldovich developed the theory of this process
in the natural for that time version of non-resonant mesomolecular formation. L.Alvarez (1956)
was first to observe experimentally the mesocatalysis of a nuclear fusion reaction in the channel

du +p — dpp —3He + p + 5.4 MeV.

This discovery created a lot of excitation throughout the world. It was considered a potential
new source of energy production. But soon the formation rates of the pdy and ddy molecules
were found to be too low for any practical application of this process. Also, the formation rate
of the dtu molecule, most perspective for the energy production, was expected to be similarly
low. Moreover, D.Jackson (1957) and S.Gerstein (1960) pointed on a principal limitation for the
number of cycles catalyzed by one muon. This limit is set by the probability of muon sticking
to the *He nuclei created in the dt-fusion process. The authors estimated this probability
to be about one percent that corresponded to the maximum number of fusions on a level of
100. But even this limit was considered to be far from being reachable because the observed
mesomolecular formation rates were so low that only one fusion cycle was possible during the
muon lifetime. As a result, the interest for the muon catalized fusion (pCF) slowly died away.

Meanwhile, an interesting observation was reported in 1964 by the V.P.Jelepov’s group at
JINR (Dubna). The rate Agq, measured at T' = 300 K turned to be an order of magnitude higher
than the already known rate Agq, in liquid deuterium. This observation was in contradiction
with the expected independence of A4y, on temperature. A possible explanation was given by
E.A.Vesman (1967) who assumed the existence of a weakly bound state in the ddy molecule. In
this case the formation rate of the ddu molecule might be increased due to the resonant transfer
of the released energy to the mesomolecular complex [(ddy, d)2e]. The theory of resonant meso-
molecule formation was later developed by the L.I.Ponomarev’s group. The precise calculations
not only proved the existence of the weakly bound level in the ddy molecule (1 = —1.9 V)
but also predicted an analogous level in the dty molecule (617 = —0.6 €V), that should lead to
an extremely high formation rate of the dfy molecule. This prediction was confirmed in 1979
in the experiment performed by the V.P.Jelepov’s group in Dubna which demonstrated that
)‘dtu ~ 108 s71.

After that observation the interest to the mesocatalysis sharply increased. Several experi-
ments started in USA (LAMPF), Switzerland (PSI), Russia (PNPI), Canada (TRIUMF), Japan
(KEK). At the same time theorists continued working on more precise ¢CF theory. Some stu-
dies were started on possible utilization of the pCF as an intensive source of 14 MeV neutrons
and even as an energy source. As a result of these efforts, a very high level of understanding
of the uCF process is reached today. An important contribution to this progress was made by
the experiments performed by the PNPI group at the PNPI synchrocyclotron and later at the
Swiss meson factory (PSI). The success of these experiments was due to a new experimental
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method which has made it possible to register the charged products of the fusion reactions.
This article presents a brief account of the results obtained by the PNPI group.

Experimental method

Prior to our experiments, the usual method of investigation of the muon catalyzed fusion
was registration of neutrons produced in the fusion reactions. This method proved to be quite
effective but still it has some limitations: the channels where no neutrons are produced in the
final state are not detected, the channels with muon sticking to helium are not identified, there
are difficulties in measuring the absolute reaction rates.
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The basis of our method [1] is the use of a high pressure hydrogen (deuterium) filled ioni-
zation chamber as a "sensitive target” (Fig. 1). The chamber registers the incoming muons as
well as the charged products of the nuclear fusion catalyzed by these muons. The analysis of
muon signals enables us to select the muons stopped in the central part of the chamber sensitive
volume and thus to exclude the wall effect on the registration efficiency of the fusion products.
As a result, the 100% efficiency in registration of the charged fusion products is reached.

A peculiar feature of the method is the high (up to 200 atm) pressure of hydrogen used in
the chamber . It was not obvious in the beginning whether there will be any visible signals at
such a pressure at all in view of possible electron-ion recombination in a track. Fortunately,
the recombination effect turned out to increase quite slowly with the increase of the pressure.
Besides, the recombination appeared to be nearly independent on the track orientation relative
to the direction of the electric field. Therefore, the recombination effect is just some shift
of the observed peaks towards the smaller energies, practically without degradation of the
energy resolution. So, the energy spectra could be successfully measured in the presence of the
recombination effect. Moreover, in some cases this effect proved to be even useful. In particular,
it gave us an opportunity for direct measurement of the muon sticking to helium by moving
apart the peaks belonging to (He)™ and (Hep)™. Without recombination these peaks would
coincide with each other. As an example, Fig. 2 shows an amplitude spectrum of the dd-fusion
products measured in one of our first experiments [2].

The high registration efficiency allows to detect two and more fusions catalyzed by one
muon. It is the base of the method (we call it "the survived muon method”) in which we select
only those events when we are sure that the muon was released after the first fusion and that
it did not decay and was not captured till at least the next fusion. This method turned out
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Fig. 2. Amplitude distribution of the dd-fusion events, measured with the IC. The cham-
ber parameters are given in Fig.1. One can see the separation of the (He)™™ and (*Hep )t
peaks. The *H peak should have the amplitude of 0.9 MeV. The amplitudes of *He+p sig-
nals are distributed from 0.9 MeV to 3.6 MeV because the protons escape sometimes from
the chamber sensitive volume. The noise level is ¢ = 30 keV, the registration threshold is
130 keV, the registration efficiency is 99%, the background events contribution is 0.1%.

to be the most accurate in determining the absolute ddy molecule formation rate (accuracy of
3%), as well as in measuring the muon sticking probability.

Further experiments used several modifications of the ionization chamber differing mostly
in the geometry and in the number of the anodes. The precise measurements of the dud-fusion
temperature dependence were of special interest. For this purpose, a modification of the 1C
with helium cooling was designed [3]. It allowed the IC to operate in the temperature range
of 30-300 K with the possibility to stabilize the temperature and to measure it at any point
with the accuracy of £0.3 K. In the experiments carried out at PSI, the IC was surrounded
with the neutron counters hodoscope extending potentialities of the method. In particular,
this improved the registration conditions for the fusion events appearing shortly after the muon
stop in the time interval of 0-200 ns.

The IC method proved to be beyond any competition in the case of the dud-fusion studies.
However, some complications occurred in its application for investigation of the dut-fusion
caused by the electrons from the tritium f-decay in the IC sensitive volume. To reduce the
tritium background, the chamber anode was divided into 19 separate anodes, 3 mm in diameter
each. At 100 atm pressure, the range of the a-particles from the d¢-fusion is 1 mm. Therefore,
all the ionization produced by the a-particle is collected mostly by one of the anodes while the
background current is distributed between the 19 anodes. This design allowed us to study the
dpt-fusion in D/T mixtures with the tritium concentration up to 3%.
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Study of dud-fusion

Investigation of the dud-fusion in Dy molecules gives a unique opportunity for quantitative
comparison with the pCF theory. It is just in this case the resonance mechanism of the me-
somolecular formation is displayed in the most pronounced way. Moreover, this mechanism is
not shadowed by the by-side processes like incomplete thermalization of the du atoms. The
dpd-fusion leads to three different reaction channels:

dy +d — ddp — *He+n + p; —*Hepy + n; — H+p + p. (la,1b,1c)

This set of reactions is determined by three main parameters: the formation rate of the
ddy molecule, Agq,; the probability of muon sticking to helium, wyg = Y (18)/[Y (1a) 4+ Y (1b)];
the relative yield of the isotopically symmetric channels, R = [Y(1la) + Y(1b)]/Y (1¢). Already
in our initial experiments (Gatchina, 1980-1983) we succeeded in measuring all the three pa-
rameters [4]:

Mgy = (2.7640.08)- 10% s7'; R = Y (3He+n)/Y (*H+p) = 1.39 =+ 0.04; wyy = 1.122 4 0.003.

Here A4q4, 1s normalized to the liquid hydrogen density. The measurements were carried
out at deuterium pressure P = 90 atm and temperature T' = 300 K. Note that in the previ-
ous experiments only one parameter, \gq,, was measured. After that we have measured the
temperature dependence of the dud-fusion rate in the range of T' = 50-300 K (PNPI, 1987).
Finally, these studies were continued in a joint experiment at PSI where we performed the
most detailed and precise investigations of the dud-fusion process in the temperature range of
T = 28-350 K. The data from this experiment are only partly analyzed at present.

ddu molecule formation rate

Fig. 3 illustrates the situation in the Ay, measurements at the time of publication of our
first result in 1983. The very large (4 times) difference between our Ay, value and that from
the Dubna results was a shock.
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This difference forced us to repeat the measurements at various conditions. We showed,
in particular, that the Agq, value normalized to the liquid hydrogen density does not depend
on pressure in the interval from 51 atm to 93 atm. Thus, the observed difference could not
be explained by somewhat smaller pressure in the Dubna experiments. Probably, the neutron
counters efficiency has not been evaluated correctly in the Dubna experiments. Our result was
confirmed later by the experiments at LAMPF, PSI, and also by new measurements in Dubna.

The precision measurement of Agq, was a substantial step in investigation of the muon ca-
talyzed fusion: since then the quantitative comparison between the theory and the experiment
became possible. In this respect measurements of the temperature dependence of Ayq, (7)) with
precise fixation of the temperature (+0.3 K) are particularly informative. Such measurements
were carried out by our group in 1987 [5]. In Fig. 4 our results are compared with the theoretical
calculations of Agq,(7T) made by the L.I.Ponomarev’s group. These calculations use a great
number of matrix elements describing the transitions inside the mesomolecular complex. But
the final result is mostly sensitive to only two parameters: the energy of the least bound state,
€11, and the fusion probability of the deuterons inside the ddp molecule,As. Fig. 4 compares
the calculated dependence Agq,(T') with the experimentally measured one.The agreement is
reached with ¢y = —1.965 4+ 0.001 eV, this value being very close to the recently calculated
(£11)°%¢ = —1.9653 eV.
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2 €yl =1,965 eV Fig. 4. Resonant dependence of the uCF
rate on temperature. Points are the re-
sults of our experiment (Gatchina, 1987
1990). The curve is the result of cal-
culations with | ¢;; |= 1.965 eV and
Ar = 0.39:10° s7'.  The dashed lines
¥ correspond to variation of &;; within

| L
100 200 300 400 T,K Agqp = £0.001 eV.

The dp atom may be formed in two spin states, F' = 3/2 and F = 1/2. The ddyu molecule
formation rates from these states (As3;p and Ay/;) are different. Soon after formation of the
dp atoms the F' = 3/2 state is transferred into the F' = 1/2 state with the rate A3/;1/2, and
the thermodynamic equilibrium occurs. Up to now we discussed the ddy molecules formation
rate in the equilibrium state. In the PSI experiment the IC was operated in coincidence with
the neutron detector thus enabling registration of the dd-fusion events immediately after the
moment of the muon stop. The advantage of this experiment in comparison with the previous
ones utilizing neutron detectors only was the lower background level and the opportunity to
calibrate the neutron detector efficiency with the accuracy of +1% (compared to +£10% in
the previous experiments). As a result, high precision measurements of A3/5(7"), A1/2(T'), and
As/2,1/2(1") have been performed; the obtained results are presented in Fig. 5.

A detailed theoretical analysis is still to be done after completing our data processing. We
only want to mention here the serious discrepancy between the predicted and the experimental
values of the spin transition rate As/; /5.
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Fig. 5. Temperature dependence:

a) of the ddy molecule formation rate in deuterium from two spin states of the dy atom;
b) of the spin flip rate in the du atom.

Shown by solid lines are results of theoretical calculations.

Muon sticking to helium

Fig. 6 illustrates our method of measuring the sticking probability wgq. The value of
wgg=0.12240.003 obtained in our experiment is up to now the only result of direct measurement
of this parameter, and it is used to control the accuracy of theoretical calculations.

Before publication of our experimental result, the existed calculated values for the sticking
probability were somewhat higher: w3 = 0.147. This discrepancy stimulated the L.Ponoma-
rev’s group to carry out new calculations. An attempt to take into account the exited states
of the *Hey atom just enlarged the discrepancy: w3%¢ = 0.165. Afterwards, the calculations
were repeated using more precise wave functions for the ddy molecule. The obtained value
w§ile = 0.122 was in a full agreement with our experiment. A similar revision of the calculation
method for the muon sticking probability in dut-fusion gave w3 = 0.0059 (instead of the
previous value w3 = 0.009). The new value of w5 corresponds to the limiting number of

fusions per muon equal to 170.

The isotopic asymmetry in dud-fusion

The observed in our experiments difference in the yields of the isotopically symmetric chan-
nels

R=Y(*He + n)/Y(*H + p) = 1.3940.03

still has no firm theoretical explanation. There is an interesting correlation of this result with
the conclusions from the phase shift analysis of dd-scattering at the energies from 30 keV to
400 keV. The similar asymmetry was found there in the P wave, while in the S wave R =~ 1.
In the case of the resonant formation of the ddy molecule at T = 300 K the dd-fusion occurs
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in the pure P state. And on the contrary, for the non-resonant ddyp molecule formation the
dd-fusion must take place in the S state. Thus we should expect that the ratio R will approach
R =1 with decreasing the temperature when the resonant mechanism will be changing to the
non-resonant one. And that was exactly what we observed in our experiment (Fig. 7.).

This observation has a practical application: one can determine the relative contributions
of the resonant and non-resonant channels by measuring the ratio R.

Study of dud- and pud-fusion in HD mixtures

These studies were aimed at detailed investigation of the dud-fusion in the HD molecules
[6]. In this case the non-resonant mechanism dominates in the production of the ddy molecule
thus enabling us to study this mechanism. Also, the measurement of the spin flip rate A3/51/2
in the absence of the resonant ddy molecule formation may help to observe directly the back
decay of the ddu molecule which is of special interest. This experiment required two technical
problems to be solved. Firstly, the mixture with the minimum content of D5 should be prepared.
Secondly, the materials inside the IC should be chosen such to exclude a fast conversion of the
H,/Dy mixture into the equilibrium state. The first task was successfully fulfilled by our
chemists who developed a method for production of pure HD gas with the Dy content on a level
of less than 2%. The second problem was solved by excluding from the construction materials
nickel that catalyzed the equilibration process in the Hy/D; mixture. First measurements in

the mixture HD 4+ D2(2%) at T = 300 K, 150 K, and 50 K were carried out at PSI in the
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beginning of 1996. The preliminary result was:
Addp—mp = (0.115£0.004)-10° s (T = 300 K), A3/2,1/2 = (28+5)-10° s7! (7' = 50 K).

Fig. 7. Temperature dependence of the
relative yields of the isotopically symmet-
ric channels in dd-fusion (Gatchina, 1987
1990).

The obtained value of A3/5 1/, was significantly lower than that measured in the D, gas thus
pointing on essential contribution of the ddy molecule back decay to the spin flip rate in the
case of the muon stop in the Dy gas.

The exceptionally low value of Ayq,—pp favours utilization of the HD filling in the situations
which require suppression of the dud-fusion background. In particular, this enables study of
the pud-fusion on a qualitatively new level by measuring the absolute yields of the two reaction

channels:

dp +p — pdu —>He 415

—3He p +~v —*H+0, + 7. (2a,2b)

The measured amplitude spectrum is shown in Fig. 8.
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Fig. 8. Amplitude distribution of the
pud- and dpd-fusion signals in the HD
filled IC (PSI-PNPI, 1996). The (*He+4p)
events correspond to the muon conversion
reaction (2a). The (¢ + v, ) events are the
products of the muon capture in the chan-
nel (2b). The 3He (*Hep) events, as well
as the (¢ + p) events are the products of
the dd-fusion.

The data analysis should allow us to determine the dependence of A4, on the temperature
and on the H/D mixture composition. Also, it makes possible determination of the nuclear

fusion rate in different spin states of the pdy molecules: )\?cm and A/

1/2
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Another example of utilization of the HD filling is a search for the du*He-fusion following
formation of the d*Heu molecule:

3He + du —3He du —*He + P+ . (3)
Our first measurements at Gatchina set the upper limit [7]:
Ay <4108 571

The new data from the 1996 run at PSI should allow to lower this limit by at least two
orders of magnitude. The data analysis is in progress.

Muon transfer to helium

We performed the first measurements of the muon transfer rates from the ground state of
the du atoms to *He and *He. The experimental method was based on observing the changes
in the dpd-fusion rate while adding the controlled amount (2-5%) of helium to Dy gas. The

following results were obtained [8]:
e = (127 + 010) 108 S_l7 AdtHe = (368 + 018) <108 s7L.

These results confirmed the hypothesis of the new mechanism of the muon transfer to He
nuclei via formation of the dHey molecules formulated by N.P.Popov in 1981. The muon trans-
fer rate in this case proved to be 100 times higher than the rate predicted by the direct transfer
mechanism. A practical consequence of this observation is the necessity of periodical purifica-
tion of the D/T mixture from the helium accumulated in the future mesocatalitic reactors.

Study of dut-fusion

The dut-fusion is of special interest because this reaction is considered to be a potential
source of neutrons and energy. The main task of our first experiments with the D/T mixture
(Gatchina, 1987) was to study a behaviour of the IC under conditions of the tritium background.
A special multi-anode chamber was designed and the necessary technological equipment for
operation with tritium was constructed. The chamber was filled with the Dy 4+ T2(~1%)
mixture at 90 atm pressure. In this mixture the following sequence of reactions should occur:

dy — tp — dip —*He + n + u; —*Heu + n. (4a,4b)

The experiment was performed at room temperature. The muon transfer rate from the
ground state of the du atom to the ¢ty atom was measured [9]: Ay = (2.840.2)-10® s™'. The
measured value was in a good agreement with the theory and with the previous results.

After formation of the ¢ty atom, the dtu molecule formation was so fast in the D/T mixture
used in the experiment that it was impossible to measure the rate Ag,. Therefore in the further
experiments the D/T mixture was diluted with hydrogen: Hy(78%) 4+ D2(20%) + T2(2%). This
mixture was converted into the equilibrium state so that the HD molecules dominated over the
Dy molecules (D —5.8%, HD —32.8%). This triple H/D/T mixture proved to be very convenient
for our purposes. Without reducing the number of muon stops, as well as the dtu-fusion yield,
it changed the time distribution of the fusion events in such a way that it became possible to
measure the dty molecules formation rates in Dy and HD complexes. Finally we obtained [9]:
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Mitp—p, = (2.14£0.6)-10% 571, Mitg—tip = (1.3+0.3)-10% 71,

Besides, in the triple mixture (especially in the equilibrium state) the background from the
dpd-fusion decreased drastically that was very important for us to achieve our main goal — the
direct determination of the probability of muon sticking to *He, wg;.
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Fig. 9. Amplitude distribution of dt-fusion
events registered with the IC. The shaded area
corresponds to the events with apu sticking. The
(apt) events originate from muon shaking off
during the slowing down of the au atoms in the
gas. The (aa) events are the pileups with the
signals from the subsequent fusions (PSI-PNPI,
1988-1992).
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The experiment on wy; determination was carried out at PSI in the period from 1988 to
1992 [10]. The method was similar to that used for wyy determination: the utilization of the
recombination effect for the separation of the (*He)** and (*Heu)™ peaks. But this time we
had to measure a very small value, wgy;, and, besides, in the presence of the tritium background
and the background from the (¢ + p) channel of the dud-fusion. The latter background was
reduced by choosing the triple H/D/T mixture in the equilibrium: C; = 0.05%, Cy = 9%, and
C, = 91%. Moreover, the coincidence of the chamber signals with the signals of the neutron
counters was used to suppress the (¢ + p) channel. The small tritium concentration allowed to
maintain good energy resolution, o = 80 keV. The relatively low yield of the dt-fusion events
per muon stop (~2%) was compensated by the high rate of the muon stops (~1000 s™') in
the chamber sensitive volume (3 ¢m?) due to unique properties of the PST muon channel. As
a result, more than 5-10° dt-fusion events were registered, and the muon sticking *Hey events
were clearly separated (Fig. 9) that made it possible to determine the sticking probability,
wgr = (0.56 +0.04)% [11]. This value takes into account the probability of the muon shaking
off during the slowing down of (*Hep)™ in the gas. This is the first and so far the only result
of direct measurement of wy;. It is in quite good agreement with the latest calculations. The
obtained value of wy; sets the upper limit on the number of dt-fusions catalyzed by one muon,
Y, = 180.

Another important result of the experiment was the observation of the epithermal channel
of the dty molecules formation due to interaction of the "hot” fu atoms with the HD molecules.
In the experiment this fact exhibits itself as the peak in the time distribution of the d¢-fusion
neutrons (Fig. 10).
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The analysis of these distributions revealed the extremely high dtu molecule formation rate

[12]:

ApEhen = (2.540.6)-10° s,

This result agrees with the theoretical calculations predicting the existence of a strong
resonance in the dependence of Ay ,,_pp on the {y atom energy in the energy range of ~ 1 eV.
Another factor that favours the epithermal formation of the dty molecules is the Ramzauer
effect in the tu-H collisions slowing down the thermalization of the ty atoms in the triple
H/D/T mixture. We should note the absence of this effect in the D/T mixture.

This observation opens new possibilities for the practical utilization of the dut-fusion, for
example, in the project of an intensive 14 MeV neutron source.

Conclusions

Presented here results of investigations of the muon catalyzed fusion reactions form the
today’s data base being used for the comparison with the theory. They illustrate the efficiency
of the experimental method developed at PNPI as well as the importance of combining the
efforts and potentialities of different laboratories.
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