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Abstract

An effect on the muon catalyzed fusion (wCF) of the 3He originating from the tritium decay was studied by measuring
the time-dependent change of the fusion-neutron disappearance rate (A,,) in the deuterium and tritium (DT) mixtures with
various tritium concentrations, C, = 0.1,0.2, ..., 0.7. A clear difference between the solid and the liquid DT mixtures due to
the 3He accumulation effect was observed: in solid A, increased with the time after solidification, whereas in liquid A, did
not change. This indicates that 3He produced in the solid DT mixtures is trapped. Admitting that all the *He remain in solid,
the muon transfer rate from tp to *He is determined to be about 4 X 10° s™%, consistent with the theoretical prediction.

© 1999 Published by Elsevier Science B.V. All rights reserved.
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The effect of helium impurities on muon cat-
alyzed fusion (wCF) in a deuterium and tritium (DT)
mixture is an inevitable problem due to the tritium
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B-decay. The *He originating from tritium B-decay
accumulates with time at the rate of 155X C, ppm
per day, where C, denotes the tritium concentration.
In addition to this, “He as a byproduct of wCF also
accumulates, although the amount of “He produced
in the present scale of wCF experiment is negligible
small in comparison with the *He from tritium B-de-
cay. Thus, for accurate understanding of wCF phe-
nomenon, it is necessary to study the effect of he-
lium impurity.
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On the other hand, the p.~ transfer phenomenon
from hydrogen isotopes (p, d and t) to helium is of
special interest for the following reasons: this trans-
fer reaction is one of the most fundamental muon
transfer reactions, and it is known to be anomalously
fast compared to the rate expected for the conven-
tional direct exchange process, suggesting a transfer
through formation of the muonic molecule, such as
d*Hep.. As described in the following paragraph, this
transfer reaction gives us an opportunity to learn
experimentally about the structure of a muonic
molecule by X-ray spectroscopy.

Historically, the formation of a muonic molecule
like d*Hepu. has been proposed to explain the anoma-
lously high .~ transfer rates from hydrogen isotopes
to helium [1,2]. According to the proposed model,
the following process is expected to take place:
instead of a direct exchange reaction of du +
(*Hee e ) > [("*Hep)e | +d+ e, the molecu-
lar ion is formed through du + (“Hee e")
- [(d*Hen)e™ | "+ e, where d*Hep is preferen-
tially formed in the bound state of 2po, then deex-
cites to its unbound ground state, i.e. “Hen + d
system. In this case, the characteristic photon spec-
trum from the bound-free transition was predicted; a
unique peak energy with a broad and asymmetric
shape [1-4]. At UT-MSL /KEK, such an experiment
was first carried out for a liquid D, target with
helium impurity (430 ppm) [3], and the characteristic
broad and asymmetric photon peak was observed
with a central energy of 6.85 + 0.04 keV and awidth
of 0.744 0.04 keV (FWHM), agreeing quite well
with the theoretical prediction. The result confirmed
the model of the muon transfer mechanism through
the formation of a muonic molecule state.

In the present work, the systematic study of the
3He accumulation effect in DT wCF was conducted
at the RIKEN-RAL Muon Facility [5] constructed at
ISIS facility of Rutherford Appleton Laboratory
(UK). There, an advanced tritium handling system
(THS) with *He removal capability (palladium filter)
as well as gas anaysis capahility (gas-chromatogra-
phy) was installed [6]. Using the THS, one can
prepare a *He-free, i.e. pure, DT mixture target in
liquid or solid phase within 0.5 h after *He removal.

The DT target was prepared by the following
procedure [6]. The deuterium and tritium gases were
mixed with an intended tritium concentration in a

gas storage of the THS. The mixed gas was trans-
fered to a constant-volume gas buffer through the
palladium filter, by which the DT gas was purified
and also the chemical equilibrium was attained. Sub-
sequently, the purified gas was introduced into a
2-cm?® target cell followed by either solidification or
liquefaction by adjusting the temperature of the cell
to about 16 K or 20 K, respectively. In a separate
off-beam experiment, by the gas-chromatography
analysis, we confirmed that *He concentration was
below 1 ppm right after the purification procedure.
The experiment was carried out by using a 54.5-
MeV /c backward-decay .~ beam with a double
pulse structure (each 70-ns width with a 320-ns
separation and 50-Hz repetition rate), which was
introduced in the solid or liquid DT mixture target
placed at the center of 2.4-T beam-focusing magnetic
field generated by a superconducting Helmholtz coil
pair. Two neutron detectors composed of NE213
liquid scintillator (2" in diameter and 2"’ in length)
were placed at 82 cm from the target along the ™
beam axis and just behind 5-cm thick lead absorber.
The detection efficiency of each neutron detector
was calibrated by a 14-MeV standard neutron source
at ETL (Tsukuba, Japan) [7]. Although this article is
based upon the fusion neutron detection, we also
conducted combined X-ray detection [8]. For detec-
tion of X-rays associated with wCF phenomenon
against a huge bremsstrahlung background from tri-
tium B-decay, utilization of an intense pulsed muon
beam drastically improved the signal to noise ratio
by synchronized detection with the muon beam [5].
The total neutron yield (Y,) was determined from
the number of measured neutrons by taking into
account pileup and multi-hit correction, a solid angle
of the detector, neutron transmission efficiency and
detection efficiency. The neutron disappearance rate
(A,) was obtained from the neutron emission time
spectrum (Fig. 1). The fusion neutron yield at time t
after muon beam injection and the neutron disap-
pearance rate are associated with each other; y, (1) =
dAe Mt and A, is decomposed; A, = Ay + PAW
+ Aye- In these equations, ¢ is the density of the DT
mixture normalized by the liquid hydrogen density,
Ao the w~ decay-rate (0.455x% 10° s 1), A, the
cycling rate of the DT wCF, W the total muon loss
probability per cycle except for the effect of 3He,
and Ay, refers to the muon loss due to ™ transfer
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Fig. 1. Typical time spectra of fusion neutrons produced by wCF in the DT mixture; liquid and solid with C, = 0.7 at (&) 7= 0-10 h, (b)

10-20 h and (c) 20—-30 h after condensation.

or capture to *He. The A, is associated with the total
neutron yield and the neutron disappearance rate as.
Y, = [y, (Ddt=¢pAr./A,, and A, is independent of
helium impurity. As shown in Fig. 1, it was observed
that A, increased gradualy (typical time-scale of
hours) with the time after condensation only in solid,
and not in liquid. As described later, this phe-
nomenon is explained by the accumulation of *He
originating from tritium B-decay. In general, the
solubility of helium in condensed hydrogen is esti-
mated by Henry’s law. Assuming this law, the dis-
solved helium is expected not to change A,, visibly in
the present case, and it is inconsistent with the
present work. However it is not appropriate to as-
sume Henry’s law in the present case, since Henry's
law deals with the solubility of helium pressurizing
on hydrogen, and not helium produced in hydrogen.
The features of the phenomenon which we pay
attention to are summarized:
« Only in solid, the neutron disappearance rate
increased with the time after solidification.
- By melting the solid, the neutron disappearance
rate returned to the original value at the time right
after solidification.

We confirmed these features by measurements in
sequential purification, solidification and liquefac-
tion. Our assumption that 3He from tritium B-decay
remains only in solid explains all these features.

In Fig. 2, the time-dependent changes of A (1)
are summarized for both (@) in solid and (b) in
liquid, where 7 denotes the time after condensation.
The increase of A, and A, (7) — A,(0) are shown in
Fig. 3. In addition to the above-mentioned features,
the following feature is clearly seen in these figures:
- Insolid, the slope of A(7) — A(0) increases with

an increase of C,.

In the case of the solid C, = 0.7, the increase of A,
is saturated at 7~ 30 h, at which time the helium
concentration is about 130 ppm. This phenomenon
can be explained by nucleation of helium, i.e. severa
helium atoms gathering to make a cluster.

Now, let us consider the possible sublimation
phenomena induced by the radiation of tritium B-de-
cay in solid DT mixtures [9]. In a series of present
experiments, the muon stopping number was found
to increase by about 10 % within 5 hours after
solidification, and to stay like a saturation afterward.
This is expected be due to the sublimation effect. In
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Fig. 2. The plot of A,(7) asafunction of the time after condensation; (a) in solid and (b) in liquid with various C,.

the target cell partialy filled with solid DT mixture, leading to a change of shape. In the present experi-
hydrogen molecule sublimated from warmer interior mental arrangement, the shape of the DT target may
surface preferentially solidifies at cooler outside area, have more muon stopping. However it did not affect
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Fig. 3. The plot of theincrease of A, A(7) — A,(0); (& in solid and (b) in liquid with various C,.
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the extracted basic parameter, such as A,, which
increased linearly for more than a few tens of hours
while the muon stopping number stayed constant.

Considering the usual cycling-reaction diagram in
dt—wCF, we must take into account three possible
routes for the .~ to be captured by *He: (i) p~—
dw — 3Hep; (i) p~ — tpw — 3Hew including p~ —
dp — tu — 3Hep; (i) p~— *Hep. Thus A,(7) in
solid DT, which solely depends on the amount of
accumulated 3He, is decomposed as:

)‘He(T) = /\n(T) - )‘n(o)
= ¢( fdu )\dHepL + ftp /\tHepL + AAC)CHe(T)
(1)

where C,;, denotes the helium concentration, f,,, (h
=d,t) is the fraction of the muon staying time in
hp, and Ay, is the transfer rate from hu to *He
through formation of h®Hep. molecule. The third
term in this equation, ¢ AA,C,,., stands for the muon
loss process due to the atomic capture of a liberated
free muon by a helium, where A is the ratio of the
muon captured by helium to that by a hydrogen
atom. Since the amount of *He originating from the
w.CF phenomenon itself is negligible in comparison
with the *He from tritium B-decay, C,,, is expressed
with the tritium decay rate A (= 1.55x 10~* /day);
Che(r) = (1— e *)C,, where we assume that all
3He remain in solid. The typical experimental period
is short enough to satisfy A, <1, and thus C,,=

A7C, is agood approximation. Therefore, the linear
correlation between A, and 7, which appears in
Fig. 3, can be understood. In Fig. 4, the slope of A,
divided by ¢pA,C,, i.e. (T, Aghe, T fip A, T AAe),
is plotted against various C,.

The atomic capture term in Eq. (1) is relatively
small. The atomic capture ratio A is about 2 accord-
ing to the Fermi-Teller law, and A, is a most 150
ws ™! [8], and thus the atomic capture term, AX_, is
less than 10 % of the values shown in Fig. 4.
Therefore muon transfer from hydrogen to helium
contributes to A, mainly.

The fraction of the muon staying timein hu (h =
d,t) is expressed by f,, =7,,/(7y, + 7,), where
Th, 1S the muon staying time in the hp atom. With
the knowledge of the n.CF cycle, 7;, and 7, are
obtained as:

qlst
= , 2
e @
3 1 1/4+3/4-
T T2 N0+ AL, C, 25,Cs
A°c
et
X= o~ (3)
Aig C, + 24, Cq

where Cy(=1— C,) is the deuterium concentration;
0, the probability of dw arriving at 1s ground state
before muon transfer to tw; Aq(=280 ps*[10])
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Fig. 4. The slope of A(7) in solid DT divided by ¢pA,C,, i.e. fypuAguelt + fip Ayt + AA, is plotted against C,. The solid line represents
the fitting without the effect of the the molecular formation from (tw)f< %, and the dashed line is the fitting with it.



N. Kawamura et al. / Physics Letters B 465 (1999) 74-80 79

the ground-state transfer rate of muon, (dw),s—
(tw)ys Afp(=1300ps™ [11]) the hyperfine tran-
sition rate, (tp)fs ' — (tw)is % Af,

D2Cy + Ag,Y'C,) the dtu. molecule formation
rate from each state of (tw)}, tatistically averaged
over collisions with D, and DT molecules; and x is
the branching ratio of the hyperfine transition to the
molecular formation from (tp)fs *.

It was predicted that the dtp. molecule formation
is dominant from (t].L) =9 pelow about 100 K [12],
e Ag, <A, Ag, and thus 7, approximates to
T = 3(AL0 C) Ly (/\dmCd) L The parameters de-
termining Td and 7, i.e. Gy, /\dt , were deter-
mined by analyzrng the C dependence of the muon
cycling rate, A (= (1, + Tm) 1) [8]. In the case of
Ghs( = 1/ 1+a C)) with a, =5 A3P2=770
s 1, AGPT = 0 us L, the result of Mgy, = (41 +
0.) x 109 s 1 is obtarned while Age, (=230 ps™*
[13]) is fixed. As shown in Fig. 4, the fitting result,
which is represented by the solid line, qudlitatively
reproduces the experimental value, however small
but systematic disagreement is seen especially at low
and high C,. The dashed line shows the fitting result
to improve the disagreement by introducing the )t}m
term. The best fitting result is obtained in the case
that Ay, corresponds to about 50 % of AJ,, and
Atriep is slrghtly modified to (4.3 + 0.1) x 10° s ™.
The improvement by the AL, term may imply that
the thermalization of tw is slow. Since tp. with the
kinetic energy of the order of 10! eV has several
resonant formation modes even in the F=1 state
[12], (tw)is* may form the dtp molecule easily if
tp spends enough time with the kinetic energy corre-
sponding to the resonant energy.

The same analysis procedure is applied for the
tt—w CF data, which is reported separately [14], and
its result is consistent with the present result. The
muon transfer rate from hydrogen to helium was
theoretically calculated by Kravtsov et al. above
~ 50 K [15]. Applying their ‘‘simple-approach ap-
proximation’’, we extrapolate from their result to the
temperature of the present work, ~ 16 K, to estimate
Mg, 8 ~7X10° s7'. The present result is in
agreement with their theory to the same order of
magnitude.

As already mentioned, the muonic molecule, like
d®Hep, has a radiative decay branch by emitting a
characteristic X-ray with a broad and asymmetric

shape. Also in the present work and in the above-
mentioned tt—pCF experiment, such X-rays were
observed. The observed X-ray yield of radiative
decay give the consistent result with the present
argument based upon a full *He capture in solid DT
mixture [14].

In the present work, we found that *He originat-
ing from tritium B-decay was trapped only in the
solid DT mixture, which increased the neutron disap-
pearance rate. The mechanism of 3He trapping in
solid and de-trapping in liquid is still an open ques-
tion. According to the article [16], about 60 % of the
T, decay product is ((HeT)* ion, and the rest is
mainly *He". The evolution of these states may be
different in liquid and solid. The article [17] indi-
cated the possibility that the (*HeT)* ion forms the
cluster with surrounding hydrogen molecules. A re-
cent calculation expects that *He* ion is bound at
the octahedron interstitial center of the solid hydro-
gen hcp structure [18]. However, these theory can
partially explain the trapping mechanism. In addition
to comprehensive trapping mechanism, the mecha
nism of de-trapping and diffusion in liquid is till an
open question.

In the present work, we derived Ay, from the
®He accumulation effect under an assumption that all
the *He remain in solid. However, the fraction of
3He remaining in solid should be determined more
precisely. In such a sense, the *He evolution after
tritium decay is important to solve this problem.
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