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An effect on the muon catalyzed fusion of the 3He accumulated by the tritium decay was studied, by measuring
time-dependent change of the fusion-neutron disappearance rate (Ap) in the deuterium and tritium (Dy_,Tx)
mixtures with various tritium concentration, x = 0.1,0.2,...,0.7. Clear difference between the solid and the liquid
D-T mixture due to the 3He accumulation effect was observed; in solid the An increased time by time, besides in
liquid the A, did not change. This suggests that 3He created in the solid D-T mixtures is trapped in it.

The effect of helium impurities on muon catalyzed fusion
(nCF) in a deuterium and tritium (D-T) mixture is an in-
evitable problem due to the following two processes: (1) *He
originating from tritium (-decay accumulates time by time
(155 x C; ppm per day); (2) “He as a byproduct of uCF also
accumulates although it is negligible in comparison with the
above-mentioned process. Thus, for rigorous understanding
of u-CF phenomenon, it is necessary to study the effect of
helium impurity.

On the other hand, the u~ transfer phenomenon from hy-
drogen isotopes (p, d and t) to *He and ‘He is of special
interest for the following reasons: this transfer reaction is
known not only to be the most fundamental process but also
to be anomalously fast compared to the conventional direct
exchange process, suggesting a transfer through a formation
of the muonic molecule, such as (d*Hep). As described in the
following paragraph, this transfer reaction gives us an oppor-
tunity to learn experimentally about the structure of a muonic
molecule by X-ray spectroscopy.

Historically, the formation of a muonic molecule state like
(d*Hep) has been proposed to explain the anomalously high
p~ transfer rate from hydrogen isotopes to helium.'® Ac-
cording to the proposed model, the following process is ex-
pected to take place; instead of a direct exchange reaction
of (du) + *He — [(4He,u,)e—] + d + e~, the molecular ion is
formed through (du) + ‘He — [(d4He;L)e"]+ + e~, where
(d*Hep) is preferentially formed at the bound state of 2po,
then deexcites to its unbound ground state, i.e. (*Hep + d)
system. In this case, the characteristic photon spectrum
of the bound-free transition was predicted: an unique peak
energy with a broad and an asymmetric shape.l? At UT-
MSL/KEK, such an experiment was first carried out for a
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liquid D, target with helium impurity (430 ppm),s) and the
characteristic broad and asymmetric photon peak was ob-
served with a central energy of 6.853:0.04 keV and a width of
0.74 £ 0.04 keV, agreeing quite well with the theoretical pre-
diction. 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 *He accu-
mulation effect in D-T pCF was conducted at the RIKEN-
RAL Muon Facility?) constructed at ISIS facility of Ruther-
ford Appleton Laboratory. There, advanced tritium handling
system (THS) with a *He removal capability (palladium fil-
ter) as well as a gas analysis capability (gas-chromatography)
was installed.® Using the THS, one can prepare *He-free, i.e.
pure, D-T mixture for the uCF experiment within 0.5 h after
3He removal.

The D-T target was prepared by the following procedure.®
The D-T mixture with an intended tritium concentration C;
(z) is made in a gas storage in the THS. The mixture gas was
transfered to a constant-volume gas buffer, through the pal-
ladium filter, by which the D-T gas was purified and also the
chemical equilibrium was attained. Subsequently, the purified
gas is 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 is below 1 ppm right after
the removal procedure and that the chemical equilibrium is
attained among Dj, T2 and DT.

The experiment was carried out by using 54.5-MeV/c
backward-decay p~ with a double pulse structure, which was
introduced in the solid or liquid D-T mixture target placed
at the center of 2.4-T confinement magnetic field of the su-



perconducting 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
p~ beam and just behind 5-cm thick lead absorber. The de-
tection efficiency of the neutron detectors was calibrated by
14-MeV standard neutron source at ETL.®) The presently re-
porting experiment was mostly done by the fusion neutron
detection, while the X-ray combined experiment is reported
separately.”

The number of measured neutrons was corrected for pileup
and multi-hit effects, a solid angle of detector, neutron trans-
mission efficiency and detection efficiency, to get total neutron
yield (Y»). The neutron disappearance rate (An) can be ob-
tained from the timing spectrum whose typical examples are
shown in Fig. 1. The fusion neutron yield at time ¢ after
muon beam injection and the neutron disappearance rate are
associated with each other: yn(t) = ¢pAce™**, and A, is de-
composed: A, = Ag + dA: Wi + Ane, where ¢ is the density of
the D-T mixture normalized by the liquid hydrogen density,
Ao is the ™ decay-rate (0.455x10% s™1), A. is the cycling rate
of the D-T uCF, W, is the total muon loss probability per
cycle except transfer to *He and Ay is the rate of 4~ transfer
or capture to He. As shown in Fig. 1, we observed gradual,
typical time-scale of hour, increase of the A, only in solid,
and not in liquid. As described later, this phenomenon is ex-
plained by the accumulation of *He originating from tritium
B-decay. In general, the solubility of helium in condensed
hydrogen is estimated by Henry’s law, and the contribution
of the dissolved helium to the An. term is estimated to be
negligible in the present case. However Henry’s law is sup-
posing the situation under pressurizing helium gas, and not
that helium is created in hydrogen. Thus, supposing Henry's
law may not be appropriate in this case.
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Fig. 1. Typical time spectra of fusion neutrons of muon catalyzed
fusion in D-T mixture; liquid and solid with C¢ = 0.7 at (a) 7 =
0-10 h, (b) 10-20 h and (c) 20-30 h after condensation.

The features of the phenomenon which we pay attention are
summarized: (1) only in solid, the neutron disappearance rate
increased time by time after condensation; (2) by melting
solid, the neutron disappearance rate returned to the origi-
nal value at the time right after solidification. We confirm
these features by measurements in sequential purification, so-
lidification and liquefaction. Our assumption that *He from
tritium S-decay remains in solid did not conflict with all these
features.

In Fig. 2, the data of the time-dependent change of An(7) are
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Fig. 2. The plot of Aq(7) in (a) solid and (b) liquid D-T mixture with
various C;.

summarized for both (a) in solid and (b) in liquid, where 7
denotes the time after condensation. Also, the data presented
as An(7) — An(7 = 0) are summarized in Fig. 3. From these
data, the following conclusions can readily be drawn: (i) there
is none of the significant 3He accumulation effect in liquid D-
T, while there is a visible effect in solid D-T; (ii) in solid D-T,
the slope of Aue increases with the C; increasing. In the case
of the solid C; = 0.7, the increase of A, is suppressed at 7 ~30
h, at which the helium concentration is about 130 ppm. This
phenomenon is explained by the nucleation of helium.

Considering usual cycling-reaction diagram in di-puCF, we
must consider possible three routes for the p~ to be captured
to *He: (i) p~ — (dp) = (Hep); (i) p= — (tp) - (*Hep)
including p~ — (dp) = (tn) = (CHep); (iil) = = (PHep).
Thus the rate of Age(T) = An(T) — An(7 = 0) in solid D-T can
be decomposed as:

Ae(T) = ¢ (fauAaten + Frurine. + fa)\ﬂ) CHG(T)a (1)

where Che denotes the helium concentration, fa,, fi, and f,
are the fraction of the muon staying time in (dg), (tp) and
free muon, and Admen, Atiien and A, are the transfer rate
to ®He through a formation of (d®Hey), (t*Heyu) molecule
and capture rate from free muon (atomic capture), respec-
tively. Since the amount of “He originated from the uCF
phenomenon itself was negligible in comparison with the *He
from tritium g decay, Cue is expressed with the tritium decay
rate A¢ (= 1.55 x 107* /day): Che(T) = (1 — e_’\”) Ci. The
experimental period was enough short to satisfy A,7 < 1, and
thus Cue = A7C: is good approximation. Finally, the Ane
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Fig. 3. The plot of Ap — Ap(7 = 0) in (a) solid and (b) liquid D-T
mixture with various Ct.
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Fig. 4. The slope of Aye(T) in sofid D-T divided by ¢A:Cy, ie.
fduAdHen™ fpAtHen T fada is plotted against ;. The solid line
shows the fitting result with the 210 term, and the dashed line is

tu
without the )\%2 term.

is proportional to 7 as shown in Fig. 3. In Fig. 4, the slope
of Ape divided by ¢)\Lot,, i.e. (fd[J,AdHe[J, + ft;.l,)\tHe/J, + fa./\u),
is plotted against various Cj.

In Eq. (1), the last term can be relatively small; because (i)
the atomic capture process (A,) is about 100 times faster than
the other uCF processes (Ag: etc. described later), so that f,
is 100 times smaller than fg, or fi., and (i) the X, is 10
times faster than the Ajaye, Or Asye,, finally the last term
is about 10 times smaller than the first two terms. Thus we
neglect this term in the following discussion.

The fraction of the muon staying time in (du) and (u) are

Tdu _ Tip
Tdu + m and ftll’ - Tdp + Tip
Td and 7y, are the muon staying time in each muonic atom.
Assuming the (dtp) formation rate being dominant from F' =
0 state of (tp)1s, according to the knowledge of the uCF cycle,
Tan and Ty, are obtained:

expressed by fi. = , where
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where Cg(=1— C}) is the deuterium concentration, gis is
the probability of (du) arriving at 1s ground state before
transfer reactions, Ag is the transfer rate from (du) to ¢,
)\,1,2 (: 1300 ps~? 8)) is the hyperfine transition rates from
F = 1 state to F = 0 state in ({u)1s and /\gm_d and
Agw-t are the (diu) formation rate through (tp)f=° + Dg
and (tu)f=° + DT, respectively. The parameters determin-
ing 74, and Ty, .. Gis, Adi, Agm_d and )\gt“_l, was deter-
mined by analyzing the C; dependence of the muon cy-
cling rate, A. (= (Tap + Tiﬁ)_l).” The A. is associated with
the total neutron yield and the neutron disappearance rate,
Vo) = [ynlt,7)dt = $Ae/An(7), and is confirmed to be
independent of Che.

Using q1s (=1/(1+aCt)) with a ~ 1, Agz ~ 600pus™!,

/\gm_d ~ 600 us™! separately reported,” the fau and fi, was
determined as a function of C; and fixed in the fitting for the
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AdHep and AiHep in Eq. (1). The result of the present work
is Admep = (6% 2) x 10° s and M\mep = (4.6 +0.3) x 10°
s™!. Here it should be noted that the better fitting, of which
result is mentioned above, was obtained by ignoring the ef-
fect of the hyperfine transition in (tu)1s, i.e. by rejecting the
Ao term. This may imply that the thermalization of (ty) is
slow, and (dtp) molecule formation from (tu)f:* can not be
neglected. Since (tu) with the kinetic energy of the order of
107" eV has several resonant formation mode even if in F' = 1
state,? (1p)1=! may form a (dtp) molecule before the hyper-
fine transition, and the contribution of /\}ﬁ term in Eq. (3)
becomes smaller. The same analysis procedure was applied
on the ¢t-uCF data which is reported separately,” and its re-
sult was confirmed to follow the present result. Theoretically,
AdHep and Aiyen were calculated by Kravtsovet et al. above
~50 K.19 For instance, supposing their simple-approach ap-
proximation, we forced to extrapolate {rom their result to the
temperature of the present work, ~16 K, to estimate the Atieu
and Agien as ~7 X 10° 57! and ~4 x 108 572, respectively.
The present result is in agreement with their theory in the
same order of magnitude.

As already mentioned, the muonic molecule, like (d®Hep),
may have a chance to emit a characteristic X-ray with a broad
and characteristic shape,>® and such photons were also ob-
served in the solid D-T mixtures. This {act is one of evidences
supporting that the above-mentioned subject is due to the ac-
cumulated 3He.

These quantitative understanding of experimental results on
3He accumulation effect in the solid D-T mixture supports the
picture of trapping of 3He after tritium decay in the solid D-T
mixture. Furthermore the present work shows the application
of this effect to the study of the muon transfer phenomenon
from hydrogen isotopes to 3He.

Finally, let us discuss some possible mechanism of helium
trapping in solid hydrogen. For instance, taking the case in
whcih f-decay occurs in T2 molecule, the kinetic energy of a
recoil *He nucleus is ~0.35 eV at the average, and ~3.4 eV
at the maximum. Since the binding energy of T-T bond is
~4.6 eV, the *He forms a (*HeT)™ ion with the tritium in the
original' Ty molecule, rather than a *Het™ ion or a *Het is
formed. In solid, this ion may be sticked to the original lattice
point. On the contrary, in liquid, the 3He in this ion may have
a chance to neutralize in the collision with the other hydro-
gen molecules, and neutralized >He goes out of liquid easily.
This model is simplified too much, and the practical trap-
ping process may be more complicated. For example, in gas
(*HeT)™" ion is known to make a cluster with the surrounding
hydrogen molecules.’') Thus the lattice around (CHeT)™ may
be distorted in solid. As the 3®He concentration increase, this
distortion may overlap each other and cause the nucleation
of ®He, in which case the number of isolated (*HeT)* may
be decreased as shown in the case of the solid C; = 0.7 at
T ~30 h.

On the hand, different theoretical approach has been done.
The recent calculation using Hatree-Fock approximation ex-
pects the existence of the bound position of *Het ion in
solid.*?
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