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New Mechanism for Resonant dfu Formation and Epithermal Effects
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A recent muon-catalysis experiment with a low-density D-T target saw a pronounced transient in
the appearance of fusion neutrons. We propose that this transient is due to resonant molecular for-
mation at epithermal energies. This effect is calculated, with inclusion of the contribution of direct
(as opposed to dipole) mesomolecule formation. The direct process is the dominant one, but has
not previously been considered. The results agree well with the experiment.

PACS numbers: 36.10.Dr, 25.30.—c

The remarkable ability of a single negative muon to
catalyze many d-t fusions is now firmly established,
and systematic research is under way to disentangle
the intricacies of the catalysis cycle.!"* An essential
contributor to the rapidity of the cycle is the resonant
molecular-formation mechanism, in which the colliding
tu + d form the loosely bound J=1,v=1 dfu meso-
molecular ion, with the energy released going into vi-
bration and rotation of the resulting compound
molecule {[(dru)d2el*, etc.). The kinetic energies
(and therefore the target temperatures for thermalized
tn. atoms) for which the collisions are resonant are
readily determined once the dfu binding energy, the
hyperfine splittings, and the compound-molecule rovi-
brational energies are known.

Recently Breunlich ef al.? reported a catalysis exper-
iment at the Swiss Institute for Nuclear Research
(SIN) using a low-density (1% liquid H,) D-T target
(with tritium fraction C,=0.88) in which a rapidly de-
caying transient was seen in the appearance of the 14-
MeV neutrons from d-t fusion. In analogy with earlier
experimental results on ddu fusion,® they interpret
this transient in terms of a triplet-quenching hypothesis,2
in which (i) the thermalization time of the tu atoms is
neglected, (ii) the molecular formation rate for triplet
tw is very large (~ 10° s~1 for rather low tempera-
ture (30 to 300 K), and (iii) the quenching rate for the
triplet tu depends strongly on temperature. However,
in regard to (i), by using the cross sections calculated
by Melezhik, Ponomarev, and Faifman® for the
scattering of 1-eV ground-state zu atoms from dand ¢
one finds for C,=0.88 an elastic-scattering rate of only
~2x10% s~ where ¢ is the density in units of
liquid H, density (4.25x10?? atoms cm~?), so that the
thermalization time is clearly not negligible for ¢ = 1%.
An objection to (ii) comes from considering the ener-
gy balance: If we ignore the rotational contributions,
the resonance energy for triplet tu collisions with D, is
about 219 meV; for DT, 107 meV. Hence, neither
channel can contribute for a fu atom thermalized at 30
K. One need not have confidence in the theory of
resonant molecular formation”? to subscribe to this

conclusion, since it follows directly from the energy-
balance equation [see Eq. (7) below]. An objection to
(iii) is that so large a temperature dependence is not
expected for the triplet-quenching rate, the process be-
ing dominated by triton exchange [ru(11)
+¢(])— tw(] 1)++¢(1)]1.° Breunlich et al.? point
out this disagreement, but an even more serious
discrepancy is suggested by data reported earlier for
10% tritium,!® which has the transient falling off much
more rapidly. The triplet-quenching model then im-
plies that the quenching cross section is greater for
tu + d collisions than for fu + ¢ collisions, a situation
that clearly contradicts the well-founded idea that ¢ ex-
change dominates the ¢u-t quenching. For these
reasons, therefore, we cannot accept the triplet-
quenching hypothesis. (Breunlich et al.? included the
caveat that different theoretical explanations of their
data should be considered too.)

Instead we believe that the transient in the neutron
appearance observed by Breunlich e al.2 is due to a
new phenomenon with significant implications: epither-
mal molecular formation.'! Specifically, we propose that
the observed time dependence actually represents the
population of tu atoms passing through the energy re-
gion of rapid (resonant) mesomolecule formation dur-
ing thermalization. Several elements contribute to the
argument: (1) The population of energetic (— 1-eV
ground-state 7z atoms grows as the target density ¢ is
reduced; (2) thermalization slows as the tritium frac-
tion or the target temperature is increased; (3) the
molecular formation rates fall rapidly as the effective
temperature of the fu Kinetic-energy distribution falls
below —~ 10 K. Furthermore, (4) the dipole forma-
tion mechanism, in which the #u + d system makes a
dipole transition to the loosely bound J=1,v=1dru
state, is actually less important than direct formation,
in which tu and d approach in a relative p wave and
form the bound state with no dipole transition in-
volved.

We now deal with these four points in detail:

(1) The influence of the target density on the popu-
lation of energetic tu atoms comes from the role that
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TABLE 1. External Auger (\.) and radiative (\,) deexci-
tation rates and the product A7 for excited ru atoms. A, is
taken from Ref. 12, A, from the dw-d rates of Ref. 13.
Units are 10! s~ 1,

n=4 n=3
¢ }\e A,y )\el’r }\e A,y }\elT
1.0 9.5 0.06 1.9 1.2 0.19 6.7
0.1 0.95 0.06 1.8 0.12 0.19 3.1
0.01 0.10 0.06 1.1 0.01 0.19 0.5

radiation plays in fu deexcitation. The relevant rates
for n =4 and 3 are shown in Table I. (Stark mixing is
strong enough for ¢ = 1% that we do not have to con-
sider the different / levels separately.!¥) Ponomarev!
has pointed out the importance of elastic scattering of
excited tu atoms to the thermalization process. Adopt-
ing the dw-+d excited-state elastic-scattering rates
Xe1(n) of Menshikov and Ponomarev!? for ru + ¢ (for
1-eV kinetic energy) gives the products of rate by life-
time A7 shown in Table I. Since about half the kinet-
ic energy is lost at each collision, a rough measure of
the surviving fraction of kinetic energy is given by
(;—)xe'r. Thus we see from Table I that the fractional
energy surviving the n = 3 state increases drastically as
¢ is decreased. Although the kinetic energy upon ar-
rival at n =3 is not known with any degree of confi-
dence, it has long been thought!* to be ~ 1 eV (the
exact value is not critical to our arguments as long as it
is >> kT). For definiteness we assume that the popu-
lation of epithermal ground-state fu atoms is
Maxwell-distributed, with average energy of 1 eV.

(2) Elastic scattering of (ground-state) tu atoms by
d and ¢ has been calculated by Melezhik, Ponomarev,
and Faifman.® A striking result is that the cross sec-
tion for scattering from ¢ is an order of magnitude

Sk, FKLK) = [ dpyo(p)r, ()& () [dp’ yo(p")2, (0" & (0" jolmkalp—p)),

where the y; are the vibrational wave functions, jg is
the zero-order spherical Bessel function, k, is the
tu+D, (DT) relative momentum, n=+ (%) for D,
(DT) collisions, and & (p) is the electric field from
the spectator nucleus plus electrons.'® For D, col-
lisions we include contributions from v =2 through 5,
for DT v =3 through 6, using the sum rule for all but
the lowest v value. The results for singlet tu atoms
are shown in Fig. 1. In general, v =3 gives the dom-
inant contribution, but for D, collisions at low tem-
perature the v =2 contribution is largest. The weight-
ed sum of these contributions appropriate to C,=0.88
does indeed fall for temperature < 103 K.

smaller than that from 4 This implies much faster
thermalization for lower tritium fraction, and thus, ac-
cording to the epithermal hypothesis, a much faster
decay of the transient—as observed by Breunlich
et al.'® Furthermore, thermalization though the re-
gion of — 103 K clearly must take longer as the target
temperature is increased, explaining the temperature
dependence of the transients.? 19

The time evolution of the nonequilibrium tu
energy-distribution function, f(E,#), is determined
(for arbitrary target temperature and composition) by a
Monte Carlo simulation of the time-dependent
Boltzmann equation.!> We use the cross sections of
Ref. 6 and some less accurate values for ru + ¢ scatter-
ing above the 0.24-eV inelastic threshold!® (adjusting
the latter to be consistent with the former). As an ap-
proximation we separate the calculation of the slowing
from that of molecular formation, and ignore the ef-
fect of molecular formation on f(E,#). Time t=0 cor-
responds to the arrival of the ru atom at its ground 1S
state. According to the calculations of Markushin!’
the cascade from a free ™ with 2-keV kinetic energy
to the 1S state takes only ~— 0.1 ns for ¢ =1%. Thus
the unexplained rise seen in the experiment,? which
takes ~ 50 ns, is presumably due to the =0 tu
kinetic-energy distribution falling significantly above
the energy at which the (epithermal) molecular forma-
tion rate is maximum. Hence the low-density muon-
catalyzed d-tfusion experiments present an opportuni-
ty to gain unprecedented knowledge of the ru cascade.

(3) The dipole molecular formation rates are calcu-
lated following Vinitsky ef al.” and Leon,? but includ-
ing the electron-shielding correction pointed out by
Cohen and Martin.!® As long as the resonances in-
volved (for a given vibrational excitation) are not
close to threshold, rather than including all the many
different individual resonances, we can to a good ap-
proximation sum over all the final molecular rotational
states, ignoring the rotational energy differences.
Then instead of the many partial-wave terms of Ref. 8,
this sum rule gives

(1)

The temperature in Fig. 1 is not that of the target,
but rather characterizes the Kinetic-energy distribution
in the tu + D, (or DT) c.m. system. As one can readi-
ly show, when the projectile (zu) Maxwell distribution
(with temperature 7,) is combined with the target
molecule (D, or DT) Maxwell distribution (7}), the
result in the c.m. system is also a Maxwell distribution,
with temperature T = (m, T+ mpT,)/ (mg + my)
(my, is the projectile mass and m,, the target mass).

(4) The direct molecular formation process has not
previously been considered. We approximate it by
making use of some results of Melezhik, Ponomarev,
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FIG. 1. Epithermal molecular formation rates as func-

tions of c.m. temperature. The upper curves are the direct
process, the lower the dipole ( x 10), for D, (broken curves)
and DT (solid curves) collisions (normalized to C;=¢ =1).

and Faifman® and assuming that the p-wave tu+d
elastic scattering is dominated by the /=1, v=1 state
with binding energy €, =0.64 eV.! In the present for-
mulation we need to deal with collisions of tu both
with a deuteron and with the D, (or DT) molecule; we
follow the convention of using M;, k;, and E; for the
reduced mass, relative wave number, and c.m.-system
collision energy of the former, and M, k,, and FE), for
the latter. We write the p-wave elastic-scattering cross
section as

127
0§l= k12

I'2(ky)/4
(E1+€,)?+T%(k)/4°

with the elastic width T'g)(ky) (in electronvolts) being
given by

Fel(kl) = Cl3k]3 + a2k12

(2)

=0.65E72+0.049E;, (3)

(E, expressed in electronvolts). The a3k{ term is due
to the bound state at —e€,, and a3 is chosen to fit the
calculated values of Melezhik, Ponomarev, and Faif-
man,® while the a,k{ term comes from the known
long-range polarization potential.!® Equations (2) and
(3) describe the results of Ref. 6 extremely well.

We make the jump from elastic tu + d scattering to
resonant mesomolecule formation in tu + D, (or DT)
collisions using the impulse approximation. This
method has previously been applied to rovibrational
excitation in collisions of atoms with diatomic
molecules,2® a process which is closely related to direct
mesomolecule formation. The basic assumption is ap-
propriate for tu + D, collisions even at relatively low
energy since the small neutral tu atom interacts signif-
icantly with a deuteron only at distances small com-
pared to typical internuclear distances of D,. In the
impulse approximation (with approximate treatment of
the internal target momentum—see below), the
molecular formation cross section can be written as the
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In this expression
F (v,Kp50,K) = <V,Kf|eXP(i”'7k2 p)0.K;)

is the molecular bound-state form factor. We define
the quantity &, to be the result of takmg the p-wave
amplitude off the energy shell; &, — o' as the molec-
ular binding is turned off.

In approximating &, in Eq. (4) we are guided by the
fact that the scattering is strongly dominated by the
bound state. Expressing the energy denominator in
Eq. (2) in terms of E, to describe the molecular col-
lision, we write the final result

1277 Fen(kl)rldeex/“
(E2 - Eres)2 + tho\‘/4 .

Q)

O'dlrect

In this expression
Fen(kl) = F(V,Kf',O,Ki) Izl“el(kl)

is the “‘entrance width,”’ 4., iS the deexcitation rate
for all processes from the compound molecule state
formed in the collision to states with too little energy
for the system to ‘‘back decay’’,?! and T, is the total
width of the compound molecule state. Presumably
Tgeex is dominated by Auger deexcitation,?? but col-
lisional deexcitation may contribute at large ¢.

We take the internal target motion into account in
an approximate way by averaging over the dueteron
momentum in the initial molecular state; this gives the
relation between E; and E,,

E1(M1/M2)E2+7)(M1/md)(';—E6+E}(i), 6)

where my is the deuteron mass and + Ej + Ef, is the

initial rovibrational kinetic energy. The resonance en-
ergy E. is given by the energy balance equation:

Ees=Ef — Ea+E,{f—E}<i—Aehf—e,,. @)

Here E} (Ef) and Ef, (E,{f) are the initial (final) vi-

brational and rotational energies, and Aeys gives the
difference in hyperfine energies in the tu and dru
states.

Since we expect that I'geex = I’y and 'y, << E,, the
integral over energy, [dE,f(E;t)of.(E,;), be-
comes a sum over resonances and the dependence on
I'o disappears. Furthermore, we can with sufficient
accuracy use the sum-rule result, analogous to Eq. (1)
but with the electric field factors & (p) missing, for all
but the lowest vibrational contribution to the direct
process. The same v values are included as for the di-
pole mechanism; the dominant contribution is from
v =3. Considerations of the initial D, rotational states
are also the same as for the dipole mechanism.?

The resultant direct contributions to the singlet D,
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FIG. 2. Time dependence of the molecular formation
rate, for (C,=0.88 and ¢=1% (N4, normalized to
Cz=¢ =1; muon decay not included).

and DT molecular formation rates as functions of 7,
are shown in Fig. 1. The direct process is more than
20 times stronger than the dipole, and the weighted
sum falls for T, < 10® K. (The triplet rates are simi-
lar to the singlet ones, allowing us to avoid explicit
treatment of triplet contributions and quenching.)

With the above four elements in hand, we combine
the energy-distribution function f(E,,7) with the total
molecular-formation cross section o;(E,) to give the
time-dependent molecular formation rate )»d,#(t)
shown in Fig. 2, for target temperatures 30 and 300 K
and C,=0.88. As expected, more rapid tu energy loss
for the 30-K target results in faster decay of the tran-
sient, in agreement with the experiment.? Further-
more, the time scale of both the rise and decay of the
molecular formation rate is in quite good agreement
with the experiment. The magnitude of the peak in
N (1) also agrees fairly well with the values,
(8-9)x10% s=!, quoted by Breunlich et al.? (which
they call ““triplet’’).

In addition, on the basis of the present epithermal
molecular formation hypothesis, we predict that the
amplitude of the transient signal will decrease as the
target density is increased (see Table I). The triplet-
quenching hypothesis implies no such dependence.

In conclusion, (i) triplet-quenching hypothesis is
probably not a viable explanation of the experimental
results; (i) the epithermal molecular formation hy-
pothesis appears to be in quite good agreement with
experiment and with theoretical expectations; (iii) ob-
servation of the density dependence of the amplitude
of the transient in neutron production would provide
additional evidence for choosing between the two hy-
potheses?*; (iv) direct mesomolecule formation is
more important than the dipole mechanism; and (v)
the detailed time dependence of the transient offers us
valuable and hitherto unavailable information on the
tu cascade and collision processes.
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