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Simple analytic expressions are obtained for the kinetics of the processes of muon catalysis in a molecular
mixture of deuterium and tritium. Conditions are obtained under which the highest efficiency of the muon
catalysis is attained. Various types of experiments necessary for the measurements of the basic characteristics

of the processes are discussed.
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1. INTRODUCTION

It follows from theoretical calculations’ that in the
mesic molecule dfp there exists an excited rotational-
vibrational level (J=1,v=1) with very low binding en-
ergy ¢,,~0.7 eV,? as a result of which resonant produc-
tion of mesic molecules dtu is possible in the reac-
tions

tu+D,~[ (dtp)d2el., (1a)

tu+DT—[ (dtp)t2e].". (Ib)
The existence of an analogous resonant mechanism in
pure deuterium

du+D,~[ (ddu)d2el,
was suggested long ago® and recently demonstrated ex-
perimentally* and theoretically.'

The rate of resonant production of dfu molecules
should depend on the temperature of the D,+ T, mix-
ture, and the maximum rate is A;, ~10°sec™. Under
these conditions, the efficiency of the muon catalysis
of the nuclear fusion reaction in the chain of processes

u*Me+n

’-A . (Ic)

"Hum»,a‘

Azt gt Ar
a4 fu —L> iy

is quite large, so that the question of the feasibility of
practical use of the u-catalysis phenomenon can be
raised. ®

By virtue of the large expected rate of production of
the dtu molecules (comparable with the du — ), trans-
fer rate, the kinetics of thereactionsinthe D,+ T, mix-
ture has specific features that distinguish it from the
kinetics of the reactions in the H, +D, mixture in pure
deuterium.® Bearing in mind experiments planned for
the study of the p-catalysis phenomenon in a D,+T,
mixture, we obtain in this paper simple analytic for-
mulas that describe the kinetics of the processes that
consitute the catalysis, and discuss the conditions under
which their principal characteristics can be measured.?

2. SYMBOLS AND SYSTEM OF EQUATIONS

The general scheme of the mesic-molecular processes
in the D, + T, mixture, which holds true for an arbitrary
density and concentrate of the components, is shown in
Fig. 1. We have introduced here the following symbols:
2,=0.455x10° sec™ is the rate of decay of the u” me-
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son; ¢ =N/N, is the ratio of the density of the nuclei of
the mixture (N) to the density of the liquid hydrogen
(Noy=4.25X10% cm™); A,, (A,°) are the rates of capture
of the 1" meson by the K orbits of the mesic atoms du
and fm, respectively, at a mixture density N and at a
liquid-hydrogen density Ny; A,(2,°) are the rates of the
isotropic exchange du +&—tp + d; Ageys Aagy 2nd

Xy eu(A3sus A9, and 12,,) are the rates of formation of the
mesic molecules dtu, ddu, and £t u; C, and C, are the
concentrations of the deuterium and tritium nuclei
(Cq+Cy=1); Ny, Ay, and A, are the rates of the nuclear
fusion reactions respectively in the mesic molecules
dtu, ddu, and ttu (averaged over the spin states of the
mesic molecules); w,, wg, w;, w, are the sticking coeffi-
cients of the 1" meson to the charged fusion products
in the reactions represented in Fig. 1; N,=N,(t) is the
number of free 1" mesons at the instant of time ¢; N,
and N,, are the numbers of the mesic atoms du and tu;
Ng4us Ngyu» and Ny, are the numbers of the correspond-
ing mesic molecules; N,, N,,, and N,, are the numbers
of neutrons emitted in the fusion reactions in the mesic
molecules dtu, ddu, and ttu, respectively.

The system of equations describing the kinetics of the
processes shown in Fig. 1, takes the form
—dN,/dt=I(AeFNa) Nu—As (1—@,) Nass

_Ald[ 1""1/2((1)4‘*'(0-{,) ]Nddu'_hﬂ(i“‘(l):)Nun, (1 . 0)

5
|
-

FIG. 1. Scheme of mesic-molecular processes that take place
in a mixture of deuterium and tritium.
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_dNu/dt= (lo+l¢:cz+lmcd) Ndu_xnCdNu, (1 . 1)
—dN yJdt=(ho+raesCatAenCo) N u—2aiCo N ay—hC Ny— 10 Nagy, . (1. 2)

—dN g,/ dt=(Mot+As) Nagy—Aat,CalN oy, (1 3)
—dN g/ dt=(hoHAs0) Naty—AaasCaV ay (1.4)
—dN Jdt=(hsthse) Neou—hinCiNoy (1.5)
—dN,Jdt=—W\N gy, (1.6)
—dNna/dt=——;‘Mdedn, 1.7
—dN,fdt=—2hsNisye (1.8)

At the initial instant of time, i.e., at the instant when
the muon falls into the D,+ T, mixture, we have N,(0)
=1, and the concentration of all the remaining com-~
ponents is N,;(0)=0. In view of the resonant character
of the production of the mesic molecules dtu, the rates
A8) and A Q) of the process (Ia) and (Ib) can differ
greatly. The quantity A,,,C, in Egs. (1) actually means

ltdlucd=lrd( l:b) ZCD{“ A;‘:: CDT ’ ( 2)

where Cp, and Cpr are the concentrations of the mole-
cules D, and DT. Inasmuch as isotopic exchange takes
place in the mixture D,+ T, even at room temperatures,
and an equilibrium concentration is established:

Cpy: Cpp: Cry=C4: 2CC, : C2, (2.1)

the effective rate A,,, in the kinetic equations (1), under
the condition (2. 1), is

A=A Cathin C,. (2.2)

Similarly
kddp= 7\.(151:" Cd+xd(dl:~) C( y

where A8} and A3} are the rates of the resonant
exchange of the mesic molecules ddp in collisions of the
du. atoms with the deuterium nuclei in the molecules D,
and DT.

It should be noted that by virtue of the resonant mech-
anism of the production of the dfu molecules, the quan-
tities A8 and A{) can have a complicated depen-
dence on the temperature, on the density, and the co-
centration of the mixture components. Primarily, their
temperature dependence will be more complicated than
the simplest case considered in Ref. 1, inasmuch as
actually even at moderate temperatures the reactions
(Ia) and (Ib) proceed not only from the ground state but
also from the excited rotational states of the molecules
D, and DT into the excited rotational states of the com-
plexes [(dfu)d2e],* and [(dtp)t 2e],*.

It must also be taken into account that the formation
of the mesic molecules dfu takes place in various states
of their hyperfine structure. According to calculations,®
the level (J=1,v=1) is split by the interaction of the
particle spins and the orbital momentum J of the mesic
molecules into 10 levels, the maximum spacing between
which is ~0.2 eV. The rates of production of the dfu
molecules in each of the states 4fs has its own resonant
dependence on the temperature. In addition, these
probabilities depend substantially on the initial popula-
tion of the levels of the hyperfine structure of the atom
ti, which in turn depends on the rate of spin flip in the
reaction fu(44)+¢t—tu(4¥)+t, i.e., on the density ¢ of
the mixture and on the concentration C, of the tritium
nuclei.
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In the entire discussion above it was implicitly as-
sumed that the ¢y atoms in the reactions (Ia) and (Ib)
are thermalized. At sufficiently low tritium concentra-
tions (C, «<1), however, the {n atoms are produced in
the isotopic-exchange reaction du +{—¢u+d, with en-
ergy =20 eV, and do not manage to slow down to ther-
mal velocities. This can lead to a change in the char-
acter of the temperature dependences of the p-catalysis
process.® In this case the system of equations (1)
must be solved simultaneously with the equations that
describe the kinetics of the slowing down of the mesic
atoms Zu. '

It is important to take into account all the foregoing
effects in the theoretical calculation of the rates A}
and A{) in the detailed calculation of the kinetics pf
the p-catalysis process. In the phenomenological ap-
proach used in the present paper, the rates A{) and
A8l can be regarded as certain averaged character-
istics of the process. They are assumed to be unknown
functions of ¢ and C,, which must be determined from
experiment.

As to the dependence of the rate of the nuclear reac-
tions on the spin state of the mesic molecules, in the
case when all these rates are high (), 2 10" sec™), the
kinetics of the intermolecular processes is independent
of them at a time ¢>> \,™ (see Sec. 3). It suffices
therefore to use in the system (1) the values of A,
averaged over the states of the hyperfine structure of
the mesic molecules.

For the numerical estimates that follow, we assume
the following tentative values of the rate constants of
the p-mesic-molecular processes, referred to the den-
sity N, of the liquid hydrogen.® The rates of the reac-
tions

Aaw~10° sec™,  Auu~(0.08—0.8) 40° sec™ (3.1)

depend on the temperature of the medium;

Aiy=3x10°% sec™ ',
Aae®=2x10% isec™,
(3.2)

M~101 sec™,  Aa~As;~10" sec™!,

Aa"=10" sec™;
the sticking coefficients are

0,~107%,  ©04=0.13, 0,/=0.0027, ©,~0.1; (3.3)

¢ =1.28x1073P (atm), where P is the pressure in the
mixture at the normal temperature T=273 K. ®

3. SOLUTION OF THE SYSTEM OF EQUATIONS

Under the experimental conditions it is usually diffi-
cult to observe events at instants of time ¢<t,=10"sec
after the stopping of the ™ meson. We confine our-
selves therefore to a description of the kinetics of u-
mesic-molecular processes at ¢ >£,> X", and con-
sider, for example, Eq. (1.3). The solution of this
equation can be written in the form

i
Nan () =hanCae™ [ &' Nos(¢')at'.

At t>> 2, the quantity N,,(¢) varies relatively slowly,
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like
No(t) =B.e™*+B,e~,

with A, <X, and A, <A,. We therefore have, accurate to
terms ~A;/2,,

AaCa
; Nu(t). (4)

Nuw(t) = Y

The physical meaning of this relation is clear: the
concentration of the molecules dtu is determined by the
slowest process of production of the atoms {u, inas-
much as after a time {~\,™ a quasi-equilibrium is
established between the concentrations N,,, and N,,,,
with a proportionality factor A,,,C,/A; equal to the ratio
of the rates of the production and desiruction of the dtu
molecules. (This result can be obtained directly by
taking into account the quasi-equilibrium condition
dNy,/dt=0, which means that the rate of change of
Ny, is much less than the rate of ;).

Analogously, from (1.4) and (1.5) we obtain the re-
lations

Nmz_l‘_““_cimm (5)
Aa
C

Nﬂuz kuu ‘Nluv (6)
)'ll

and from (1.0) at £>> 2, and not too small ¢, when
A, >N, we have”

(l)¢+ (D"

Nor frana (1= 222 Y Nact hanCut—0) +huCult=0) 1N ). (T)

Taking relations (4)-(7) into account, the temporal dis-
tribution of the neutrons is expressed by the formulas

dN./dt=hs,CaN s, (8.1)
dei/dt=l/zAmquNdu, (8 . 2)
AN /dt=2hC Ny, (8.3)

and the functions N,,(¢) and N,,(¢) are determined from
the system of equations

—dNyfdt=a,No—a:Ny,
—-ng,./dt =—a“N¢,‘+azsz

(9)

with initial conditions (at #,>>2,™)

Nu(te)=Csy Nu(t)=Ci, CitCi=1. (10)

The coefficients q;, of Egs. (9) are equal to
i =hothaiCitrasCo—raanCa [1—":(0at0d) 1,
@y3=Na, dz(i'—mn) _'.I'luucdcz(i"‘m-)y
az,=x¢,C,+kmC¢C‘ [ 1/, (0)¢+(|)¢’) ]+‘/2Md,.C.,md',
. g =hsHAarCatAin t—AanC. ,(i—m.)—xu,.C"(i——m,),

(11)

and the general solution of the system (9) takes the form

1
Ny= n(B,,e“"+B,,e"") ,
2 vt

' (12)

N,=
T M=

(Bue~+B,e~).

The explicit forms of expressions A; and By, in terms of
the coefficients a,; are given in the Appendix.

The temporal distribution of the neutrons, with al-
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lowance for the relations (1.6) and (4), is expressed in
terms of N, ,:

dN,/dt=14,CsN, tue (1 3)

The integrated yield of the neutrons with energy 14.1
MeV from the fusion reaction in the dfu molecule,
Yy, =N, () (per stopped u~ meson) can be represented,
using the formulas of the Appendix, in the form

Yeu=W oW [1- (=0 WoWa

(l)(‘i"('l)a'
2

—(i-o) WtuW“u— (1 - )WduWuu ]-: . (14)

where the quantities W
physical meaning:

tus Warns Wipn, Wy, have a simple

Mlczca""/ gm¢'},,“,C¢2
Wa=C, 4 ot 2 Tald -
W e Al G (15.1)
A‘mcd
Wap =+ e
dip M+Mtuc‘+kuﬁct ) (1 5. 2)
AnCe
W,y == e
tw MGGy’ (15. 3)
MaasC
W el (15.4)

Ao tAaiCiHAaala ’

W,. is the probability of production of the mesic atom
tu (the first term corresponds to direct landing of the
4~ meson on the tritium, the second to the charge ex-
change du —tu, and the third to regeneration of fu in
the reaction ddu— tp +p); W,,,, W,,, and W,,, are real
respectively to the probabilities of production of the
mesic molecules diu and ddp from the {u atoms, and
of the mesic molecules ddu from the du atoms. Equa-
tion (14) takes into account the return of the muons to
the catalysis cycle after the nuclear fusion reaction in
the mesic molecules dtu, tti, and ddp, as can be seen
from the structure of its denominator. Similar expres-
sions for Y,,, and Y,,, for a number of dd—*He + n and
tt —*He + 2n reactions in the mesic molecules ddu and
ttu are obtained from (14) by replacing the products
W,,W,, in the numerator by § W, ,W,,, and W, ,W,,,,
respectively.

Formula {14) can also be represented in the form®

{0

Yaw
1+(|)1Y(:q).+(l)tY:): + (0t YD ’

ddy

deu= (16)

where Y}, Y5, and Y{¢) are the numbers of the fusion
reactions with neutron emission in the mesic molecules
dti., ddu, and ttu, respectively, in the absence of
sticking to the produced helium nucleus (w, = w,= w, =0)
(0) M(u d (xo+xdl+xdducd) C(+’/zﬁ)a’l¢¢u0dz
T e Rt (harthaaCa) Ct (anCathnC i) Ca

amn
and analogously for Y%, and Y}$).

4. KINETICS OF THE PROCESSES AT MODERATE
DENSITIES OF THE D, + T, MIXTURE

At pressures P=5-100 atm in the mixture, concen-
trations C,<0.5, and at the assumed values of the
rates of the mesic-molecular processes (3), the fol-
lowing inequalities hold:

MatlCa>hindC,  Aar®RhaaCay (18)

{ohatC:, ®ihiaCa, @t} Ko
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The last condition means that the number of fusion re-
actions produced by a single u” meson is limited by its
lifetime, and the influence of the muon sticking to the
helium nuclei can be neglected.

Taking the inequalities (18) into account, it follows
from (17) that

(Ao tAa) AanCoCy
7w (Ao"’}vd lcx+ldtucdx

()
Yo Yau =

(19)

The expression (13) for dN,/dt also becomes in this
case much simpler:

N, Ml

Tdt haCithanCs [Aae ™ +Ca(hayCa—har) 6], (20)
dtt dtnld
where
Mo AmhothaCithenCe. (21)

Expressions (19)-(21) can be used for an experimen-
tal determination of the rates A, and A,,, at the dif-
ferent mixture temperatures. The measured value of
the argument A, of the exponential yields one combina-
tion of the rates A, and A,,, and the ratio of the pre-
exponential factors yields another combination. Taking
(2.1) into account, measurements of these quantities at
the different concentrations C, yields also the rates
M@ and A(?) at a given temperature and density of the
mixture.

The observed form of the temporal distribution of
dN,/dt depends significantly on the ratio of-the rates
A4 and Ay, . The optimal conditions for the experi-
mental determination of the exponent A, are reached if
the relation A,C,+21,,C 7~ is satisfied. Assuming
that A, =2,%¢ and A, , =2%,¢,” and using the rates (3),
we find that the indicated relation is satisfied at ¢ ~1072,
i.e., at pressures P~5 atm and at a normal tempera-
ture of the mixture.

Figure 2 shows the temporal distribution of dN,/dt,
calculated from Eq. (20), at a mixture pressure 10 atm,
a tritium concentration C,=0.1, at 2,°=2-10° sec™,
and at values A3, =(0.5-4.0)-10% sec™. It is seen
from this figure that at A9,,C,=2,° the character of the
temporal distribution of the neutrons changes strongly.

an, /dt

7, usec

FIG. 2. Temporal distributions (20) of neutrons with energy
14.1 MeV emitted in the fusion reaction d +t— ‘He +n in the
mesic molecule d#u at a pressure P =10 atm, tritium concen-
tration C,=0.1, value )m°= 2x 10% sec™, and at the following
values of AY,: curve 1—0.5x10° sec™!, 2—1.0x10% sec™, 3—
2.0x10% sec™f, 4—4x10® sec™.
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Measurements of the integrated yield Y, as a func-
tion of the concentration C, also make it possible to de-
termine the rates of the processes, particularly at
@>1072,

At mixture densities ¢ <1073, i.e., at pressures
P<1 atm, the condition A,> A is no longer satisfied
and the analytic expressions (19)-(21) in the general
case are no longer valid, especially at the instants of
time t<A,”!. The numerical solution of the system of
equations (1) shows that in this case at ¢ <A, the tem-
poral distribution of dN,/dt differs strongly from that
shown in Fig. 2, and from the character of this dif-
ference it is possible in principle to determine the value
of A,. Measurements of the rate of the atomic capture
of the 1~ mesons have so far not been performed, par-
tially because all the known rates of the mesic-atom
processes (with the exceptions of AJ,,) were larger than
A, by several orders of magnitude.

5. KINETICS OF THE PROCESSES AT HIGH
MIXTURE DENSITIES

The effectiveness of muon catalysis depends substan-
tially on the sticking coefficient w, (with allowance for
the ‘§arring” of the .~ meson, see footnote 6). To de-
termine this quantity from measurements of dN,/dt and
Y ;. the experiments must be performed at large mix-
ture densities. In this case we can neglect in (12) the
“fast” exponent (1,), while the “slow one” (X,) can be
represented in the form

MahaCCe |

M=ho + K
et et haaCe \©

o 9. (22)

t
AanCa

Equation (22) makes it possible to determine wj if the
remaining quantities are known.

At ¢>0.1and C,~0.5, the following relations hold

AaCaPho,  AaCi>ho, (23)

and formula (14) for the integrated yield of the neutrons
(from which it is also possible to determine w,) can be
represented in the form

1 ~ Al(b + chd Af(lll t

_— + os+ . 24
Yo  MayCa AaC: s Mmcdml (24)

The maximum neutron yield Y33 is reached at the
concentration

CrUH)™, 4= (ha/Aan) " (25)
and is equal to

1 Mo Ao '

2 oot {z+ ro—=, 26

Yo O g U VO (26)

Substituting in this formula the values of the constants
(3) and assuming that A,, =13, etc., we get

1 Mo
— o, + 2+y+0.79). 27
Yo Ao @Y _

Figure 3 shows plots of Y3;x (ws, ¢) constructed for
w,=107 and 0. 7x107% and for A%, =10° and 10°sec™ at
A%, =2:10° sec™. Itis seen from the figure that al-
ready at ¢ ~0.1 the sticking of the p” meson to the

helium influences noticeably the neutron yield Y3 and
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FIG. 3. Effectiveness of muon catalysis in a mixture of deu-
terium and tritium, i.e., the maximum yield of the neutrons
'yj",’,f per 4~ meson, as a function of the mixture density ¢ at
optimal tritium concentration C,= (1 +y)%, y=(A,%/A%;)!/2 at
A'=2x10® sec™, dtpu-molecule formation rates A,m,°= 10° sec™
(solid curves, Agy,'=10° sec™ (dashed curves), and different
values of the sticking coefficient w, (marked on the curves).

decreases it by 20-30%. At p~1, i.e., at the density
of liquid hydrogen, the value of Y%7 is determined
mainly by the value of w,. Therefore the experimental
determination of w,, and also of A9,,,},,, and w,, is of
paramount significance for the determination of the
efficiency of muon catalysis. At the constant values (3)
and at Ay, ~10° sec™ the neutron yield can reach a value
Y3ir~ws,i.e., one 4~ meson in a mixture of deute-
rium and tritium can effect ~100 cycles of catalysis of
the fusion reaction of the nuclei d+¢—*He+n+ 17,6
MeVv. !

We note that in the case when the hypothesis that there
is no thermalization of the {u atoms turns out to be
correct, a study of the p-catalysis at densities ¢ ~1
can be carried also in a liquid D,+ T, mixture; this is
apparently much simpler than experiments with a gas
mixture at high pressures P ~500-1000 atm.

6. EXPERIMENTS IN PURE DEUTERIUM
AND TRITIUM

It is known that the reaction of the fusion of deuterium
nuclei in the mesic molecule ddu proceeds with equal
probability via two channels (see Fig. 1), in one of
which an 3He nucleus is produced, and a p” meson stick
to it with a probability w,~0.13. A measurement of w,
is very important for checking the correctness of the
theoretical calculations of the sticking coefficients, and,
in particular, the coefficient w,. Up to now, only an
upper-bound experimental estimate has been obtained
for w,.

At C,=0, formulas (12) and (14) become simpler:

dN.. 1 1
T ?Amexp{—(ln +—2—md}w..) t},
1 hear (28)
Yw = -E- Ag""/;(ﬂdluu ’
From (28) we can determine A, and w,. .
At C,=0 we obtain the expressions
dN ./ dt=2\1, exp {—=(Aotohes) t},
(29)

Yo 2hi0y/ (Mot 0eheny)

from which we can extract the values of A,,, and w,.
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ety I

For the mixtures D,+ He and T,+ He, the temporal
distribution and the integrated yield of the neutrons from
the reactions dd— 3He +n and tt— *He + 2% are calcula-
ted as before from formulas (28) and (29), with the sub-
stitutions

/3@ Mgy ="/ 20ahaa,CatAaumeCre,
[opm m—’(ﬂtluuct +)4Ulﬂecﬂ07

where A,4, and A, 4, are the rates of formation of the
molecules duHe and ¢{pHe in the reactions du + He
—duHe and fu + He — {uHe, while Cy, is the concentra-
tion of the helium nuclei in the mixture (C,+Cy,=1 and
Cy+Cye=1). By varying Cy,, we can obtain from the
measured values of dN,,/dt, Y,,, and dN,,/dt, Y,,,, with
the aid of (28) and (29), the values of w,, Az, Agune and

wt’ Attu’ Atul-[a‘

7. CONCLUSION

The Kkinetics of the p-catalysis processes in a mix-
ture of deuterium and tritium has up to now hardly been
investigated: there are at present only several calcu-
lations of the mesic-molecular processes®?® and only a
single experiment.”’

In the present paper we paid principal attention to a
discussion of the possibility of extracting information
on the u-catalysis process by measuring the integrated
yield and the temporal distribution of the neutrons from
the synthesis reaction d+¢—“He +#%. In this way it is
possible to separate at least four experiments that dif-
fer in their tasks and in the extracted information.

a) Experiments at moderate mixture densities
(¢ ~3.107%-107%) and at low tritium concentrations
(C,~0.2-0.1) make it possible to measure the rates

(@
Agru and Ay,

b) Experiments at ¢ ~3-10°-107 and C,~0.5-0.9
make it possible to measure the rate A{}), and, in addi-
tion, to determine the role of thermalization of the {u
atoms in the course of resonant production of the mesic
molecules dip.

(c) Experiments at high mixture densities (¢ ~0.1-1)
and tritium concentrations C, ~0. 5 make it possible to
measure the sticking coefficient w, as well as deter-
mine directly the maximum number of catalysis cycles
Y92 that can be effected by a single p” meson.

d) Experiments in pure deuterium and tritium make it
possible to measure the rates A,,, and A,,, as well as
the sticking coefficients w, and w, (so far, only the rate
X4q, has been measured?).

This paper does not deal with certain processes that
can change the picture of the p-catalysis kinetics, for
example, the ortho-para transition in a ¢ 4 atom collid-
ing with tritium nuclei, the process of formation of the
mesic molecules duHe and tuHe,'® the “jarring” of the
L~ mesons in the reaction u*He + ¢t — tu + *He, etc. All
call for additional investigations.

The authors thank V.M. Bystritskii, I.I. Gurevich,
V.P. Dzhelepov, and V.G. Zinov for numerous discus-
sions that have stimulated the publication of this paper.
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APPENDIX

The solution of the system (9) with initial conditions
(10) takes the form (12), where

uyta, =G\’ '
)41.2=al b :F‘{(al : )+a|2azc} ) (A.l)
2 2
B,=-— (a,,—M)CH’a,zC(, By=(a,—\) Ca—ayC\, (A. 2)
B,,=a,,Cs— (azz“hz) Ci, Brp=—a,Cst+ (a:z"hl) C..
The integrated yields of the neutrons are equal to
CytayC
Y a=han  JubdTau
Ay4Q22— Q042024
Ym=i a2,CatauCy , (A. 3)
2 Q4402281203
Yzt Gy
B e Ca

Taking into account the smallness of the sticking co-
efficients w;, we can obtain simple analytic expressions
for the quantities (A.1) and (A.2). Introducing the no-
tation

ay=hota,+(6,+6,")Cs, aiz=a,—08,C,,
a3 =a,—6,C;+6,/Csy a3 =Mhota,+8,C,,
where
ay= (M,+AM..C¢) Cg, A= (M:qu'*‘luu g)Ca, (A . 4)
8="/20haaCs  8:/='1204NatsCa, (A.5)

=0 AatyCat 0 hinCt,

we obtain, accurate to terms of first order in the coef-
ficients w;:

MM, AamAgtata,—8+6, (A.6)
Bu~a,—8Cs, Bua~a,Ci—a;Ci+(8'—8)Ca, (A.7)
B, ~a,+6/Cs—06Cy, Bu=~a,Ci—a,Cs—8,Cat+(6’'—8)C,,
where
0=(a,0,+a.6,)/ (ai+a,), 8=(8:+8,")Cat6,C.. (A.8)

Dnstitute of High Energy Physics, Protvino.

2 Leningrad Institute of Nuclear Physics, Gatchina.

91. V. Kurchatov Atomic Energy Institute, Moscow.

9 At the Nuclear Physics Problems Laboratory of JINR they
have just completed an experiment’ in which the nuclear-
fusion reaction was registered for the first time ever in the
dtp mesic molecules and the lower bound of the rate of pro-
duction of these molecules was obtained 0\,{’,“ >10% sec™);
this agrees with the theoretical predictions.! The measured
rate Az%= (2.7 0.9) *10® sec™ of the du— tp process also
agrees with the theoretical calculations.?

5 This eircumstance was pointed out by P. F. Ermolov’ (see
also Ref. 10). It is easy to show that 6—8 tu +d —tu +d colli-
sions are necessary to slow down atu atom from an energy
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~20 eV to ~ 0.04 eV. Taking into account the cross section of
this process, 0=1.5+10"19cm? (Ref. 8), we find that the tu-
atom thermalization time is ~ (10® ¢)™ sec. Thus, not all the
tu atoms manage to become thermalized if the rates of pro--
duction of the d¢tu molecules are high (Age, 277, 1.e., Adyy
2z 10® sec™).

® The presented values of the sticking coefficients w,, w4, etc.
donot take into account the “jarring” of the u~ mesons in colli-
sions of the produced helium mesic atoms, for example, in
the reactions

wSHet+t»tp+iHe, p‘Het+d—‘Hetd+p-,

which decrease effectively the values of w,, w4, wg, and w;.

DAt low density @, the value of A, is determined by the time of
the mesic-atom transitions to higher orbits, which for mesic
hydrogen atoms take place mainly on account of the Auger
effect on the ‘foreign” atoms. Therefore A,~ vy, where vy
~10!0 sec'i, i.e., the assumed approximation is not valid at
too small @@= 107%).

% Allowance for the terms ~wy is important only for experi-
ments at exceedingly small tritium concentrations (C,s 107)
or in pure deuterium (see below).

9 possible violations of these relations were discussed in Sec.
2.
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