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Further experiments on the kinetics of du atomic processes are described. The range dis-
tributions of du atoms in hydrogen containing various concentrations of deuterium and of
Z-impurities (C,O) and the heretofore unknown cross sections for elastic scattering of

du atoms were measured, using a diffusion chamber in a magnetic field. The cross sec-
tions were determined by a x? comparison of the experimental distributions with those
calculated by the Monte Carlo method. The elastic scattering cross sections (given in
Table IV) agree well with the theory. The lifetime of the du atom in hydrogen gas con-
taining Z -impurity concentrations of ¥y, and ¥, is 1.25 + 0.16 and 0.42 + 0.05 usec,

respectively.
1. INTRODUCTION

IT is known that after negative muons have stopped
in hydrogen and formed mesic atoms various meso-
atomic and mesomolecular processes can occur. It
has been shown experimentally (1] that in liquid hy-
drogen having natural deuterium contamination du
atoms are produced because of the high rate of the
exchange reaction

pu+d—>du+p 1)

The range of this kind of mesic atom can be ob-
served as a small displacement (~1 mm ) of the
muon-decay electron track from the muon ending.
Such displacements are not observed with as much
as ~ 1% deuterium concentration. This effect is ac-
counted for qualitatively by the theory in (%3]
which derives an anomalously small cross section
for the elastic scattering of du atoms on protons:

du +p—dp+p (2)

whereas a relatively large cross section is obtained
for scattering on deuterons:

du +d—dy +d 3)

We observed much longer duy ranges (~ 10 mm)
with a low hydrogen density in the diffusion cham-
ber, and this effect was used to determine the rate
of reaction (1).[4%]

The present work was undertaken to determine
quantitatively the experimental cross sections for
(2) and (3) by analyzing the distributions of the du
ranges and comparing them with theoretical pre-
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FIG. 1. Scheme of processes participated in by dy atoms in
a 95% H + 5% D mixture.

dictions. In these experiments the diffusion cham-
ber was filled with hydrogen containing a small
amount (~ 5% ) of deuterium. Figure 1 shows the
scheme of processes in which du atoms partici-
pate. A du atom produced in reaction (1) possesses
an energy of about 45 eV (4 of 135 eV, which is
about the energy difference between the 1s states
of du and py atoms). A du atom loses its energy
through elastic collisions with protons, deuterons,
and complex nuclei (C and O nuclei in the alcohol
used as the working liquid of the chamber ), until
some ‘‘inelastic’’ process occurs, as a result of
which the mesic atom ceases to exist. These in-
elastic processes are: a) muon decay from the du
orbit (decay rate Ay = 0.45 x 108/sec); b) muon
transfer from a deuteron to a complex nucleus
(rate Azcz ); c) production of pdy mesic mole-
cules at the rate Apq, followed by the catalysis
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Table I
C i el s ks ) s 0
Experic | HID | | Worang | Cgmbiaed | BaEeen |5 E819 5
men atm liquid | oncentration,% S ® | count ERRALS E3
- Z g =
1 4.3 50310/ 12500 | 1465 | 1029
2 ]} 0o | 67 } CH,OH | 0.125£0.030 | 55950| 15160 916 | o2
3 : 6.7 38680| 8430| 1114 | 937
4 5.6 CsH,O0H | 0,025+0006 | 17070| 4120 405 | 405
5 22.7 0.44 CH;OH | 0,125+0.030 | 10100| 1220| 341 | 269
o* ' 160110(41430 | 4241 | 3267
Schiff Liquid 0,04 Neon atom -
experiment[7]] H, ' concentration 18X 10" % 28068| 68| 68

*Sum over all experiments.

of nuclear reactions in this mesic molecule. The
combined rate of ‘‘inelastic’’ processes A = A,
+AZcz +Apdy determines the du lifetime, and to-
gether with the cross sections for the elastic proc-
esses (2), (3), and

dpn +Z—dp + Z (4)

determines the total range, in the gas, of a du
atom until it decomposes.

Our present method of analysis and the study of
elastic processes enabled us to determine inde-
pendently the lifetime of the duy atom in hydrogen
gas, and thus to refine the data on the transfer rate
()\%) of muons from deuterons to complex impurity
atoms. Knowledge of the kinetics of the du inter-
actions studied here is also important for inter-
preting our data on the yields of catalytic nuclear
reactions in hydrogen gas. 58]

2. EXPERIMENTAL CONDITIONS AND STUDY OF
PHOTOGRAPHS

The diffusion ¢hamber of 380 mm diameter in a
7000-Oe magnetic field was exposed to a negative
muon beam slowed by a filter and stopping in the
gas of the chamber. We have previously [476] given
a detailed description of the experimental scheme
and conditions using a meson beam from the syn-
chrocyclotron of the Joint Institute for Nuclear Re-
search.

In order to determine how the different relative
contributions of elastic processes (2)—(4) and of
inelastic processes influenced the du range dis-
tribution, five experiments were performed with
different concentrations of deuterium and of C and
O nuclei in the hydrogen filling the chamber. In all
cases the combined hydrogen and deuterium pres-
sure was about 23 atm. The deuterium concentra-
tion in the chamber was determined from its par-
tial pressure and was known with at most 4% error.
Table Icontains the main data from these experiments.

In experiments 1, 2, and 5 the working liquid of
the chamber was methyl alcohol, with a 8-sec
working cycle. In order to reduce the concentra-
tion of C and O atoms in the vapor of the working
liquid, the methyl alcohol was replaced in experi-
ments 3 and 4 by normal propyl alcohol C3H;OH,
but the temperature regime of the chamber re-
mained the same as in experiments 1, 2, and 5. At
—18°C, which is the temperature at the upper
boundary of the sensitive layer in the chamber, the
pressure of saturated propyl alcohol vapor is 1/10
of that of methyl alcohol. The two alcohols are
similar with regard to their critical supersatura-
tion. Therefore in view of the different molecular
weights we can assume that the combined concen-
tration of C and O atoms in experiments 3 and 4
is about ¥; of the combined concentration in experi-
ments 1, 2, and 5. Table I gives the combined
concentrations of C and O atoms calculated for
the mean effective height of the sensitive layer.

The quality of the photographs was not greatly
impaired by the use of propyl alcohol. However,
the vapor diffusion coefficient of this alcohol in hy-
drogen is smaller by a factor of one and one-half
than that of methyl alcohol vapor; this increases
the chamber recovery time. Therefore the cham-
ber working cycle was 13 sec in experiments 3 and
4. The registration efficiency for electrons from
u — e decays was 43% in experiments 3 and 4,
whereas in experiments 1, 2, and 5 the average
was 60%.

All of the approximately 170,000 stereo photo-
graphs from experiments 1—5 were scanned twice.
An average of one muon ending in the chamber gas
was observed in every four photographs (Table I).
The scanners selected events resulting from the
production of a du atom having some range in the
gas. In the photographs these events are observed
mainly as the track of a stopping muon along with
an electron track displaced from the muon ending,
where the electron had resulted from muon decay
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in the orbit of a du or Zu atom or of a pdu mole-
cule. Events of this type were selected in the pho-
tographs from experiments 1, 2, and 3 only when
the origin of the electron track showed a clear
‘‘dot,’’ the track of an Auger electron produced in
the ground-state transition of a muon from an ex-
cited level of a uC or pO atom (Fig. 2a). This
selection criterion enables a more exact determi-
nation of the du range. Because of the relatively
small statistics obtained from experiments 4 and
5, cases were here included without a visible ¢‘dot’’
at the electron track origin (Fig. 2b) but with a
clearly determined displacement.!)

The same class of events includes the consid-
erably rarer cases in which du atoms, colliding

DThe frequency of visible ‘‘dots’’ depends, as in the case
of muon transfer from py to complex atoms,[*] on the impurity
concentration, and is ~ 70% in experiments 1, 2, and 5 but
only ~ 40% in experiments 3 and 4 because of the smaller
transfer probability in the latter.

843

FIG. 2. Photographs of du production. a —
Experiment 2 (with methyl alcohol); b — Ex-
periment 3 (with normal propyl alcohol). The
range of a di atom is observed as the dis-
placement of a decay-electron track origin
from the muon ending. In case a at the origin
of the decay-electron track there appears a
““‘dot’’ which is the track of an Auger electron,

with protons or deuterons, form pdu and ddu
mesic molecules, followed by the catalysis of p+d
and d+d nuclear fusion reactions; also included
are muon transfers from deuterons to complex nu-
clei with muon capture accompanied by star forma-
tion. These events were not used for further study.

All selected events were subject to the require-
ment that the electron track be clearly visible and
that its length exceed 5 mm. Table I gives the
number of events in each experiment that were
selected in this manner for further measurements.

The selected events were studied under an UIM-
22 microscope; the lengths 7 of du range projec-
tions on a horizontal plane were measured (Fig. 3).
The accuracy of range measurements (in the ob-
ject plane) determined by the deviation from the
mean when all events were measured twice by a
single person, and also in control measurements
by a second person, was 0.1 mm,

Since the efficiency of registering du ranges
with projection lengths I depends greatly on the
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FIG. 3. Schematic drawing of an event showing the du
range.

length of I, the following corrections must be taken
into account in plotting the range distributions.

1. Since a muon track exhibits considerable
width (~ 0.4 mm ) near its ending, the registration
efficiency can depend on the angular characteris-
tics of the event, i.e., on the angles 4q, and J¢
(Fig. 3). The angle ddy is the projection of the
angle between the tangent to the muon track at
its ending and the direction of the duy atom; the
angle J¢ is the projection of the angle between the
direction of the mesic atom and the tangent to the
decay electron track at the decay point. Both Jqy
and Je were measured microscopically to within
about 5°. Figure 4 shows the distributions of these
angles in the events of experiment 1. Because of
the isotropy with respect to space angles, uniform
distributions over the angles 43, and J¢ should
also be found. This is observed in Fig. 4 with re-
spect to the distribution over Jg; however, the
number of events is reduced for large &du‘ The
lower registration efficiency for events in which
the dy atom moves backward (i.e., dq, is close
to 180°) is associated with the fact that because of
the finite muon track width, these can be regarded
as events without a displacement of the electron
track origin. This is especially significant for
small ranges [, as well as for the registration of
events for which a dot is required at the origin of
the decay electron track. Therefore for the fur-
ther analysis of experiments 1—3 only events with
"du < 120° were selected. In experiments 4 and 5
the distributions over 44, were nearly isotropic
and no angle cutoff was required. A correction for
angle -dependent registration efficiency is essential
only for the smallest values of I; its average was
12% for I < 2 in all experiments.
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FIG. 4. Distribution of events over the angles ¢4, and
Oe in experiment 1.

2. A correction for the registration efficiency
because of the limited sensitive region of the cham-
ber was essential only for large values of [, and
was introduced only in the data from experiment 5,
where the du range reaches 20 mm because of the
low deuterium concentration. The average correc-
tion was 10%.

3. A correction for the background of spurious
events (when a random particle track close to the
muon ending might be considered to be a decay
electron track) in experiments 1—4 did not exceed
a few percent and was not introduced. For exam-
ple, Fig. 5 shows the distribution over [ in the in-
terval I = 0—10 mm without corrections in experi-
ment 1; it can thus be seen that the background of
spurious events is negligibly small for ranges [
= 0—5 mm. The correction was 7% for experiment
5, where the ranges are much longer.

The distributions included events with ranges
1 mm <[ <5 mm in experiments 1—4 and 1 mm
<1< 15 mm in experiment 5. The last column of
Table I shows the final number of events for each
experiment in the given intervals after all correc-
tions had been made.

Figure 6 shows the range [ distributions; the
indicated errors at each point include both the sta-
tistical errors and the uncertainty due to the cor-
rections. The numbers of events with ranges 0 <[
< 1 mm in experiments 1, 2, and 4 are also shown.
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FIG. 5. Distribution of events with respect to du range in
experiment 1.
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FIG. 6. Experimental distributions of du ranges in ex-
periments 1--5. The curves represent Monte Carlo calculations
(see Sec.4) with the parameters given in Table III.

These numbers include both the registered events
with visible ranges less than 1 mm and events with-
out visible ranges, the number of which was esti-
mated from the probability of du formation in
process (1). These points of the' distributions were
not included in the further analysis.

We analyzed, in addition to our own experimen-
tal distributions, the data obtained by Schiff (7]
using a liquid hydrogen chamber under the experi-
mental conditions given in Table I. The histogram
in Fig. 7 represents the du range distribution in
the 68 events measured by Schiff.?

3. ANALYSIS OF EXPERIMENTAL DATA

From a qualitative examination of the range dis-
tributions obtained with different deuterium concen-
trations (experiments 1 and 5, Fig. 6) and different
C and O concentrations (experiments 2 and 3,

Fig. 6) it is seen that with increasing amounts of
either deuterium or the Z impurity the distribu-
tions are shifted toward smaller ranges. This in-
dicates the relatively strong dependence of the dis-
tributions on the macroscopic cross section for

21n this work the di ranges were measured only for events
in which stars with visible prongs were observed in the capture
of muons by neon nuclei.
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elastic scattering of du atoms on deuterons,
N40du+d ( where ng is the number of deuterium
atoms per cm?), and the important role of an in-
elastic process—muon transfer from deuterons to
nuclei of higher Z.

The cross sections oqy+d, Ody+ps and ogys 7z
can be obtained quantitatively by using the calcu-
lational methods of neutron physics, because the
slowing down of du atoms produced in process (1)
with the energy 45 eV is analogous in many ways
to the slowing of epithermal neutrons in a medium
consisting of different nuclei. However, the solu-
tion of the kinetic equation describing this process
exists in analytic form only for some special cases.
In our case the problem was complicated by the
additional fact that the du lifetime is comparable
to the time required for slowing to thermal veloc-
ity, so that the total number of collisions is small
(~10) and the fraction of collisions in the thermal
region is also small. We therefore used the Monte
Carlo method to calculate the differential range
distributions. The slowing down parameters (cross
sections and lifetime ) were obtained by comparing
the experimental distributions with those calcu-
lated by the Monte Carlo method using a x? analy-
sis. An electronic computer was used for all cal-
culations.

The sequence used to simulate the du slowing
process and to calculate the ranges is shown in
Fig. 8. Only du scattering by deuterons, which,
as already mentioned, plays the largest part in
the process, was simulated in detail. As is well
known from the theory and experimental work on
slow neutron scattering in hydrogen, up to neutron

yy
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A=20-10%ec1

20 Sec
10

A=65/0%ec
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0 7 2 7 P

FIG. 7. Schiff's[’] experimental distributions of dy ranges.
The curves were calculated by the Monte Carlo method for
three different values of A
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energies of the order of the first molecular vibra-
tional level (hvyip = 0.4 eV for Dy, molecules) the
scattering can be regarded as taking place on free
particles. With further energy decrease molecular
bonding exerts an influence as the cross section
(per particle in the molecule ) increases and small-
angle scattering predominates. Our subsequent
analysis will show that the [ distribution depends
very little on the particular hypothesis regarding
the character of the interaction for near-thermal
energies of the duy atoms. Therefore the entire
range of du kinetic energy T was divided into only
two regions: a) epithermal: 0.05 eV < T <45 eV,
and b) thermal (Maxwellian): T < 0.05 eV.

Scattering on free deuterons was assumed for
the epithermal region, with a c.m. isotropic angu-
lar distribution. The energy dependence of 0g;+q
was taken from the theoretical work of Cohen et
al., (2] who showed that the cross section increases
by a factor of only 1.5 when the energy changes
from 45 eV to 0.05 eV.

For the thermal region it was assumed that the
du atoms are scattered elastically by D, mole-
cules. In one variant of the calculation the cross
section in the thermal region was taken to be con-
stant and 1.5 times greater than cr(IiJ +q at the limit
0.05 eV; in other variants the cross section at the
limit was assumed. It was also assumed that col-
lisions in the thermal region occur with D, mole-
cules at rest. The Maxwellian distribution for D,
was used only in calculating the mean energy of
relative motion of du atoms and D, molecules,
which is 0.045 eV at 242°K (our experimental con-
dition). The angular distribution of scattered du

atoms was taken to be either isotropic in the c.m.
system, or to have the form derived by Schwinger
and Teller (] for neutron scattering by H, mole-
cules. Taking the mass difference between the
deuteron and proton into account, we have

) L
[sm(ZSsm 2)/2 sin 2]

This is the distribution for du scattering at 0.045
eV by D, in the ground state.

In view of the weak influence of the macroscopic
cross sections npoq,+p and nzoqy.z on the range
distributions, it was assumed that the dy atoms
are scattered by free protons and C or O nuclei.
The angular distributions of du + p and du + Z
scatterings were taken to be isotropic with scat-
tering cross sections that are independent of en-
ergy in the entire energy range.

The calculational program included the kinematic
dependences for each type of scattering, as well as
the angular and energy dependences of the scatter-
ing cross sections. The macroscopic cross sec-
tions in each experiment were given as proportional
to the concentration of the appropriate nucleus. The
du lifetime T = 1/A used for experiments 1, 2, and
5 was one-third of the value used for experiments 3
and 4, i.e., A=Yyu; = Yony = A3 = 2y = Y23 It was
assumed in all instances that the du lifetime is in-
dependent of its velocity.

do

——— A~

o 6))

3)This ratio was determined from the combined yield of the
reactions du + p > He® + pand dp + d > t + p + p”, which was
3.0 +0.8 times larger for propyl alcohol than for methyl alcohol.
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We also calculated the distribution under the
conditions of Schiff’s experiment, (] in which the
elastic scattering of du atoms by protons plays
an appreciable part. We used here the value A
=2x 107 sec'i, which was obtained from data on
the probabilities of mesic molecule pdu produc-
tion and muon transfer to neon nuclei in liquid
hydrogen.[%1%] The small contribution of the cross
section ogy+p determined by analyzing this distri-
bution was taken into account in calculating the dis-
tributions in experiments 1—5.

In the course of the calculation we also obtained
for each experiment the mean number of elastic
collisions and the mean du velocity, given by

Vap = Z (ri)m /

i,m

? (ti)ma

i, m

q=%§%, (6)
where r; is the distance traversed by a mesic
atom between its i-th and (i+1)-st collisions,

ti is the flight time between these collisions, the
subscript m numbers the mesic atom, and M is
the number of Monte Carlo (random sample)
events. In order to reduce the statistical errors
in the calculated distributions, the number of
Monte Carlo events for each experiment exceeded
by about one order of magnitude the number of
events in the experimental distributions.

The Monte Carlo calculational program was
tested on the calculation of several variants of the
ordinary diffusion problem. The distributions ob-
tained in this way agree well with the exact ana-
lytic solution of this problem.

The parametric values which best describe the
experimental range distributions were obtained by
minimizing the functional

5
=23
k=1 j

i1

exp

cal
(Vi ; — Ng5°9)2
2 ] cal
Ah, i éka, 3¢

(7)

where Nﬁi{jp is the number of events in the j-th in-
terval (j=1,2,..7) for experiment k (k=1,2,...
...5); Nﬁflj C is the number of events in the j-th
interval of the distribution calculated by the Monte
Carlo method for experiment k, normalized to the
total number of events in the experimental distribu-
tion for experiment k:

exp

7

exp

NP =DINTE
=1

Ak, is thgxerror in the experimental number of
events, Nk’-p ; 5kNﬁfllc takes into account the sta-
tistical spread of the calculated distributions (6
= NPXP/Mk, and Mk is the total number of Monte

Carlo events for experiment k). The minimum of
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the functional (7) was obtained by variation of the
parameters A, oqy+d, and oqy.7z using the linear-

ization method. 1] Because of the well fulfilled
quadratic character of the functional (7) at its min-
imum, only three or four iterations were required
to arrive at the minimum.

4. RESULTS OF THE ANALYSIS

The experimental and calculated distributions
of 1 are compared in Tables II and OI. Table II
gives the parameters for the minimum of x? and
the values of x%,in for three variants character-
ized by different hypotheses regarding du scatter-
ing by deuterons in the thermal energy region. It
is seen that the smallest value X%nin = 37, when
32 is expected (for 35 experimental points and 3
variable parameters) is reached for variant C,
which was based on the hypothesis that the cross
section for du+d scattering does not change for
Ttherm 2and that the angular distribution for
Ttherm has the form (5). Table III gives the pa-
rameters for each experiment in this variant; the
curves in Fig. 6 were calculated using these pa-
rameters.

Table II shows the very good agreement with
experiment in the cases of the other two variants
(Xﬁnin =42 and 41) and that the values of the pa-
rameters are close for all three variants. This
results from the fact that in the thermal region
the mesic atoms have low velocities and undergo
relatively few collisions. Table III gives the mean
velocity Vdu of du atoms and the mean number q
of collisions for each experiment. It can be seen
that g exceeds the mean number (10) of collisions
before slowing down only in experiments 3 and 4,
where the mesic atom lifetime 7 is relatively long.

Since the mean velocity for each experiment ex-
ceeds the thermal velocity 2 x 10° cm/sec, we con-
clude that complete thermalization was attained in
none of these experiments. In experiment 3, where
about five collisions occurred in the thermal re-
gion, it was considered that du atoms collide with
D, molecules having a Maxwellian velocity distri-
bution, Figure 9 shows the close curves obtained
with and without allowance for the Maxwellian dis-
tribution.

The contribution of the macroscopic cross sec-
tions for scattering by protons and complex nuclei
(Table III) is small for experiments 1—4, and is
comparable to the contribution of the macroscopic
cross section for scattering by deuterons in exper-
iment 5. In calculating the distribution for Schiff’s
experiment, because of the small number of exper-
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Table II
Parameters** for
. Angular minimum of y _
Zﬁ& distribution| %du+d Xmin| ®min/t®
(c.m.s.) Ng0qutdr | "p%utpr |?2%utze )t, 10%sec™
' cm-! cm=! cm=! [
A |Isotropic g [353 %06 ] 0.76=003| 42 | 1.31
= ‘ 1,0
From (5)  |1.535, 4 (348 %08 : 1.0Tprg 18 = 02 076004 | 41 | 1,28
From (5) 6£p+d 352 + 0,6 J 0,81+0,04| 37 1.16

*For T < Ttherm-

**This table gives the macroscopic cross sections for experiment 3.
The cross sections for the other experiments can be obtained using the
ratios of the d and Z nuclear concentrations in these experiments.

Table III
Parameters for minimum of Xz § S g L8 Reproducibility of Xz
Experi- S[. 838 S22lcalcu-|Caleu-lCalcu-
ment ndqdw{d’ npddm;p’ "'ZGdu-—{;zv 10";véc'l %wg 5%5 52052 1:‘:;:)‘; 1aation laation
cm* cm™ cm EAEER G 2
1 22.6 1.0 1.80 2.43 5.8 8,1 | 7000| 11,4 | 11.6 | I1.7
2 35.2 1.0 1,80 2,43 4.7 9,2 | 5000( 10.8 110.9 ( 11.0
3 35.2 1.0 0.36 0.81 3.0|15.,3| 7000] 3.5 3.4 3.7
4 29.0 1.0 0.36 0.81 3.2 (13,7 | 3000| 2.7 2.6 2.8
5 2,5 1.0 1,80 2.43 15.2 5.8 | 3000f 8.5 8.1 8.4
From[’]| 0 30.0 0 20.0 17,5 4,7 1000| —- — —
= 26000 | 36.9 | 36.6 | 37.€

imental events and the somewhat uncertain value of
A the contribution of the macroscopic cross sec-
tions for scattering by deuterons and neon nuclei
was neglected, scattering only by protons being
assumed. The heavy curve in Fig. 7 represents a
Monte Carlo calculation of the distribution for A
=2x 10" sec”! and np0q+p = 30 cm™. The de-
pendence of the calculated distributions on A can
be seen from the curves in this figure. The num-
ber of Monte Carlo events and the value of y? for
each experiment are given in Table III. The values
of x? were reproduced within 1.5% when recalcu-
lated using different random numbers.

The errors indicated in Table II for the macro-
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FIG. 9. Calculated dyu range distributions for experiment 3

(a) with and (b) without allowance for Maxwellian velocities of
D, molecules, compared with experimental results.

scopic cross sections and A, as calculated by
means of linearization, are somewhat too low, be-
cause, as already mentioned, the calculated distri-
butions have some statistical spread. For our final
results we used the parameter errors determined
from the condition x?= x%,;, + 1. Table IV gives
the final cross sections for elastic du scattering.
The errors indicated for oq,.q and oqy.z include
uncertainties in the assumed deuterium concentra-
tion and in the estimated C and O contents.

5. DISCUSSION OF RESULTS

In addition to the experimental cross sections,
Table IV gives the theoretical cross sections cal-
culated in (3,23, According to these investigations
the du+d scattering at low energies is s scatter-
ing to a very good approximation; by analogy with
neutron scattering the cross section can be repre-
sented at T = 0 by ¥

Oaptd = 4n(2zag® - 1/3a,2), 8

where ag and a; are the scattering lengths for the

it should be noted that the experimental value of the cross
section for di + d scattering pertains to the effective energy
T = 0.1 eV, and because of its very slight energy dependence
it can be identified with Bd“ +d for T =0, the calculated
values of which are given in Table IV.
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Table IV
Cross section for ezlastic du scattering,
Process <
Experimental l Theoretical
dptd—>dpt+d | (4154£020) -10-9| 331070 F;]]
du +p—du +p (O.Sigzz) -10-2L ~10-21 2]
(1,2 40,3) - 1018 ~ 10-18

dp+Z—>dp+2

mesomolecular potentials Vg and V, correspond-
ing to nuclear repulsion and attraction. For iden-
tical nuclei the approximation of the potentials and
the determination of the scattering lengths are
somewhat simplified and are performed in the cus-
tomary adiabatic approximation corrected mainly
for muon motion in the mesic atom. For du scat-
tering (unlike the scattering of pu atoms by pro-
tons which we studied in [4]) the cross section (8)
is practically independent of the du spin state (the
total spin of a du atom can be %, or Y%). This is
associated with the fact that the scattering lengths
ag and ay have identical signs and are almost
equal in magnitude (12] (according to £33, ag = 6.67
and ay = 5.76 in units of h?/mye® = 2.56 x 107
cm). The good agreement between the two theoret-
ical calculations of the cross section adwdtz’ﬂ and
their agreement with experiment provide justifica-
tion for the approximations used in the theory.
The experimental value of Odu+p given in Table
IV was obtained by analyzing the distribution in an
experiment with liquid hydrogen. L] An analysis
employing only our own data (experiments 1—5)
yielded the result oqy.p <5 x 1072 em?. Accord-
ing to the theoretical calculations in (2] elastic
du +p scattering can involve the Ramsauer-Town-
send effect. In this case low-energy scattering
depends only on the s phase, and the cross section
vanishes when the laboratory energy of the du atom
is about 0.45 eV {Fig. 10). This effect is derived
from the consideration of long-range forces in the
scattering potential at distances greater than 20
Bohr radii of the muon. It was also shown in [2]
that when these long-range forces are neglected
the cross section is 5.3 x 1072 ¢m? and is almost
energy -independent. The experimental cross sec-
tion pertains to an effective energy T ~ 1 eV and
agrees qualitatively with the assumed presence of
the Ramsauer-Townsend effect.

Our present analysis also furnished independent
information regarding the du lifetime in hydrogen
gas. In experiments 3 and 4 with normal propyl
alcohol, when the concentration of C and O nuclei
was about 1/4000 this lifetime was close to the
muon lifetime. The combined rate of inelastic
processes in these experiments is A = A, + AzcC7,
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FIG. 10, Cross section for elastic scattering of du
atoms by protons versus laboratory kinetic energy of the
mesic atoms. Dashed curve - according to[]; solid line —
relation used in present calculation.

+ Apdy = (0.8 £ 0.1) x 108 sec™!. For experiments
1, 2, and 5 we have A = (2.4 + 0.3) x 10% sec™.
From this last result, with a small correction
(~3%) for the formation of pdu molecules in the
gas, it follows that the rate of muon transfer from
du atoms to C and O nuclei is

(AZez)? = (1.9 & 0.3) - 10°sec, 9)

which is the mean rate of transfer to carbon and
oxygen. Using the results obtained in [4:%] for the
transfer rate to C and O from pu atoms, we ob-
tain the ratio

()\.zCz)d o (1‘9 =+ 03)' 108 [sec"]

(AZcz)? (0.9 =+ 0.25)- 10 [sec] 2407

This ratio is insensitive to uncertainty regarding
the impurity concentration, because the compared
experiments were performed under identical con-
ditions. After converting to the density of liquid
hydrogen, Eq. (9) becomes

he, ol = (4.7 4 1.4) - 101sec1,

which agrees qualitatively with the rate of muon
transfer from du to neon (Z = 10), for which the
measured rate in liquid hydrogen is 1 x 10t
sec™1,[%:9,10] we note that the theoretical value
of the transfer rate to oxygen is close to 5 x 10!
sec™1 [13]

The cross section oy for the transfer of a muon
from a deuteron to a carbon or oxygen nucleus can
be determined from the relation Az =ngzozvq, and
has the value 0.8 x 1078 ¢cm? under the conditions
of experiment 5. The elastic scattering cross sec-
tion oqy.7 agrees with this value (Table IV), which

was to be expected since 0g,.7z = 07.
In conclusion it must be mentioned that an analy-
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sis similar to the foregoing is being performed at
the present time for the scattering of py atoms by
protons. Our present results are also important
for interpreting the yields of the nuclear reactions
p+du—Hed+py” and du+d—t+p+ u”, data for
which will be published later.

The authors are deeply indebted to S. S.
Gershtein, Yu. M. Kazarinov, I. N. Silin, R. M.
Sulyaev, and V. M. Tsupko -Sitnikov for valuable
discussions and comments, and to L. I. Krasno-
slobodtseva, Yu. L. Saikina and T. S. Ob’ezdnova
for assistance with the measurements.
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