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Further experimental studies are presented on pu-atom scattering by protons. These exper-
iments have been carried out to determine the spin state of the pu atom prior to muon decay
or muon capture by the proton. The range distributions of the pp atoms are obtained with the
help of a diffusion chamber at various hydrogen densities and impurity concentrations (car-
bon, oxygen). An analysis of the distributions and the data on the pp-atom lifetimes shows
that they can be satisfactorily described by choosing for the ‘‘effective’’ cross section the
value Opp+p = (1.73 + 0.19) x 10! ¢cm?. The best agreement is attained if it is assumed that
the pp atom is produced with an energy of several eV. An analysis of the data based on
familiar theoretical expressions for the scattering cross sections in various spin states of
the pu atom leads to the following conclusions. 1) The cross section for elastic scattering
of pu atoms by protons is (1.67 + 0.30) x 1071 cm? for the singlet spin state of the pp atom
(F=0). This value is much greater than that predicted by the theory. Such intensive reso-
nance scattering may be due to the existence of a low-energy virtual level in the pup system.
2) The most probable transition rate from the triplet state of the pp atom to the singlet state
is ~10'% sec™! (for liquid-hydrogen density) and as a result muon capture by protons in
liquid as well as in gaseous hydrogen should proceed in a py atomic state with F = 0. Only
at gas pressures of the order of an atmosphere may the muon depolarization prior to capture
be incomplete, owing to inverse transitions which are possible under these conditions.

3) The rate of formation of ppy mesic molecules in the para state is negligibly small com-
pared to their rate of formation in the ortho state, although it is higher by an order of mag-

nitude than the value calculated by Cohen et al.l4) It is also shown that transition of the
muon from the proton to carbon and oxygen nuclei occurs predominantly on the higher Cp
and Op atomic orbits and the probability for direct transition to the 1s level is smaller than

3%.
1. INTRODUCTION

IN our previous studies of negative muons stopping
in a hydrogen diffusion chamber, we observed
events with displacements of the start of the decay
electron track with respect to the point of stopping
of the muon by 0.5—3 mm, and we showed that
these displacements are due to the ranges of the
neutral pt atom. On the basis of the measured
values of the mean square range in the diffusion
approximation we have found the cross section for
scattering of pu atoms by protons

pu—+p—pp+p, (1)

which turned out to be ~107'% cm?.01] According
to the theory, the cross section for process (1)
should depend strongly on the spin state of the pu
atom (in the ground state the py atom can be either
in a triplet state with the combined spin of the

proton and 4 meson, F =1, or in a singlet state
with F = 0). For a statistical mixture of these
states the scattering cross section is

O1,0 ~ 1078 ¢cm? (23 while for the singlet state

oy & 107%° cm?.[%) Since the experimental value
of opu+p obtained by ust!d is intermediate between
01,0 and oy, it was impossible to draw definite
conclusions as to the spin state of the pt atom
before the decay of the muon. This fact is partic-
ularly important in connection with the problem of
studying muon capture by protons in gaseous hydro-
gen, since the capture probability depends consid-
erably on the spin orientation of the proton and
muon. %]

In the present work we have studied process (1)
in more detail with an order of magnitude better
statistics. The cross sections were determined
from analysis of the distributions of the number of
events as a function of pu-atom range under dif-
ferent operating conditions.
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2. EXPERIMENTAL SETUP AND RESULTS

A diffusion chamber in a magnetic field of
7000 G was exposed in a beam of negative mesons
with an initial momentum of 260 MeV/c which had
been slowed down and stopped in the gas of the
chamber. The contamination of T-meson stoppings
was 4.5%. Detailed descriptions of the experimen-
tal arrangement and of the experimental conditions
in the meson beam from the JINR synchrocyclotron
have been given previously.tl’s’ﬂ

In order to discover how the observed effects
depend on the density of the hydrogen and on im-
purities with other Z (atoms of carbon and oxygen
are always present in the working volume of the
chamber in the form of alcohol vapor), we made
four experiments. The experimental conditions
and the results of identification of the events are
listed in Table I. In experiments 1 and 2, methyl
alcohol was used as the working liquid. In experi-
ment 3 the density of C and O atoms was reduced
by use of normal propyl alcohol.t”) The total den-
sity of C and O atoms given in Table I for exper-
iments 1—3 was evaluated at the mean effective
height of the sensitive layer. For the conditions
of experiment 4 the impurity concentration was
sharply increased by addition of carbon dioxide
and ethane in a ratio corresponding to the same
number of atoms of carbon and oxygen.

A. Lifetime of the pu Atom

The lifetime 7 of the pp atom depends substan-
tially on the amount of impurity. If we neglect the
small contribution of muon capture by deuteronst 18]
(which occurs under the conditions of these experi-
ments), the lifetime 7T and its reciprocal A (the
total rate of inelastic processes) will be determined
by the expression

1/t =A=ho+ Az'Cz 4+ Appy/, (2)

where A is the decay rate of a free muon, A;Cy
is the rate of transfer of the muon to complex nu-
clei whose concentration is Cyz, and )‘f)pﬂ is the
rate of formation of the mesic molecule ppy in
gaseous hydrogen.

DZHELEPOV, ERMOLOYV,

and FIL’CHENKOV

In this work we have used a method of deter-
mining A based on comparison of the yield of stars
with visible prongs, due to muon capture by carbon
and oxygen nuclei, for different total concentrations
of these nuclei. Let Y; and Y, be the yields of
stars per stopping muon in experiments with im-
purity concentrations of C; and C,, respectively.
Then, if C; < Cy < 1 so that we can neglect the
direct transfer of muons to Cu and Op orbits
(without transition from a pp atom), A will be
given (for a concentration C;) by the expression

(Ao + Appn) Y2(1 — C1/Ca)
Y.— Y, ’

It should be noted that for the case C; < C,
which exists in our experimental conditions, if we
compare experiments 1—3 with experiment 4, the
value of A is only slightly sensitive to the uncer-
tainty in the impurity concentration.

In sampling the stars we used the following se-
lection criteria: 1) The length of each prong of the
star must be greater than 0.4 mg/cm? of hydrogen;
2) for single-prong stars with a prong length less
than 2 mg/cm?, the emission angle must be greater
than 20°; 3) the track length of the stopping muon
must be greater than 2 cm.

Separation of muon stars from pion stars, which
were present to the greatest extent in experiment 4,
was made on the basis of a relative measurement
of the masses of the stopping mesons. The meas-
urements were made in a reprojector by means of
templates of variable curvature, prepared accord-
ing to the parametric equation of the curve for
heavy particles stopping in matter in the presence
of a magnetic field. For a given density of hydro-
gen and a constant magnetic field, the equation in-
volves only a parameter a connected with the mass
of the particle by the relation a ~ m"",  Measure-
ments were made only for that part of the events
in which the primary track of the stopping particle
was greater than 40 mm. In addition, only one-
and two-prong stars were measured. This re-
sulted in rejection of about 50% of the pion stars
and only 8% of the muon stars.

Figure 1 shows a distribution of the primary

A= (3)

Table I
\ I Total . ) ' S
- - o ¢ ) w O - w0 gl w 23 ®»
PR 5 ° numbe oy 4 | 28 o 4 ¢ &d = 2
85 S8 | 93 |orcamdo) f8E|BER) £2E 2uflesfo B RET
» 5.8 whd B EE0S |
i g E,g ;_4 atom(slé):;;cm é‘s& 2“6% Z5n ZO% é 53:9 g‘hgo
1 23,2 CH;0H | 0,154+0.05 | 18780 | 2540 2845 1860 85 99Z
2 4.8 CH3OH | 0.15+0.05 | 32910 | 2100 31+6 810 226 475
3 4.6 CsH,OH | 0,03+0,01 | 31840 | 3300 17+4 682 118 182
4 23,0* | CH;0H 2,440.3 37800 | 7050 | 135414 | 4750 — —

*0.7% C,Hg+ 1.3% CO, were added.



SCATTERING OF pu ATOMS BY PROTONS

fay

} ez

| | h Fam |
020 02 2.26 0.2
a, rel. un.

4./8

FIG. 1. Distribution of primary tracks in pion and muon
stars as a function of the parameter a, for experiment 4. The
smooth curve is the resolution function for muon stars.

tracks in stars as a function of the parameter «
for experiment 4. Also shown is the resolution
function for muon stars, found by measuring muon
tracks in p — e decays. Identification of the stars
in experiment 4 showed that of the total number of
211 stars due to particles stopping in the chamber
gas, 76 + 11 are attributed to pion stars. Y For
experiments 1 and 2 the total contribution of pion
and muon stars from direct transfer was 10%,
while for experiment 3 it did not exceed 4%.

Table I lists the final numbers of muon stars for
each experiment.

Using the yield of stars in experiment 4 and the
combined yield of stars in experiments 1 and 2,
we have found from expression (2) that the average
rate of ‘‘inelastic’ processes in the experiments
with methyl alcohol is
A= (1.4 0.3)-108 sec™’

The small contribution to A from formation of
the mesic molecule ppt was determined on the
basis of the data for liquid hydrogen[8’9] by scaling
the density.

It follows from the values of A found in the ex-
periments with methyl alcohol that the rate of
transfer of a muon from a proton to C and O nuclei,
converted to the density of liquid hydrogen, is

Ae, o = (2.2 £0.9) -101° sec!,

This value of )‘I()?,O is in good agreement with the

value found in our earlier experiments.[1’8] For
experiment 3 the total rate of inelastic processes
is close to the decay rate of a free muon and
amounts to

= (0.67 == 0.07) - 10 sec™,

The latter value takes into account the different
capture probability of muons by carbon and oxygen
nuclei.

The yield of events in which the beginning of the

DThe yield of pion stars is in good agreement with that
expected from the Z law for the probability of direct transfer
of a 7 meson to a shell of a 7 Z atom.
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electron track is accompanied by a visible ‘‘blob’’
(Auger electron track)L?J for experiment 3 was
roughly two times smaller than for experiments 1
and 2, which we should expect from the values of
A for these experiments.

The results of our experiments also provide a

quantitative evaluation of the probabilities of

transfer of a muon from a pp atom directly to the
ground state of a Zp atom with release of the
proton binding energy, i.e., the probability of the
reactions

(4)
(5)

pi+ C—Cu +p + 97 keV
pp+ O—O0p + p 4+ 175keV.

In Fig. 2 we have shown for the experiments at
low hydrogen pressure (experiments 2 and 3) the
distribution of the number of events as a function
of the size of the ‘‘blob,’’ measured in the direc-
tion of its greatest extent. The arrows in this
figure indicate the expected ranges of protons in
reactions (4) and (5). If we consider the efficiency
for detecting the protons, we find that the contri-
bution of reactions (4) and (5) to the process of
transfer of a muon to a Zy atom does not exceed

3%.

B. Distribution in the Projected Ranges
of the pi Atoms

In the photographs taken during experiments
1—3 we observed events due to the formation and
resulting range of a pu atom, i.e., events in which
the beginning of the decay-electron track was dis-
placed with respect to the point of stopping of the
muon. For the subsequent measurements we se-
lected only those events in which the beginning of
the decay-electron track was accompanied by a
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FIG. 2. Distribution of number of events as a function of
the size of the ‘‘blob’’ d, in events with visible p y-atom range.
Arrows a and b indicate the expected values of proton ranges
in reactions (4) and (5), respectively.
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“visible ‘“‘blob’’ (Auger electron track). A photo-
graph of such an event is shown in Fig. 3. With
this selection we rejected roughly 50% of the events
with visible ranges (displacements) of pu atoms for
experiments 1 and 2 and about 70% for experiment
3, but in the latter case the range could be more
clearly identified and its length accurately
measured.

As in our previous workl ") we used a UIM-22
microscope to select the events and measure the
projected length I on a horizontal plane of the
ranges of the p atoms. A distribution of the
events in ! was plotted in 0.5 mm intervals.
Figure 4 shows the distribution in ! for experi-
ment 2, from which we can see that the background
of spurious events in the interval 0.5—3 mm is
negligibly small. In the distribution in ! for ex-
periment 1, in which the deuterium concentration
was known and amounted to 0.007%, we took into
account the background of events due to formation
and range of the du atom. This background
amounted to 5% in the interval Al = 0.5—2 mm.
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FIG. 4. Distribution of events as a function of p y-atom
range for experiment 2 (without corrections for detection effi-
ciency).

ERMOLOV,

and FIL’CHENKOV

FIG. 3. Photograph of an event with a visible p u-
atom range.

In plotting the distributions we introduced for
each interval Al corrections taking into account
the different efficiency for detection of events with
different values of I, resulting from the finite
width of the muon track. As in our previous
work,L™ this was done by measuring the angular
characteristics of the event. The corrections
amounted on the average to 15% of the total number
of detected events. In the interval Al = 0—0.5 mm
we have included also events without visible dis-
placements. The number of such events was esti-
mated on the basis of the total number of p — e
decays and the probability of transfer to impurities.

The distributions in ! obtained for experiments
1—3 are shown in Fig. 5. The errors for each point
include, in addition to the statistical errors, the
uncertainties in the corrections. The last column
of Table I lists the total number of events for each
experiment after introduction of all corrections.

3. ANALYSIS OF THE EXPERIMENTAL DATA

In the analysis we used the results of theoreti-
cal calculations of the cross section for process
(1).[2’4’101 The cross section for scattering of a
pt atom by a proton, for a pu-atom energy con-
siderably greater than the energy of the hyperfine
splitting, is given by the expressiontz"ﬂ

010 = 4n[3ua® + Yiagl | (1 4 kag2)]. (6)

This cross section is the sum of the cross sections
for coherent scattering (without change of spin) and
incoherent scattering (with change of spin). The
incoherent-scattering cross section, i.e., the
cross section for the transition F= 1 — F= 0, has
the form 10]

3(au — ag)?
16 4 k®(3aw +ag)? -~

For pp atoms in the state F = 0 for mesic atom

10 = 41

(7
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FIG. 5. Experimental distributions of events in range for
pp atoms: O — in experiment 1, A — in experiment 2, ® — in
experiment 3. The smooth curves are calculated by the Monte-
Carlo method with the parameters listed in Table III.

energies E < AE (AE = 0.2 eV is the energy of the
hyperfine splitting), the elastic scattering cross
section is

O == [.lﬂ':[ (3au + ag) /4]2 (8)

In expressions (6)—(8), k* = 2ME /h?,
ki =2MAE/h2, ag and ay are the scattering lengths
for mesic-atom potentials Vg and Vy, corre-
sponding to symmetric and antisymmetric states
of the pup system with respect to exchange of the
spatial coordinates of the two protons. For the
quantity ay different authors®*) have obtained
nearly identical values of ~5 (in mesic-atom units,
ﬁz/mue2 = 2.56 x 10! ¢m), while for ag the com-
puted values vary considerably: ag = —17 (3] and
ag = - 11.t4

It is obvious that if the time of transfer from
the state F = 1 to state F= 0 is appreciably less
than the lifetime of the py atom, the experimental
distributions in pp-atom ranges will be described
only by the one cross-section value for the state
with F = 0. In the opposite case it is necessary to
take into account the contribution of all three scat-
tering processes.

In addition, the analysis must take into account
the possibility of the existence in the pi atom of
an initial energy greater than thermal energy. Ac-
cording to Leon and Bethel '] and Wightman,[“]
after capture of the muon into a high orbital of the
py atom (with a principal quantum number n = 14)
part of the excitation energy can go into chemical
dissociation of the Hy, molecule, so that in the
transition from the initial state to the ground state
(after a time of ~1071! sec) the py atom acquires a
kinetic energy of the order of 1 eV.

It is necessary also to take into account the con-
tribution of the cross section for the process

pu—+Z—pu - Z, (9)
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In analysis of the N(!) distributions it was as-
sumed that the cross section for process (9) was
equal to the cross section for elastic scattering of
dp atoms by complex nuclei determined by us
earlier!” and amounting to (1.2 + 0.3) x 107 cm

On undergoing collisions with protons, the pu
atom is slowed down to thermal energies. In the
low-energy region in which the pp atom moves
(< 1 eV), the scattering occurs not on free protons
but on Hy; molecules. The cross section for the
process pu + Hy, reduced to a per-proton basis,
should differ from the cross section for pu + p
and should depend strongly on energy.

In accordance with what we have said above, the
analysis of the experimental distributions was car-
ried out sequentially in several steps:

1) It was assumed that for description of all of
the experimental distributions N () we can use a
single ‘‘effective’’ cross section for a constant
velocity of the pp atom (the diffusion approxima-
tion).

2) The same as in 1) but taking into account the
initial velocity of the pp atom (the Monte-Carlo
method).

3) The analysis of the distributions took into
account expressions (6)—(8) in order to determine
the contribution of the cross sections oy, and oy.

In all of the steps the calculation was carried
out by the method of least squares with an elec-
tronic computer, and the distributions were com-
pared for experiments 1, 2, and 3, with appropriate
values for the density of protons np, the density of
complex nuclei nyz, and the lifetime T of the pu
atom.

2

A. The Diffusion Approximation

In this case it can be shown that the distribution
in range r for pi atoms has the form

N(r) ~ remit, (10)
and the distribution in projected range is
N(l) ~ IKy (/L) (11)

(Ky(l/L) is a Bessel function). Here L is the
diffusion length, defined as

1 h
L=(gg o), (12)

where X is the ‘“‘transport cross section’’:
Y = Aoppip(1l — cos 9), (13)

_ -bind
A= Tpurp
difference in the cross sections for the processes
pt + p and pp + Hy; cos § is the average cosine of

is a coefficient taking into account the
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the scattering angle; 7 is the lifetime of the pu
atom; vy, is the average relative velocity of the
pt atom and the Hy molecule, which under our con-
ditions (T = 240°K) is 2.7 X 10° cm/sec.

In subsequent calculations we made use of a
certain analogy in the behavior of pi atoms and
neutrons, and transfer from the real pu + Hy
scattering process to the process py + p was
made by the method of Krieger and Nelkin, [ 12131
which is one of the approximate methods of calcu-
lating the scattering of slow neutrons by molecules.
These methods were based on the use of the Fermi
pseudopotential. The conditions for applicability
of these calculations are fulfilled in our case,
since the scattering length of the pu atom
(~107'% cm) is much less than the wavelength of
the pi atom and the internuclear distance in the
H, molecule (~1078 cm). In the method of Krieger
and Nelkin the exact quantum-mechanical treatment
of all possible transitions between rotational and
vibrational levels of the molecule in the scattering
process is replaced by a procedure of averaging
on the basis of the mass-tensor approximation and
the approximation of short scattering times. Such
calculations are legitimate in the region where
the neutron energies are large in comparison with
the distance between the rotational levels of the
molecule (0.01 eV) but small in comparison with
the excitation energy of the vibrational levels
(~1 eV); in this energy region the results of such
calculations agree very well with experiment.

The specified condition for the energies is ful-
filled in the present experiments, since the thermal
motion energy of a pit atom, averaged over a Max-
wellian spectrum, amounts to 0.03 eV for
T = 240°K. In view of the fact that at these temper-
atures some rotational transitions take part in the
scattering, in the calculations we have neglected
correlations (due to the Pauli principle) between
the rotational state of the molecule and its spin
value (we do not distinguish between scattering by
ortho and para hydrogen). Following the work of
Krieger and Nelkin,[12’13] we can obtain the ex-
pression for the differential scattering cross sec-
tion of pt atoms by bound protons for the singlet
state of the ppt atom in the form

do () ]bind B 425 T [3+E0 B e
[ dQ pu+p_0pu+p ﬂEOl/z_i‘,dB{ q ] e
14.4
Xexp[— qz (a—l—0.84q2)2:|}, (14)

where € = E — Ejand q = |k — ky| is the change
of energy and momentum of the py atom in the
collision (Ey = 0.03 eV, k = Vv2ME/H); the numeri-
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cal coefficients given in (14) are calculated for the
present experimental conditions. Equation (14)
was obtained by assuming a Maxwellian motion of
the H, molecules and is expressed in the labora-
tory system of coordinates. Numerical integration

of (14) over angle gives ogﬁﬂ%= 1.6 opyps i-€-

A = 1.6. The expression for the differential cross
section for scattering in the triplet spin state is
somewhat more complicated; however, estimates
show that the value of A changes by not more than

7%. Using (14), we can easily calculate the aver-
age cosine of the scattering angle
_— do (%) / do (9)
= ‘)‘ 15
cos @ 0Scosﬁ 79 do § 0 do. (15)

It turns out to be 0.40.

In approximating the experimental distribution
in ! by function (11) by the method of least squares,
it was found that Z = (1.21 + 0.17) x 107!® cm?. The
value of Tpu+p determined from relation (13) is
listed in the first line of Table II. Here is also
listed the value of xz, from which we can see that
it is considerably larger than the expected value of
xz, which is 17 (18 experimental points, one param-
eter being varied). Thus, the simple diffusion ap-
proximation agrees poorly with the experimental
data.

B. The Monte-Carlo Method

In this step of the analysis it was assumed that
the py atom has an initial energy Ejpit = 1 eV. In
this case the distribution functions of projected
ranges of the mesic atoms were calculated by the
Monte-Carlo method, as we had done previously“j
for calculating the ranges of dpu atoms. In the
mesic-atom energy region Etheprm < Epu = Einit
it was assumed that the pu atom is scattered by
free protons. In this case the angular distribution
was taken as isotropic in the center-of-mass sys-
tem. For thermal energies of the mesic atom it
was assumed that the cross section increases by a
factor of 1.6, and the angular distribution in the
laboratory system was taken in the form of (14),
i.e., the results of the Krieger-Nelkin calculation
were used. Comparison of the theoretical distri-
butions with the experimental data was done by a
)(2 analysis similar to that used by us earlier.[”
Table II lists the value of Opp-+p obtained and the
value of X%)ip, which in this case is close to the
expected value. Thus, we can conclude that the
experimental data are well described in the ap-
proximation of a single cross section. We wish to
emphasize that this occurs only if we take into ac-
count the existence in the py atom of an initial
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Table II
) Xonin
Variant Results (RF = 17)
Diffusion approximation Spp. +p = (1.26+0.18)-1072 cm® 38
Monte-Carlo method. Approximation G = (1.73+0.19)-1071® cm? 24
of one cross section P+ P
Monte-Carlo method. Inclusion of a,= -4(3+2) (mesic-atom units) 25
p 4-atom spin states g
ag = —(33+2) (mesic-atom units) 22

energy considerably larger than the thermal
energy.

C. Determination of the Scattering Length ag

The further analysis consisted of determining
the contribution of the scattering cross sections
01,0 and g to the measured cross section opy+p-
For this purpose we used the dependence of the
cross sections oy,p, 01—, and oy on the scattering
lengths, determined by expressions (6) —(8). If we
consider the value of the scattering len%th ay as
known from theory and given by ay = 5, 341 then
all three cross sections will be functions of the
single quantity ag.

Figure 6 shows the dependence of the quantity
ag on the cross sections oy, and oy, and also on
the function vy = 01— /01,0, Which represents the
probability of the transition of a pu atom from the
triplet state to the singlet state in one collision.
All the cross sections are given for an energy of
1 eV. In this figure the straight line parallel to the
abscissa represents the experimental cross section
Opu+p obtained from analysis of the distributions
by the Monte-Carlo method. It is evident that only
two values of the scattering length ag correspond
to the experimental value of Opu+p: One near
ag ® +5, the other near ag ~ —35.

A more accurate determination of the possible

bppep, 10 H em?

-

P/

20 T,

/e
k

J Caie

dp ,mesic-atom units

FIG. 6. The cross sections o, , and g, and the parameter
Y =0,,0/0,,, as a function of the scattering length ag.

values of ag was carried out by the Monte-Carlo
method with the program described earlier for a
determination of Opu-+ps but including simulation of
the transition between the spin states of the pu
atom. Analysis of the experimental distributions
by the method of least squares gives in this case
two values: ag=+(3 £ 1) and ag = —(33 + 1).
Figure 7 shows the behavior of x2 as a function of
ag, which illustrates the existence of the two solu-
tions.

We carried out also an additional analysis of
the values found for ag, consisting of variation of
the initial energy specified in the Monte-Carlo
method in calculation of the range distributions.
The initial energy was varied between 0.03 eV
and 5 eV. The final values of ag taking into ac-
count the uncertainty due to inexact knowledge of
the initial energy are listed in Table II. The cor-
responding values of x? are also given.

4. RESULTS OF ANALYSIS AND DISCUSSION

Table II summarizes the results of the analysis
of experimental distributions on ranges of pu atoms.
As we have already noted, the distributions meas-
ured for different hydrogen densities can be de-
scribed, in a simultaneous analysis of all the data,
with use of only one ‘‘effective’’ scattering cross
section. Considerably better agreement with
experiment is achieved here if we assume that the
pt atom acquires in its formation a kinetic energy

120 ¥

80 1

“@

Vi 1 1 !
“4d /Y] -1 J Vi

Jf . mesic-atom units

FIG. 7. Plot of ¥* for the I distributions of experiments
1-3, as a function of the scattering length ay, computed by the
Monte-Carlo method.
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Table III
Number Parameters g:orrespzonding to B Average | Numb
of minimum X ; T number u(r)x; er "
i Gy gy 7 Tpu R Ny o 5 i- A “mi
Tt | o TR | et | Wem/see| O] wats |
|
Co L e | 1.80 1.40 2.88 84.5 | 3000 5.3
> | 1.80 1.40 3.36 16.8 | 1500 3.5
500 | o 0.67 2.94 30,4 | 1000 | 13.4

*Here the cross section pu+ p is the scattering cross section in the singlet state of

the pu atom at thermal energy, i.e., Oput p= 1.6 oy

of several electron volts. It must be noted that the
latter fact agrees with the theoretical discussion
of Wightman and of Bethe and Leont!J of the ini-
tial stage of formation of mesic hydrogen atoms,
in which the consideration of the initial velocity of
the order of 10® cm/sec turns out to be important
for interpretation of the experimental data on cap-
ture of 7~ and K™ mesons by protons or deuterons.
The existence of an initial velocity of the pu atom
different from the velocity of the thermal motion
has the result that at low hydrogen density (5 atm)
the pp atom does not succeed in being thermalized
during its lifetime. This explains the fact that the
values of the cross section opu+p found previously
by ust13 with the diffusion-approximation method
were a function of the hydrogen density.

In Table III, along with the parameters corre-
sponding to the minimum x?%, are listed also the
average velocity and average number of collisions
of the pu atom with Hy molecules, obtained by the
Monte-Carlo method.

The fact that the distributions in I are de-
scribed by a single value of the scattering cross
section means either that the rate of transition
from the triplet state to the singlet state is very
great and the measured cross section is the scat-
tering cross section in the state F = 0, or that
these transitions are almost completely absent.
The same fact shows up in that, for a fixed scat-
tering length ay = +5, two values of the scattering
length ag equally well fit the experimental data
(Table II). Corresponding to this we obtained two
sets of cross sections determined from the two dif-
ferent scattering lengths ag and the single fixed
scattering length aj. These two sets are listed in

Gershtein and Zel’dovich[2?] and Cohen et a1.[4],
(The scattering length ag and the corresponding
cross sections for the work of Cohen et al.[%] were
determined by us from the scattering phase shifts
listed in their papers, for a pp-atom energy less
than the energy of the hyperfine splitting.) The
last line of Table IV lists the transition rate of the
pt atom from the state F =1 to the state F= 0
for liquid-hydrogen density, calculated from the
relation Wy = 01—npVpy, for the corresponding
values of the scattering lengths.

The problem arises as to which of the sets has
the greater basis for existence. On the basis of
the discussion given below, we have been able to
decide this question in favor of the first set.

As we have indicated previously,[lj the discrep-
ancy in the theoretical values of the scattering
length ag can be caused by the existence in the
pup system for a potential Vg of a virtual level
with an energy close to zero. Under these condi-
tions the scattering has a resonance nature and
the value of the scattering length ag depends
strongly on the variation of the parameters of the
potential Vg and consequently on the accuracy and
rigor of the theoretical calculations of this poten-
tial, which have been carried out with a number of
approximations.[3’4] It is sufficient to state that
in the Morse function approximating the potential
Vg

U — Uo(e—Zb(R—Rg) — 2e—b(R—Ro))

it is necessary to increase by only 5% the depth of
the potential well U; or to change the parameter
b= 0.67 to b = 0.65 in order to change the value
of ag from —17 to —33. From this point of view it

Table IV, which also lists the theoretical results of is quite possible that the value ag = —33 found on
Table IV
Experiment ‘ Theory
Quantity Solution for Solution for ‘ Refs. 2 and 3 Ref. 4,
ag =—(33:2) Qg =+(3::2) a,=-17 a, = —11
8 g | 4 g
5y s cm® (24£5)-10-1 } (1.74-:0.30)-10719|  6.10719 3,5.10-10
S0, cm’ (1,67+0.30)-10719 | (1,614-0.30)-107?|  2.1072 8-10-2
Sy_g» cm? (16.8+£3.0)-1071¢ © (4.9+1.3)-10 2 — _
Wi o sec™ (1.6£0.3)-10° | (2.0+0.5)-107 5.10° 210
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the basis of the experimental data and both theoret-
ical values lie within the limits determined by the
accuracy of the theoretical calculations. It should
be noted that these calculations have usually been
carried out in first-order perturbation theory in
the parameter my /mp. Inclusion of higher orders
should lead to reduction of the principal term and
consequently to improved agreement with experi-
ment. We note also that the more exact calcula-
tions recently completed by Wessel and Phillip-
sont14] by the variation method of the levels in the
ptp system lead to increase of the well depth U,
in comparison with preceding calculations.

On the other hand, the value ag = +3 requires
not only an extremely substantial change of the
potential Vg {such that the parameter b changes
from 0.67 to 0.40) but also the assumption of the
existence in the pup system of a bound level (with
an energy of about 90 eV), which theoretically is
extremely improbable.

Thus, the scattering length value ag = —33 does
not contradict theory but is a direct reflection of
the fact that the scattering in the pup system has
a strongly resonant nature.

From this arises the following conclusion of
our work, which is important for understanding of
the mechanism of muon capture by protons: Since
for the value ag = —33 the transition rate of the
pt atom from the state with the total spin F=1
to the state with F = 0 turns out to be large,

Wi = (1.6 £ 0.3) x 10! sec”! (see Table IV), com-
plete depolarization of muons should be observed
not only in liquid hydrogen but also in gaseous hy-
drogen at pressures of the order of 20 atm, and
therefore muon capture by protons should occur
practically always from the state with F =0. Only
at pressures of the order of an atmosphere and
below can the depolarization be incomplete, since
the inverse transitions will be possible in that case
as the result of the presence in the pu atom of an
initial velocity and as the result of the small num-
ber of collisions.

It should be emphasized that this conclusion
does not contradict the well known experimental
data on measurement of muon depolarization in
liquid hydrogen[m] and on determination of the
probability of muon capture from the ppu-molecule
state.[w]

The existence in the ppp system close to zero of
a virtual level and an intense resonance scattering
could lead to a substantial increase in the rate of
formation of mesic ppt molecules in the para
state.L31"] Cohen et al.™ give an estimate of
the value of this rate for liquid-hydrogen density
and show that its order of magnitude is 102 sec™l.
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The estimate was based on a scattering length
ag = —11. It can also be shown that the rate of
formation of ppt molecules by EO transition
(electric monopole) to a state with zero momentum
will be proportional to a2 (for ag > 1). Under
these conditions replacement of the theoretical
value ag = — 11 by the experimental value ag = —33
involves an increase in the rate of formation of
mesic molecules in the para state altogether by
about an order of magnitude, i.e., up to 108 sec'l,
which nevertheless is negligibly small in compar-
ison with the rate of formation of molecules in the
ortho state. The latter, according to theory (3-4]
and experiment, (3-9] amounts to about 2 x 106 sec™.
In conclusion the authors express their sincere
gratitude to S. S. Gershtein for his interest in the
work and for valuable discussions, and to F. L.
Shapiro and K. Parlinskii for discussion of prob-
lems related to the use of the Krieger-Nelkin
method.
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