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IN MUON CAPTURE BY ATOMIC NUCLEI




I, Introduction

For a long time one of the most principal points in the
problem of muon-nuclear interaction was the problem of muon
capture mechanism, The experimental proof of the idea that the
collective states are dominating in this prooess has made it
possible to understand and interpret in a unique way main featu—
res of the process. At present the problem of the muon capture
mechanism 1s not so critical, New problems raised due to experi-
ments are brought now to the first place: these are the problems
of description of energy spectra of outgoing particles ( first
of all, neutrons ) and their angular distributions,the final
states population in daughter nuclei and so on. Such a change
of interest 1s not accldental. The description of the nucleus
desintegration touches much upon many aspects‘of nuclear structu-
re and the reactlon mechanisms. That allows one the thorough
test of many basic 1deas of the theory of muon interaction with
oomplex nuclel, N

Among different channels of nucleus disintegration in
muon capture, those with the charged particle emission are of

a speclal interest. The emission of such particles is not directly



due to the elementary process of muon capture amd 1s a result

of the correlatlons between nucleons in nucleus, On the one

hand the nucleon correlations result in the generatlon of various
collectlve states 1n nucleus, By those states of a glant resonan—
ce type the muon capture prooeeds mainly, The decay of these
states 1ln some cases leads to the charged particle emlssion,
Hence, immediately the questlon arises to what extent is the
charged partlole emlssion 1n muon capture due to the decay of
resonance states? Or are they evaporating after establishing

the statilstical equilibrium?

On the other hand oorrelations of short-range type give rlse
to formation of some assoclatlons of nucleons in a nucleus, The
muon 1nteractlon with such subsystems is more oomplicated and
results 1n the appearance of speolfic ohannel with the emlssion
of geveral correlated particles., This type of process would also
contribute to charged particle emission.

The first information /1 on observation of charged particle
emission 1in muon capture has been published long ago. However,
a systematlcal study of the prooess has started gquite recently,
At present gulte varlous experimental and theoretical information
18 already available r2/ « On 1ts basls the experimental results
may be systematized and possibllities of thelr interpretation
may be consldered. It 1s just the problem this paper
is devoted to.

II. Experimental data on oharged particle emlsasion in

muon oapture by complex nuclel

l., For investlgation of oharged particle emission in muon

capture by complex nuclel one of the effeotive methods appears to

be the method of nuclear emulsion., By suoh a method the yleld

of oharged particles has been determined /3-6/ and some
features of this process have been established, The yield W
was measured by several experimental groups. The obtalned results
are given in Table I, On the whole they are consistent with

each other aml two of them /456/ are in close agreement,

Table 1. Charged particle yield from muon capture in
nuclear emulsion

Number of Charged particle

stopped muons Yleld in %
Morinaga and Fray /3/ 2.4 10% 2.4
Kotelohuck /4/ 9.3 104 1.95 + 0,07
Batusov et a1, // ~1 10% 1.94 » 0,11
Valsenberg et al, /57 4.7 lO4 —3

According to these measurements the charged partlcle yileld in

muon oapture in nuclear emulsion %) equals

W = (195 + 0.06)% . (@)

Somewhat higher yields obtailned in the other two measure-~
ment s /315/ may be due to somewhat inacourate oonslderation of
the background. The latter is mainly due to the pion contamina~
tion in the muon beam. Suoh contaminations are usually very small,
However, because of that about 70% of the pion stops in nuclear
emulsion give rise to thq charged particle emission/7/,the back~—

ground oan be sufficiently large.

®

) The muon ending in a nuclear emulsion with its subsequent
oapture by atomic nuclei resultingin the charged particle
emission 1is conventionally oalled the g5 =star,



The observed distribution of 6" - stars oyer the number
of prongs is glven in Table 2. The guantity Nn/Nch is the
ratio in per cent of the number of the n-prong stars to the

total number Noh of the observed ones.
Table 2, Prong number distribution of the & —stars

N

(= in %) from muon ocapture in nutlear emulsion
N
oh

Prong number distribution

n=1 2 3 4 5

Morinaga and
Fray /3/
Kotelchuck/ 4/ 86,5  10.3 2.8 0.3 0.06
Batusov et al./®/ 78,541.6 14.840.7 5.240.4 1,540,2 0,03+0.03

65484343 22,842,0 3,440,8 0.840.4 0,240,2

Valsenberg
et a1./”/ 69.042.3 21,4+1,3 7.940.8 1.640.3 0.1+0,1

When a charged particle 1s emitted after muon oapture
by the light component of nucl ear emulsion (C,N,0) one usually
sees a two-prong star. Seoond prong is due to the recoil nucleus,
Emission of one more heavy neutral particle may result in such
a momentum distribution among outgoing particles that recoil
nucleus turns out to be at rest, In such a case or in a similar
one muon capture on 1light nuclei results in the one-prong star.
However the probability of such events cannot be large. So the
one-prong stars are mainly due to the process on the heavy
component and in the first approximation the contribution to
these events from the light component may be neglected. Such a
/3,4/

criterion was used in papers +« To determine the contribu-

tion of each component of nuclear emulsion in charge particle

yield one can use one of the standard criteria /9/ - elther the
Coulomb barrier oriterion /5/ or the Auger electron criterion/ﬁ/.
The results of the treatment of experimental data in terms of
these criteria are given in Tables 3 and 4. The total yield

Table 3. The relative yield of n-prong G -stars in muon capture
by light and heavy nuclei of nuclear emulsion /6/

Prong number 1 2 3 4 All stars

Light nuclei 5¢744.0 68,2+42.1 88,6+42,5 97.7+2.3 20.4+3.6

Heavy nuclei 94.3+4,0 31.8+2.7 11.4+2.5 2.3+243 79.643.6

Table 4. Muon capture rate with charged particle emission
(in % to the total muon capture rate) in nuclear

emul sion
Prong number Light nuclei Heavy nuclel
1 1.5+1.1 2.7+0,2
2 3.7+0,.3 0.17+0.02
3 1.7+0.1 0.02+0,005
4 0.5+0,08 = 0,001
Total Ted+led 2.940,2

of charged particles from muon capture by heavy nuclei of
emul sion agrees with each other in all experiments and it
equals about 3%. It is not the case for the light component,

and discrepancies here are rather esscntial ( see Table 5).



Table 5. Charged particle yield (in %) from muoh capture emission of the single—charged particles ( with the total

by light and heavy nuclei of nuclear emulsion yield of 2.2%). Other 0.5% are o< - particles. In this expe—

riments one has failed to ldentify the slngle-oharged

Light nuclei Heavy nucleil
Morinaga and Fray /3/ 12.9 2.7
Vailsenberg et al./5/ 15.642.3 3.1+0.4 * s colum, sopipobanmss
* z o oot i
1000
Batusov et al. /6/ Ted+lod 2.9+0.2

Table 6. Distributlion of the single-charged particles

over mass number in muon capture in nuolear

emulsion /5/
Light nuclei Heavy nuclei Total
Protons 0.4440.15 0.86+0.06 0.79:0.06
Fige.l., The distribution of charged particles over their
Deuterons 0.56+0.15 0.141-_0.06 0.2140.06
range in the muon capture by atomio nuclel in photo=

emdsion,

The charged particles have a small range ever hardly

exceeding 2-3 mm of the emulsion ( see Fig.l). Therefore the
ldentification of particles over masses 13 diffioult to reali~ partiocles over masses. As to the light component of nuclear
ze practically. It 1s somewhat easler to identify the emulsion the slngle charged particles yleld is found to be equal to

particles over charge. However not in all the experiments this ! 945% and of o(-particles - 3.4%,
could be realized. By the results of paper /3/ the muon The identification of single-charged particles over masses
capture by heavy nuclel in emulsion leads mainly to the has been done only in one experiment, The results are given



in Table 6. It is interesting to note that the' yleld of protons
and deuterons from the muon capture by light nuclel of nuclear

emulsion 1s practically the same,

Thus the nuclear emulsion method has allowed one to
obtain various information, both of quantitative and qualitati-—
ve type, on some features of muon capture process with oharged
particle emission, Unfortunately the information obtained con-—
cerns not an individual nuoleus but a group of nuclei- elither
the 1ight component (CyN,0) or the heavy one (Ag,Br). For the
heavy nuclel this is not so important since in this region of
nuclel their individual properties, as a rule, are less manifes—
ted. On the contrary, for the light nuclet the individual
properties of their excitation in many cases determine the
nature of the subsequent decay process. The aocurate measurements
of the angular distributions of the outgoing charged particles
and their energies with the subsequent kinematioal analysis

have made 1t possible to identify a number of channels and esti-—

mate their probaWlities 710911/,
e (i)t w26 ety
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The analysis of the angular correlations between the outgoing
particles makes it possible, in some cases, to determine the

reaction meohanism. Such examples are glven on Figs.2 and 3,

10

From the angular oorrelation between 3He and neutral particles
in the reaction 12C ( Ju‘,Q ) 8L13He n it follows that the
neutron and “He are produced after decay of 4He*( Fig.2),

The methods which allow one to investigate processes with
charged particle emission from definite nucleus will complement
significantly the information obtained by the nuclear emulsion
method. Though there are no so far such systematical investiga—

tions, however, certain information does already exist,

2, There are two chamber experiments with neon as a
target /12,13/ « In the first one /12/ there was measured only
the fast charged particles and their yleld appears to be equal to
(342+40,5)%. If one does not put such a restriction and measurcs
all charged particles, thelr yleld becomes much higher and is
equal /13/t0(2014)%. It means, that in muon capturec by neon
the most part of the charged particles is low—-energy one.,
Unfortunately it was impossible in that case to idcntify the
outgolng particles,

2
3. In muon capture by LBSi the charged particle yleld

1s also large /147, (15+2)%. The experimental identification
of emitted particles has not been made, However, the authors
suppose that they are mainly protons. Under such an assumption
the spectrum has a form given in Fig.4. For its measurement
with a high resolution a 11(S1) target detector was used, The
spectrum has a maximum at about 2.5 MeV from which it decreases

approximately exponentially.

1"
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Flg.4. The energy spectrum of charged particles (presumable
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28
protons) in the muon capture vy S

for E<20 MeV and from ref./15/ for

ref./l4/

E > 20 Mev),.

The high energy part of the charged particle spectrum
was analysed in detail in paper 715/ +« For the specific aims of
separating the charge particles by masses and measuring their
energy there was used the system of semiconductor counters, The

targets used in the experiment were2881, 328, 40Ca. and 64

Cu. The
methods employed allowed one to measure only the high energy

rart of spectrum: for protons - from E_ =15 MeV, for deuterons -—

D
from E;= 18 MeV, and for tritium — from Et= 24 MeV, The measu—
rements weremade for several values of the threshold energy E,
The results are colleocted in Table 7 and are shown in Fig.5,

From the experimental data it follows that

1) to the high energy tall of the spectrum there contribute
prractically only single charged particles;
1i)the larger the mass of the single—charged particles the
smaller thelr yleld;
111) the deuteron fraction in the total yield decreases with
increasing charge of the target nucleus;
iv) the proton spectra extend up to 60 MeV and those for
deuterons up to 50 MeV;

v) within the experimental errors the proton spectra of 325
and 400& agrees with the neutron spectra measured by /16/ on
the same targets, but differs rather strongly from the
speotra measured by /177 .

4., In some cases the daughter nucleus 1s a long-~lived
one, Using the radiochemical methods one can measure the yield
of these nuclei and determine the intensity of muon capture
process leading to these final nuclei, By such a manner there

were studied the reactions

15
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gm: g ‘The intensity of the first reaction was (5.3+1.0)%, and the
- L o-npomases
gt % o-deimpone second one - (3.2t0.6)%. From comparison of these results for
3
v §+ | the reaction (2a) with the ocounter-experiment data /14/ it
++ t ¢ ; follows that 1f the main channel with the oharged particles
%
¢ t tl,’ LS s ° emission in muon ocapture by 2851 1s the proton one, 1t means that
0 0 20 30 - 40 50 80 E
Swepeus (msb) the most of protons are accompanied by neutrons. Such a channel
(23/
Fig.5. The energy speotra of protons (o) and deuterons () :;s pi;:ed out ?y ::diochemical method in muon capture in
in the muon capture by 325 nucleus according to al: Al (\ﬁ , Q P2n)“"Na o The intensity of this reaotion is
results of ref, /1% , (3.510.8)%.

The emlssion of composite systems has been found in the

muon capture by Ni isotopes ( the target consisted of the natu-

e S8\ - )54 (1,940, 2)%
h -
76_NeV YA » Ne (Ju , \))C M
34 Mie 5« The daughter nuclel frequently left in muon ocapture
K A

}&/;;;>/ ﬁ;di o] ral mixture of i1sotopes = 68% of 58N1 and 26% of 6°Ni). For the
™ 2> 2 total yleld of oharged partloles of 5% ( see Table 8) the mailn
f# 1 « My, 252 . ohannel has been found to be

233 %4 / A 210

processes 1n an exolted state, Deteotlon of the deexcitation

)’ rays and the subsequent interpretations of spectra allow

qu one to 1dentify the daughter nuclel. At the same time measuring
“th- the )A rays intensity one can extraot the information on
Fige6s The scheme of levels of the daughter nuclel produced excited states population in a daughter nuclel, This method
in the muon capture by 40ca nuoleus. however does not allow one to cbtaln any information on ground

state population,
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0.037+0.013
0.005+0.005

32
0.343+0.040
0.173+0.027
0,0144+0.007
64,
0.096+0,032
0.082+0,026
0,019+0.011

yields in muon capture
1.149+0.088
0.781:0.067
0.421+0.045
0.058+0.014
0.600+0.072
0.274+0,050
0.038+0,015

28Si
40Ca

0.33040.032 0.148+0.018 0.02040.07
0.03520,009 0.02040.007
0.484£0,055 0.187+0.030 0,019+0.010

vy 2251, 725, 43ca ana Sicu ( 10 %)

Table 7. High energy charged particle

0.635+0.050 0.33440.032
0494240,084 0,259+0,040
0.061+0,017 0.019+0.010

-

0.875+0.064
1.304+0.,105

15
18
24
42
15
18
24
42

Threshold
energy,

MeV
Thresdold

energy,
MeV

Table 8. Charged particle ylicld in muon capture
by ¥ ( the natural isotopic distribution)
and Fe with the formatlon of daughter nuclei
in the exoited states

Excitation Experiment al
Final nuelei energy E ® Yield in % method
MeV
581 (v#”,opn)56Fe“ 0,847 943411 )4-spectrometry/22/
— 54, %
58y (p,¥) *un 1.940.2
581 (fi33uxﬁo52Mn“ 0.5640.06  radiochemistry’ 2%/
60y (0, VP )7%re® 041240,01
Other channels 1.5
56pe QF_f)pn)54Cr“ 0.835 2.9+40.6 Xy-spectrometry/zz/

As an example, in Flg.6y the level scheme 1s shown of the

40Ca. The main

39

daughter nuclel produced in the muon capture by

40

channel of muon capture by Ca is the channel with ““K produc-

tlon 1n different states, At the same time in experiments/lg’zo/
there are observed the Y~ ~lines corresponding to transitions

in 3951, 3 3

BAI and 8Cl. These nuclel can be produced if in the
muon capture the chafged particle 1s emitted, The probabilitles
of excltatlon of the definlte states 1n these nuclei are glven

in Table 9.
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Table 9, Relative population of exclited states in .

daughter nuclel -9
muon capiure by

K,

3 pr, Bar ana 8¢ in

Daughter Excitatign 5 Relative population in %
nuclel Energy E J
in Mev /20/ /19/
Ppr * 1.27 3/2= 1.0 + 0.3 2.2 + 0.9
1.52 3/2% 2.6 + 0.6 0.4 + 0.3
2.10 0.7 + 0.2
2.37 1/2*% 0.5 + 0,2
2.43 0.76 + 0.13
3.26 0.32+ 0.19
Total
yield 5.9 2.3
8
38, r% 2.17 2* 3.1+ 0.4 6.0 + 3.0
3.38 o* 0.94+0.16
3.81 3~ 1.52+0.15
+ + 0.3
3.94 2 1.27 4505
Total
yield 6.8
By ® 1.31 4" 1.054 0.17
Total
yileld of
3% 1n
exclted
states 13 20

Table 10. Charged partioles yield in muon capture by 24Mg

and %831 with the formation of daughter nuclel in
the exolted states

Excitatiop Yield in %

Final nuclel Energy E
_ in MeV /217 /19/
1.2ﬁg(y30w2%“ oF
2, 24Mg (Ju',Q pn)zzN“ 1.247 4.440.6

- +
3. 2hwg (pVpem)Bwe* 0.350 (%) 2.5:0.3
4. Total yleld of'’F 3.4
5. Zhg (o Vo0 % 14979 1.941.0

- +
1.%8s1 ( Mo, ) 22Me® 0,984 (%é ) 1.940.2  0.441.0
2, Total yleld of 2Sug* 104 1
3. %8sy (ﬁ"\)pn)26Mg“ 2.940 3.240.5  2.741.8

A great amount of Y- transitlions and thelr cascade
character leads, in many casesy to the overlapplng of lines,
That complicates considerably the analysis of the spectra. It is
one of the mailn reasons for discrepancy of the final results
glven by different experimental groups, for one and the same
macleus ( this 1s already secn from Table 9).

The Y- yield from Ar and C1 ( Table 9 ) testifies to a
considerable contribution of the channel with the charged
particle emission in muon capture by 400&. As it 1s impossible
to determine the contridution of transitions to the ground state
of Ar and C1 the obtained value should be treated as a lower
1imit of the total yleld of charged particles,

Analogous results have been obtalned for the muon capture

21



vy **Mg,?851,%%5,%Fe,%®N1 (Tables 8 end 10)% It should be moted
that the probatllity of the emission of one proton only 1s equal
to or even smaller than that for proton with one or several
neutrons,

For some odd nuclel in the reglon of atomic numbers
4=45-33 the Y*- spectrometry /247 gives the intensity of the
channel with the charged particle production not larger than1%

(4550,55Mn,59 93

Co and N¥b). For heavier nuclei the charged
partlcles are either not observed /237 ( 151Eu,153Eu) or their
yield does not exceed / 24126/ ( 1-2)% ( 1271,209B1,1420e,1400e,

138p,,120g,y

I1I. Some general features of muon capture with charged

particle emission

The foregoing experimental data allow one to establish
a number of gencral features of the muon capture with the
charged particle production:

i, The total yield of the charged particles from the 1p -
shell nuclet (12c-%0) 13 about 108, In the (2s-1d) sherl
nuclel (ZONe - 400&) the contribution of this channel increases
up to (15~20)% . The yleld of charged particles 1s almost
the same also for heavier even—even nucleus 58Ni. However, for
odd nuclel in this region of atomlc number A the ¥leld strongly
decreases., In the nuclel Br and Ag the yield is 2.9% and does
not exceed (1-2)% in nuclei with A>100.

The maximum yield of the charged particles is in nuclei

near4°Ca.

22

11, The charged particle spectrum is mainly the low-energy
one. Most 1likely this evidences that the charged particle
emlssion 1s due to the secondary processes which take place in

the excited intermediate nucleus.

The Coulomb barrier for nuclei with A around A=60 increases
to 8 MeV that makes the yleld of secondaries, if charged, almost
impossible. It is therefore natural that the yleld of the
charged particles in the muon capture by the heavy nuclei is
small,

111, The yield of the high energy charged particles
(E > 15 MeV) 1s small ( about 1%). The yleld of these particles
also has a maximum for nuclel with Z near Z=20.

The high—energy particles can be either due to the cluster
mechanism of capture ( quasideuteron, biproﬂ)n, n{ -particle,
etc.)or due to the subsequent rescattering of fast neutrons

produced 1n the direct process of capture.

4e In 1light and medium nuclel the emission of the charged
particle is rather frequently aecompanied by the emission of
one or several neutrons. Such a situation is specific for the
cluster mechanism but in this case at least one particle should
be fast. The secondary processes in the intermediate nucleus
also can result in the emission of several particles most
likely, the low—cnefgy ones. Therefore, to establish the - mecha~
nism of such a process it 1s necessary to examine the energy and

angular characteristics of the emitted particles,

23
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IV. Theoretical analysis of mucn capture with

charged particle emission

The muon capture by atomic nuclel proceeds mainly through
the excitation of collectlve states of a glant resonance type.
The main part of the neutron spectrum is due to the decay
of these statess The theory suggested for the desoription of the
glant resonance phenomenon in muon capture allows one to cover
a wlde range of the problems on the ﬁeoay of colleotlve states
with the neutron emisslon: the shape of the neutron spectrum,
total neutron yleld, populatlon of different states in daughter
nuclel, Therefore it 1s natural to try to relate the charged
particle emlssion with the decay mode of the glant resonance

/21/

states « In thls case the process of a disintegration of
atomic nuclel in muon capture will be two-step: the nucleus
first 1s exclted to the glant resonance levels and subsequently
decays in a varlety of ways permitted energetically,

1, The glant resonance 1s produoed from several groups
of transitions. This 13 shown in Figs. 7 and 8. One of these is
due to exoltatlon of the outer nucleons and forms the maln
branch of the exoltation ( except for some cases when the
outer shell only starts to fill), Another group 1s due to the
excitation of deeply bounded nuoleons whioh form the high~energy
branch of the spectrum. The energy gap between two branohes 1s
due to large difference in the energy of transition from the
inner and outer shells. Such a property of the giantresonance in
the photonuolear reactions has been observed long ago and called
a configurational splitting /28/ ( see also ref./zg/ )e

The conflgurational splitting should appear also in the

24

muon capture, However, as compared to the photonuclear reactions
in muon capture processes the energy dependence of the capture
rate on the definlte state of an intermediate nucleus 1s quite
different. In the photonuclear reactions the cross seotion of
the dipole photoabsorption to the definite level is proportional
to 1ts excitation energy ol o In muon capture the rate of the
fdrst forbidden transition to the same analog state ( such
transitions form the main part of the excltation spectrum in
1light and medium nuoleil) is practioally proportional to the
quantity E f,' = {my ~-(e*- Eo)}4. This quantity rapldly
decreases with growlng ol + That means that the high~energy
branch of the excitation spectrum will be sufficlently weak

1f in the muon capture there is no enhancement of its excita—
tion due to the axial ourrent. In the nucleil in the middle and
end of lp-shell there 1s no such enhancement and the intesity
of the high energy branch of the spectrum 1s rather small

(~2%) /30/ « In the nuclel of 2s-1d shell suoh an enhancement
ococurs due to the transition pJ/z-dj/z'caused malnly by the
axial current /31/ « As a result, the high energy part of
speotrum has 15% of the intensity.

In the framework of the microscoplc approach based on the
shell model to such a gqualitative description the following
scheme is adequate ( Fig.7). We conslder the nuclei with Z=N
as the main experimental information concerns such nuclei,

Let ( n,(ji) be the latest closed shell with the number of
particles K,y and ( na(}.g ) be the outer shell where there
are K of particles., More desep closed shells are denoted by (0).
Then the structure of the ground state of an initilal nucleus
can be represented as {((})(nij!_)[(t (nzja)Kz} » The low~energy

25
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branch of the gilant resonanca is formed mainly by transitions
.\ Ky Gl
to the states {(O)(”lx,ji) {najl) (/AJ3 d 1t 1s 1in the energy
reglon ¥ = 1220 MeV. The high—energy branch 1s formed by
. Ki~1 B G, +1

transitions to the states {(o) ("q}s) ! (., ‘a)k‘* 15

and it is in the reglon of energles higher than E,= 20 MeV, In
the muon capture by 1light and medium nuclel transitions of the

*dipole type ( the first—forbidden ones) are dominating, Therefore

we restrict ourselves only to these transitions and to these
nuclei,

A subsequent process of the decay of the glant resonance
states depends on the structure both of the resonance itself
and of the daughter nucleus states and on the energy factors
determined by the thresholds <& of the emission of particles
of a definite kind,

The thresholds & of emission of va.r:l.rous particles
from the intermediate nucleus ( A,Z-1) depend on the atomic

number A, These are for

1) the nuclei in the 11) the nuclei

middle and end of lp-shell of (2a-1d) shell
Ep = 4-7 HeV €, = 8 Kev
€p= 15-20 ueV ¢p= 8-10 MeV
<= 10-12 Yev € = 6=10 MeV

Strong difference between the thresholds of emission of
different type particles is due to violation of the number of
protons and neutrons in .the Intermediate nueleus, From the
above values it follows immedlately that due to the high thres—
hold of proton emission in the lp-shell nuclei such a channel
1s weak. Indeed, a detailed calculation /°%/, within the consi-

14

dered scheme for the N nucleus shows that the contribution
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from the channel 14y « M, Y )leB does not, exceed 1%,

The threshold of o -emlsslon 1s far lower than that
of protons that, in principle, should favour such a decay
channel., However, as follows from the soheme, the of-particle
should be composed of nucleons from different shells that
results in the smallness of the correspondlng spectroscoplc
factors, No numerlcal estimates were made for intenslty of such

a channel, Nevertheless,for the nucleus 1

20 the required infor-
matlon may be obtained directly from the photoemulslon data on
the muon capture when in the final state there 1s the nucleus
%L1, The intensity of the chamnels 12¢ ( M M)®Li o  ana
12q (;u—,o )aLi e n appears to be small and not higher
than 0,16% /10/ o It may be expected that 1n the nuclel of
(2s-1d) shell the intensity of such a channel will be almost
the same, In these nuclel the proton ohannel becomes more
important because the corresponding threshold 1s conslderably
lowered. However there also are no caloulatlons, nevertheless,
the experimental data available allow one to estimate the
lower limit of intensity. If the emltted nucleon ( rl,jz' ) 1s
proton the daughter nucleus (A-1,%-2) 1s produoced in the ground
or excited states with the parity equal to (-{ )K151+(ki‘i)€{
The X"—spectrometry glves the required information. As
follows from the results glven in Table 10, in the muon capture
by 2851 this probabllity is about 2%,

The domlnating decay channel of the low—energy branch
of the glant resonance 1s that with the neutron emilsslon.
In thls case exclted states of daughter nucleus (A-1,7-1)

are populated very often, Some of these states are above the

threshold of the subsequent neutron ar charged particle
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emission, Ip the nucleus (A-l,Z-l) the decay thresholds with
emlsslon of different partlicles are of the same magnitude. That
allows the competltlon of different channels, Such a chain of
transitions has been caloulated /30/ for the muon oapture by
14y ana 1t has turned out that the intensity of the prooess

~ 12
My (o, Y dnpt2B
1s smaller than 1% and for the process

14y (Jw’,\) ) 2n3e<

1t 1s about 1%.
For the nuclei of ( 2S-1d) shell such a calculatlon has
been oarrled out /31/ for the muon capture by 3ZS. The pro-—

ij which are above

bability of population of the states of
the threshold of the subsequent proton emission, l.e., of the
channel

225 ( p,¥) mp0s1
appears to be about 2%,

Consider next the decay of the high energy branch of the
resonance, In this case the dominating channel 1s the decay
with emlssion of a nucleon ( na\ja ), (proton or neutron) with
production of the daughter nucleus (A-l) in the hole state. The
oenter of gravity of the hole component in the daughter nuoleus
(A=1l) lies very high and the direot decay of the glant resonan—
oe states to 1t 1s energetlcally forbldden., A small admixture
of that oomponent into the low-lylng states of the daughter
nuoleus (A~1) opens thre channel, However, in nuclel in the
middle and end of 1p shell the intensity of excltatlon of the
high~energy branoh of the resonance 1s not large ( only ~ 3%).
Therefore the charged partlcle emission in this case 1s very
8.311/30,32/:
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14N (JH-.y \)) nljc* .
charged particles W< 0.1%
: - oy #
1=ZC (J‘()Q) n B

L {*Re 21

lsl\,i. + 3He

W Y1707 Wexp. = (14 £04) %
W, <<1272; in the experi-
ment was not observed.

A different matter is with the nuclei in the beginning

®L1 and TL1). The intensity of excitation

of 1p shell ( nuclei
of the high—energy branch of resonanoe is large in that case,
Detalled calculations for 6Li show that due to peculiarities
of the glant resonance structure in intermediate nuclei 6He

the decay channel

bL1 ¢ MY )%n
has the probability ~ 10% and for the channel

®La ( V) na’n
it 1s (20425)%,

The spectrum of tritium nuolel in channel o114 (Upf,Q)JHJH
is shown in Fig.9. Since the states decaying by such a channel
mainly lie not high above threshold, the spectrum of emitted
tritium nuclei appears to be very low~energy. The tritium spect—
rum caleuwlated in the framework of the resonance mechanism of
muon capture 1s similar to the spectrum calculated in the
framework of direct mechanism. However, in the latter case the .
speotrum 18 smooth while the resonance mechanism predicts the

presence of structure for the spectrum.

Fig.9o
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The ocalculated speotrum of tritium nuclei in the
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prooess M Li-ﬂ—JHJH y ; a) calculation in the frame—
work of the direct mechanism />4/ » b) calculation in
the framework of giant resonanoce mechanism 732,23/ o
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A different situation ooours in the nudlel of (25-1d)
shell, First, the high—energy branch of the resonance has o
maximum at rather high energles., The calculation for 323 indi-
oates the energy reglon 25-28 MeV., The intensity of 1ts exolta-
tion 1s also large: about 15%, If the admixture of the lp-hole
component into the low-lying states of the daughter nucleus 31?
1s consldered to be 5%, it appears to be suffiolent for the
decay proceeds completely through these conponents/36/.rhe caloula-
tions here give the proton yleld about 3% and the other 12%

for the neutron channel with the dominating population of A

P
states above the threshold of the subsequent proton emission.

Thus, the probabllity of the prooess

2 -
32g (jw ,Q) np 30g,
developing through the hole components 1s about 12%, Summing
up over all the ohannels we obtain from oaloulations that the

oharged particle yield in the muon capture by 32

S equals

15-20%, Such a picture should be observed praotioally for all
the nuclei of the ( 2 5-1d) shell since their individual
properties ( exoept for nuolel whioch shell only starts to
populate) are of little importance in the given oase. So in most
cases the resonance decays with a subsequent emlisslon of neutron
end proton, Though for 328 the yield of this channel has not

as yet been measured, for other nuolei of (2 ¢-1d) shell

such a regularity has been observed ( see Tables 9 and 10).

A different situation ocours in the nuclei in the midele
and end of lp—shell. The total charged particles yield predioted
by theory 1s several times smaller than the experimental one,
Reoent measurements /6/make almost twioe deorease the value,

nevertheless,the discrepanoy is still large enough. The conside-
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ratlon of the monopole branoh ( the allowed transitions) helps
1ittle. To that branoh there oorrespond states of the type

{ (o) (n. ) (n, J",_)Ka}( Fig.8). Their oontribution has been oal-
oulated for 12¢ and 1t 1s as follows’>2/

L_,_ p 4 d Wy ~ 04%
UA; + X Wy ~ 01%

Partly, the discrepancy of theory with experiment for the
1p—-shell nucleil may be related to the faot that in these nuclel,
acoording to the photonuolear experiments, half dipole sum
1s distridbuted over the reglon above 30 MeV, By allowing for a
speoifio charaoter of the energy dependenoe of the muon capture
rate this value decreases, But undoubtedly this value 1s higher
than 3% resulting from caloulatlons whioch take into aocount only
the states corresponding to the 'fkaJ exeltations., The inclusion
of more oomplioated components may result not only in the inten-
sity inorease of population of the high-energy reglon but also
in the appearance of new decay ohannels, that, in the end, may
ralse the oharged particle yleld. Such calculatlions, however, are
not yet performed.Thus, for the present time the guestlon on the
meohanism of charged partlole emission in lp—shell nuclel 1is
still open. To solve it one needs more detalled experimental
data on main deoay ochannels.

2, The miorosooploal approach based on the shell model
glves a detalled desoription of struoture of the glat resonance
states., However, such a desoriptlon makes the oalculations very
cumbersome, To perform them one should employ varlous simplifi-
cations. It ooncerns especlally the oaloulatlons of the deoay
channels, Therefore, at a definite step 1n the medium and,
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especlally, in the heavy nuclei where individual properties
are 1little important it makes sense to rejeot such a detalled
description of the glant resonance states and retain only 1its
gross structure, The latter may be oaloulated either within
simple models, or by sum rules,

The simplest way to construct the excitation speotrum of
an intermediate nucleus i1s to meglect the dynamios of a process.
In this case the muon~nuclear interaction Hamiltonlan is put
oonstant, If naw in the wave function of a produoced partiole-—
hole system ,1p1§> one ohanges the one-particle funotions of
neutron in the potential well by the plane wave, the squarad
matrix element for transition from the ground state |0:>
to the exolted one | ph;>

2
'<Ph IHﬂIO>‘ ~ P (P?)
becomes proportional to the momentum distribution of protons in
the initial nudl eus, and the distribution of the oapture pro-

babllity over the excitation speotrum of the intermediate

nucleus becomes of the form:

JdA = y(PP)S(€~E\,—E)S(|3:*T):_"p;)dii)‘qtlzadv?’

Taking a definlte momentum distribution ( the Fermi
distribution at kT =0 or kT > 0, the Gaussian one, etc) one
can easlly oalculate ( following papers /31/ ) the exoitation
spectrum of the intermediate nucleus, Assuming that the decay
of the excited nucleus has the statistical oharaoter the
spectrum /31/ and yleld of protons and (- partiocles were
caloulated. The nuclel Ag and Br were investigated., The agree-
ment with experiment has been achieved for o< -particles

whereas the proton yleld has been found to be by an oxrder of
magnitude lower.

3. To explain the large experimental yleld of protons
it has been proposed /38/ to take into account the direot muon
capture by the oorrelated palr of protons in the nuoleus:

M+ (PP) = nrpe
that is analogous to the known "gquasideuteron® mechanism of
high energy Y- quantum absorption, The oaloulation shows that
the proton yleld in such a prooess may equal about 2% that,
in principle, explains the experimental yleld. However, one
should bear in mind that the reliability of such results is
difficult to determine as in the calculations a great number
of different approximations is used. Most of them can hardly
be tested experimentally or grounded theoretlcally.

4, The above presented caloulation scheme of the exclta-
tion spectrum of the intermediate system ﬁnd the statistical
character of the decay are very crude. Such a scheme may
hardly pretend to the reliable description of the proceas. The
soheme may be made far better by allowlng for both the dynamics
of the muon oapture and the possibility of particle emission
from the preequilibrium stage. Estimates /39/ made within such
a scheme indicate that 1f one takes into acoount the preequi~
1ibrium stage of the decay the agreement of theory with
experiment beoomes better in describing speotra of emitted
particles, A oonsistent analysis, by suoh a scheme, both of
speotra and multiplicity of emitted neutrons, as well as of
speotrum and yield of charged particles in principle can allow
one to gain an important information on the distribution df

atomic nuclel exoltation after the muon oapture.
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5« The calculation of direot reactions by, the distorted wave
method gives two terms in the transition amplitude, To the first
of them there corresponds the so—called direct diagram (Fig.lla)
which usually is taken in the calculations, To the secohd one
there oorresponds the exchange diagram ( Fig.11b) which 18 as
a rule, neglected, as it gives small contribution. The latter
dlagram 1s partly responsible for the proton emlssion, TPreating
the reaotion

M0 = e (7,0 p
on the basis of the exchange dlagram the authors of ref./4°/
have found its probability to be about 0.1%. For Polarized muon
the mechanism under consideration leads to agymmetry of protons
relative to the muon spin, The results are shown in Fig.10,

The proton yield oan be also due to the charge exchange
of the neutron produced in the muon capture by proton. Such a
process could be described by the diagram drawn in Flg.1llo.

The observation of Y"- 1ine from the de-excitatlon of

J7=5/2* 1evel 1n 1°¢ and determination of its intensity

would allow one to obtain information on the reaction
;ﬂ—f‘lsO _,’_is‘c (5/2)1_'}) +y
Y. CONCLUSION

We have studied a wide range problenms oonoerning the charged
particle emission in the muon capture by atomioc nuclei., At
present some features of the process become to be visible, It
seems to be that some of them can be understood in the framework
of the glant resonanoce excitations and its subsequent decay. In
the first place, thils conoerns the nuclei of (28-1d) shell. The
feature of the process for the nuclel in the middle and end of
1p shell cannot be described as yet. These nuclel have pronounoced
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Fig.10, The speotrum of protons anml asymmetry of their
angular distribution with respect to the muon spin in
the proocess J»l—160 — 150 (5/2+)P9 « The dashed ourve
1s the plane wave caloulation, the s0lid one - with
the final state interaotion,
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individual properties and 1t 1s most likely theYefore that a
detailed analysis of all main channels in neceasary. In this view
1t seems important to obtain an additional experimental informa~
tlon. Due to the malnly low-energy oharacter of the spectrum the
emulsion methods may be belleved to be most appropriate. However,
1t is also necessary, at the same time, to perform a consistent
kinematical analysis of reaotlons that may allow one to single
out the meiln channels of charged particles emission. Exmaples
of such an analysis have been discussed above., The result of
measurements in emulslons, with changing the ratlo between the
component introduced, may appear to be of interest.

The development of scheme which takes into account the
preequilibrium stage of partlcle emission makes it possible
to analyse also the disintegration of intermediate and heavy
nuclel, In this case an effeotlve tool may be an approach based
on the use of oombined methods: the resonance one for description
of the intermedlate nuclel excitation and preequilibrium
decay method for description of particle emission.

Fig. 11
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