





Introduction

Investigating muon capture on sulphur and zalcium, Evseev

1/

They conclude that this result is the first direct experimental

ot al, have observed resonances (peaks) in the neutron spectrum,
confirmation of the idea of collective nuclear exctation in muon
capture/z/. The predictions based on the resonarce mechanism in
muon capture were confirmed up to now only ind,rectlyja/.

The idea of the resonance mechanism in m.uon capture
(siant resonance) gives a general basis for further investigations

: . . J1,5/
of various aspects of the muon-nuclear interaction . It forces
one to concentrate attention on the manifestation of nuclear collective
effects in muon capture and similar processes, Iri our paper we
will discuss some of these problems,

It is known, that the experimental results on the neutron
angular distribution 0 relative to the muon polariation vector have
stimulated intensive investigations of muon captur> processes, It
is unknown, as vyet, for what reason the neutror. asymmetry is
large, but now it is clear, that the extraordinary conclusions on

7.

nmuon-nucleon coupling constants, nade in the framework of the



.
. . . . f,9/
single particle mod=zl, are very relative, In recent experiments’ ’

'

-
. age . O/
one obtained th 2 positive asymmetry rather than the nesative

one,
When considering the neutron angular distribution it is nece-
ssary to bear in mind that the neutron asymmetry in a high energsy
(E
n

resonance mechanism., This part is discussed in connection with

20 MeV) part of the spectrum is not related rlirectlv to the

~

the determination of the coupling constants, However as was po-

/4]

takes into account the short~-range correlations between the nucle-

inted out earlier in this part of the spectrum one cannot but

ons in the nuclaus (This leads us to the problrm of the clus-
ter structure of nuclei). As to the asyminetry in the resonance
region (up to the 1eutron energy of about 10 MeV) utifortunately
there are there no direct measurements of the differential asyvmmet-
ry. The Iatter means here the asymmetry in a narrow enerdy ran-
ve, Undoubtedly, so>me direct measurements are needed,

Thus ,the question arises as to whether it is possible in
principle to make the resonance mechanism compatible with the
prescnce of the neutron asvmmetry in the soft part of the spect-
rum, Before discussing this problem let us consider how the peaks

appear in the ncut-on spoctrum.

1. Neutron Soectrum in Muon Capture by Complex Nuclel

The muon is captured by a proton from the K -—orbit of the
mesoatom, The most part of the enersy is taken avav by the

nevtrino, The remeining part is taken away by the neatron



As a result of muon capture a proton hole is created in one of
the nuclear shells, Taking into consideration the proton hole, the
final state of the nuclear system will be the three-body system:
outgoing neutron, proton hole and core (vacuum)., They are inte-
racting with cach other, The interaction of the outgoing neutron
with the proton hole is of dgreat importance, It canses the excita-
tion of the residual nucleus and as a result the uclear system
goes over to other channel, Thus this interaction leads to the
coupling of some various channels, When the neutron energy

is about a foew MeV the interaction is very strondg, As a result
the neutron spectrum has a very nonuniform structure, This effect
is associated with the resonance behaviour of bcth the scattering
matrices and the amplitudes of the nuclear disinta2gration by the
external field (photoabsorption, inelastic electron ind proton scat-
tering and so on), The typical spectrum is shown: (for muon cap-

J10/ -

ture 50 ) on Fig, 1. It gives ones the idea about the

disposition and width of the peaks,
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Fig. 1. The calculated
in | 493 0 .

neutron spectrum from muon capture
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This spec rum was calculated nsing the nified theory
of nuclear react ons, which takes into consideration both the
direct and the r sonance processes, The calceudation has been
done in the i cwork of the approximate mothod of this theory,

[10,11/

doveloped by 13 lashov el al) In =uch an approach the

disintesration <y plittcdde with a0 peddron in j ~channel is given

oy
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This expression is quite simple, The first term  is the direct
transition amplilt de into the particle-hole channel j . The dis-
torted wave metitod is used for its calcudation, The wave

. =2
function ©
the coupling is absent, The second one is the amplitude of the

describes the final svstem in the j —-channcel when

resonarnce two-s ep transition into the same channel, The complex

energy {i/\ =TI LI defines both the disposition and the width

‘A0 —:T
of the intermoediate states, Their excitation probabilities are deter-
~

. H 1

mined by the malrix elements “’~“'\:” [0 >  and the decay
! /l
IR P r . . 0

probability by <(,’>](,.;)1\‘:‘l‘,\ >, In the first approximation the wave
functions Wi arc the superposition of some particle-hole func-
tions, Thus in a simple version of the particle-hole scheme it is
possible to bring each resonance in correspondence with the
definite gquasistationary slate of the intermeodiate nucleus, Knowing

the excitation probabilities, the total and partial decay widths one

calculates the < pectiwm of the outlgoins neutrons,



The analysis of the approximate method o channel coupling
and the straishtforward numerical calculations llow one to

10,11 R 2,112
/10, / the traditional metl:od/ ' /

ground and to improve of
description ol the nuclear disintegration, In the latter the direct
transitions are not taken into account; the quas stationary states
are des=scribed by the shell model wave functions; the decay modes
are calculated j1: the framework of the reduced wvidth, The phases
of the width, in general are dependent on the energy and asso-
ciated with the phases of the potential scattering,

The above method, modified according tc the more seneral

theory was used for the muon capture calculati onin calcium

- i 3¢ 4 ‘
p= o+ Y Ca s YKo+ o0+ . (o

The calculation was performed in the particle-hsle approximation
without taking into account the spread of such states over more
complicated ones, There were considered the following transitions:

allowed, first and second forbidden ones, They correspond to the

. . . . 0y + -
following stales in the residual nucleus K:J7 - 17, 0O

o+ +
and 2, 3,

, 1, 27

When calculating the neutron decay modes only the main
channels were taken into account, They correspond to the tran-
sitions into the three hole 3/2+, 1/2+ and 5/2+ states of " K
The total neutron spectrum is shown in Fig, 2 Of course, such
a method does not pretend to a precise quantititive description
of the experimental data, The particle-hole stat»s, considered in
this calculation are spread over the more compli-ated ones {(two—

particle | two-hole, three-particle, three-hiole o1les and so on).
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Fig, 2, The caloalated neatron spectnan from muaon capture in

¥ oCa, The upper parl of the ficure (above the axis
brealking  has o comilogarithanical scale,
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Such a spread leads to the increasing of the nwaber of the peaks,
/
the chanse of their intensities and diSp()SitiOhS/lg. As to the
decay modes such a spread leads to the decrease of the hish-
enercsy part of the outdoins particle spectrum and to the increase
of the soft part, Indeed, from the analysis of the photonuclear reac-—
tions’ 11,15/ it is Inown that the photonmcleon spectrum calculated
without the aceount of such @ spread disagree wth the experimen-~

tal data in their very soft part,

2. Asymmeltry of the Angular Distributior: of Neutrons

fromn Polarized Nuon Capture

The asymmetry of the necutron ancular distr butionn  from
polarized muon capture is duc to the interference between the wa-
ves of the opposite parity, A sinilar problem aris,es when investi-
sating pholoprotons and photoneutrons, It is clear, thalt in the
recion of the overlapping of dipole and quadrupo e resonances the
level density is very high, Therefore, one woulc expcect , that
the overlapping of the large number of the levels cancels the
effect of tlie interferernce. However, it appears, tlat the interfeoronce

j11/

fluctuation of the ancsular distribution coefficient vhen passing

between EI and E2 transitions is coherent “*his means that the
throuch each the resonance does not cancel on the average over
the region of the dipole and quadrupole giant res onances overlap—
ping, Therefore it is quite reasonable to estimate the ~alue of the
asymmetry coefficient in the [ramework of the sinple particle~hole
model, which does not take into consideration tre larse number

of other states,



Such a spread leads to the increasing of the inmnber of the peaks,
the chanoe of their intensities and dispositions/lg‘. As to the
decay modes such a spread leads to the decrease of the hish-
enersy part of the outdoing particle spectrum and to the increase
of the soft part, Indeed, from the analysis of the shotonuclear reac-

J14,15/ "

tions i known that the photonucleon spectrum calculated
without the account of such a spread disagree with the experimen-~

tal datav in their very soft part,

2. Asyvmmetry of the Angular Distributior of Neulrons

s

from Polarized Nuon Capture

The asymmetry of the neutron angular distribution  from
polarized muon capture is due lo the interference between the wa-
ves of the opposite parity, A sinilar problem arises when investi-
sating photoprotons (md' photonortrons, It is clear, that in the
region of the overlapping of dipole and quadrupole resonances the
level density is very high, Therefore, one would expect , that
the overlapping of the large number of the levels cancels the
effect ol the interference, However, it appears, that the interferonce
between El and 2 lransitions is col')erent/rl/, This means that the
fluctuation of the angular distribution coeflicient when passing
throush each the resonance does not cancel on he average over
the recion of the dipole and quadrupole uiant resonances overlap-
ping. Therefore it is quite reasonable (o estimate the value of the
asymmetry coeflicient in the framework of the simple particle-hole

model, which does not take into consideration the large number

of other states,




The neutrcn asymmetry coefficient o« (L ) calculated in
the same approach, as the neutron spectrum in Fig, 2, is
shown in Fig, 2, The result is given for reaction (2), The

coefficient is defined by the [ollowing expression,

w(k 0y = Tra(l )P, Cos 6, (3)

where ]’/l is the residual muon polarization before capturce,
The shape of the angular distribution both for the photo-
nucleons and for the neutrons [rom muon capture is more sen-
sitive to the parameters of the model than the rate of the total
capture or even its shape, However, in general «(E ) has
a shape, as is shown in Fig, 3, It is important, that even if we
do not take inzo account the spread of the sltates the overlap-
ping of the levels with positive and negative parity is large

onoush,

3. Transitions to the Excited States of the Residual

Nucleus
13/

and 3/27 states after muon capture by 'Y0  were considered as

The resulte by Kaplan et al. on YN vield in the 17=1/0"

an indirect confirmation of the idea of the resonance mechanism

in muon capture, The experimental value for the muon capture

5w - . : -1
rate with "N in 3/27 state is equal to (’.2.5010.23).‘]_04 sec ,

/26

aq - . 12 . .
and 3.0,10 sec L (according to/ /) The result, obtained in the

10/

. . & -1 .
The diagonalizaton method gives 5.3.10+ sec (according to

framework of the unified reaction theory in surprisingly good
4 -1
and is (2.6-2.7).10 sec .

10
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The development of the coincidence method in nuclear expe-
riments would gwve the possibility for measuring the outgoing neut-
ron in coincidence with y —quanta, emitted by the residual
nucleus. Therefore we have calculated the partial neutron spectra
(when the residual nucleus is in a siven state) and the correspon-
ding asymimctry coefficient from muon capture on “Ca. The results
are shown in Figs, 1,5 and 6, The total yield is given in Table 1,

It is clear , that if in coincidence experiments one dofined
the y -lines one would be able to bring into correspondence each
peak ol the neutron spectrum with the peaks in excitation spect-
rum of the inter nediate nucleus. Such information would give
the possibility for investigating together with photonuclear reactions
and inelastic electron scattering the analos states in
nuclei. Up to ncw the analogy between photonuclear process and
muon captt,,lr'e/16/ is used either qualitatively or for the compari-
son of the total capture rate with the photoabsorption cross sec-
tions,

Another problem, which can be investicated by means of
the coincidence method, is associated with the study of the neutron
asymmetry mechanism in the resonance region, It is clear that the
neutron vield ccrresponding to the definite state of residual nuc-
leus (measured n coincidence with y —quanta) would be less sen-
sitive to a poss ble spread of the particle-hole states, Therefore
such calculations performed in the framework of the particle-hole
model would giv2 a larger possibility for investigating the problem

than the total neutron spectrum calculations.
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Table 1

The total neutron yield with excitation of daughter
nucleus K in a given state, Wj—) and W §+) are
the captire rates (in 10” sec—l) through the negative
and posiive parity intermediate states respectively.
Ej and & are partial and total neutron asymmetry

averaged over the giant resonance region

Channel ,j  W¢? wen Wo=W WP '

(=)

]

]

11,7 6.3 18,0 0,019
€.5 1.6 8,1 -0,082
.3 3.8 4,1 0.042
13.5 11.7 30,2 a =-0.005
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1, Emission of Charged Particles in Muon Capture by

Complex Nuclei

Emission of charged particles in muon canture testifies di-
rectly the presence of the correlations between the nucleons in
nuclei, Thouslh the experiments on charged particles detection

17-21
/ / they are associated

are carried out during the long time
insufficiently directly with the basic problem of nuon capture
mechanisin, Basing on the resonance mechanisin idea in muon
capture we are able to dgive some predictions about the charged
particles cmission, The direct calculations of th2 charged particles
emission in muon canture in the frameworlk of the resonance mec-
5
lhanism are only in their initial stase’ ™", Nevertheless using
the results, obtained when investicating the sam= problem in pho-

14,23,24) ., . .
/14,23,24/ it is possible to fo-mulate the state-

tonuclear reactions
ments about their yield,

The o¢ross structure of the cross section for the dipole
photoabsorption in double magic nuclei ( Yo, PC) s very
simple, The same process in nuclei with infilled shell shows that
in this case the excitation mechanisin is more complicated, Eirst
of all the gilant resonance in nuclei with unfillec shell is very
broad, It is formed out of the two groups of the nucleon transi-
tions, i.e. transition from the last, unfilled shell and from the next
to last, filled shell, As a result one has two erergy regions in

[24f)

spectrum, The conncction between these two groups of transitions

the excitation (confisurational splitting of the giait resonance
is weak, Therefore each group doeccays through its own channels,

The low energy part of the giant resonance decays mostly by the

single nucleon emission into the ground and lovw lying states of the

17



residual nucleus (A-~1). The high energy part decays into the

high excited states of the (inal nucleus, Such states contain o hole
into the next to las: shell and generally are lying above the nuc-
leon threshold, Therefore it appears that one of the main decay
channels of the upper group of the giant resonance is two-particle

one, Fig, 7 illustra e schematically such a situation, In the case

/ y

= 1T
il

A-1

A

Fig, 7, The splitting of the giant resonance and its decay mode,

of 1p -shell nuclei the nucleon channel in  daughter nucleus A-I
is supressed very often as compared with the emission of more
complex particles,

/25/

to take into account the following, Contrary to  photoabsorption

Extending th.s picture to muon capture it is necessary
the number of prctons and neutrons change after muon capture,
In the case of lp shell nuclei in an intermediate nucleus (A, 7Z~1)
the thresholds for the decays with charged particles emission

are much more higher, than the neutron one, For example, in
e B formed in mion capture by12 C , the neutron threshold is

3.4 MeV and the protonone is 11,2 MeV, With increasing atomic

18




number the proton and neutron threshold difference decreases,
In (2s=1d) shell nuclei this difference is small, In ?2* Al formed
in muon capture by 28 the neutron threshold is 7.7. MeV and
the proton one is 9,6 MeV, for example, However, when the ato-
mic number A increases, the Coulomb barrier a so increases
and prevents from emission of the charged particles if it is
allowed from the energetic point of view, Therefore unlike photo-
absorption in muon capture the neutron channel must be the predomi-
nant one. After the intermediate nucleus have emitted the neutron
it restores the neutron-proton balance, The charg:>d particle thres-
hold in the daughter nucleus (A-1,7Z-1 ) lies at the same energy
or sometimes even lower, than the neutron one (in ""Be the neut-
ron threshold is 11.0 MeV and the proton is 11,2 MeV), For the
hish-lying states of the daughter nucleus (A~1, Z~1 ) with a hole
in the filled shell the charged particle emission may compete
with the neutron one. Consequently, according to the resonance
model the vyield of the charged particle x in muon capture must
be necessarily associated not only with the (p~,r x} channel,
but also (and, probably mainly) with the(g™ v n x ) channel, There-
fore the total charged particle yield must increase as the nucleons
occupy the shell, achieve the maximum, when the: shell is
semifilled (between neighbouring magic nuclei) and decrease with
approaching to the nearest magic nuclei., The main part of the
spectrum of charged particles must be soft, With ncreasing atomic
number, the charged particle yield decreases, For nuclei with
A > 40 the charged particle yield would be smal.,

Such a mechanism will give a negligible yie'd in the high
energy part of the spectrum. One may expect, that hish energy

particles are due to the other mechanism of muon capture, At such

19



energies the role »>f the short-range correlations becomes impor-
[y “/
‘

tant, Muons may bz captured directly by some clusters’ =, Tlow-
ever, the total yi:ld of the charged particles due to cluster
absorption is not expected to be large, Comparing these two mecha-
nisms we may corclude that basing only on the detection of the
two outgoing particles in coincidence it is impossible to distin-
ouish between these two mechanisms,

The analogy between photoabsorption (dipole) and mon
capture holds whenh one considers only the first forbidden trin-
sitions, Though they give the main contribution (in the case of
lisht nuclei) to the total capture rate, the allowed and second
forbidden transitions may lead ,in principle, to specific decay
channels,
are very similar

[22f

. . . » e
to the transitions n inelastic Ml electron scattering '« The strong-

The allowed transitions in muon capture

Iv excited levels, ire in general, either the bound or the lTow
lying ones and therefore decaying mostly throush the neutron
channel, The vielc of the charged particles due to the allowed
transitions is small,

Below we apply the formulated general principles for the
description of the disintegration of some of licht nuclei in Ip
and (25 —=1d) sl ells, However, sometimes the dgeneral principles
are not enough for understanding the decay modes and we will
take into account the particular features of the nuclei considered,

"Li ., In th> intermediate nucleus ® He three groups of the
8/ by analogy with the dipole giant resonance

. [29,30] , o :
of photoabsorptior . The first group is in the energy region

levels are excited

of about 8 NeV., 1 is formed from the transitions of the external

Ip -nucleon to the neighbouring (2s—=1d) shell. The main decay

20




mode  is the neutron  one to 7 le with o subsequent decay
of "He to'Hein . The sccond and ithird groups are in the
encrygy region of 10=-20 MeV and of about 30 N oV, respectively,
They are formed from the transitions of the internal 15 —nucleon to
Ip shell, These level droups decay mostly Lo the high excited
states of ® He. These decay mainly to * 1+ “H

"1i . The same features characterize mucn capture in 1.
The low lying states would apparently decay to 'He + n and
e +3n , and the hish excited ones *NI +*H 4+ 2n

“Be . The decay of the intermediate nucleuws Li s very
peculiar, Decay with neutron emission leads to " Li , After beta
decay "Be is formed which is unstable. As a result one
has two a —-particles in the final state, The neutron
threshold in  Li is very low (2MeV), Therefore one would have
particles from the subsequent decay of Li to ! i+t n . It seems
that the intensity of this channel is of the same order (or somewhat
hif_ihor') as % i in the bound states, It is also epected that * Li
would decay to 5 He( *He +n) + *ll with a smaller probability,

Note that the ;Jnalysis/31/ of photodisintesra ion  of " Be ,
based on the same principles have given good resulls,

103 , After the decay of the intermediate nricleus tog
through the neutron channel "Be  is formed, Bccause the neutron
threshold in  Be is very low it would emit a second neutron, As

a result we would have the following channel

- 10 X
It + B » 2¢ +2n + v

as the main one,

1t 3 13

B, ¢ and C . In this case it is imbossible to add
anything more to the general principles forimualoted without making

any calculation,




1 R .
(., This is a neuwtron-rich 1nucleus, Therofore after muon

capture the inte ‘mediate nuclei wordd emit subseguently some

neutrons, Probably the vield of the charged particles is unlike,

/3]

in Y the inter nediate states of this nucleus will decay mainly

/33/

with emission of twwvo neutrons, The experimental data or1

YN | According to the analogy with photoabsorption

photoabsorption in "N confirm  indirectly such a conclusion: the
main channel of the photodisintegration is the (¢ ,np) one, The

34/

channel ( y np 3¢ )is also of importance . In muon capture this

chiainnel corresponds to the (g~ r2n 3a ) one,

1" N, This nucleus is the nearest one to the double magic "o
Therefore the process of capture will be quite similar to muon
capture in %0 , lLe. the main channel is the single neutron
emission, The yield of the charded particles would be singificant-
ly smaller as compared with nuclei having smaller atomic numbers,

The considered specific fealures of disintegration of the

Ip  shell nucled, were associated with the fact that the Young
scheme for then is a ¢ood quantiun number, For the (28 - Id) shell
nuclei such spezific features are not manifected, However, the
general resularity associated with the presence of two groups of
nucleon transiticns in the muon capture giant resonance must
hold, Let us consider, as an example, the nucleus 20 Ne

The neutron (6,6 MeV) and  « ~particle (8.1 MeV) thresholds
for the intermed ate nucleus 2 F decay are very close to one
another, The upoer states of the giant resonance may decay
directly on' N with ¢ - particle emission, Howewver, because of
hish Coulomb beé.rrier and the decrease of the structural factors

of the decay width it is unlikely that the « - particle channel

will dominate the: neutron one, The decay of =0F on the Y



excited states in energy region of 4=-8 MeV leads also to a -

particle decay, ( a - decay is the single decay channel in this

[36]

. . 20 -
the soft charged particles after muon capture in Yeé.However, they

energy region), Komarov et al, observed the high vield of
did not identify them,

The experimental checlc of the formulated predictions would
sive the possibility for better understanding of the muon capture

mechanism and would stimulate more detailed calculations,
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