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1. Iniroduéfion‘

The’presently available experimental data 6n the
neutron aSyﬁﬁéEry when polarized mudns‘are«captured by
the complex ﬁﬁciei/1_3/; are rather inconsistent. Ho-
weVef it is clear that the asymmétry depends strongly
on thekenérgy<cf the outgoing neutron. There are experi-
vmental_datavonly for nuclei, like 0, "?%si,%?s and “°ca
The most detailed theoretical investigation of the neut-~

ron channel in muon capture by the cdmplex nuclei

pT+(A,Z)» (A-1,Z~1)4n+v _ ‘ (1)
is performed/4/ for “He. Thisynucleus was chosenjfpr(the
detailed analysis for the following reason: the. structure
of the ‘He ground state and the residual nucleus;JHis
known better, than for heavier ones. This enables one. to
‘understand reliably the main features of the process (1).
The next step is of course, to exténd the célpulations
of the nuclei, for which there is experimental informa-

tion.



. The theoretical analy51s of the reactlon (1) in
4He shows a strong energy dependence of the neutron
asymmetry. At the same time the. neutron characterlstlcs
_appear to be very ‘'sensitive to the f1na1 state 1nterac—
tion between an outg01ng neutron and the re51dual nucle1."
y‘In the present paper we con51der the muon capture by
5o and/4/ pay . attentlon to the factors which, as was
~already found in the He case, can affect strongly the
neutron characterlstlcs.- 4

The follow1ng channels are cons1dered.

BN (12 gis.)vn +v, S (2a)
. 15 ‘ - . ) h : ’
§- +160 — 'N(3/2 ,E =6.33MeV)+n+ v, (2b)
ISy(1/2% E=5.3MeV)4n+ v, (20)
15y(5/2% E<5.3 MeV)+n+v. | (2d)

‘The capture rates into the positive parity levels of -
15w}are of a special interest. Their analysis requires
the knoWledge of some details of nuclear structure,.

| which are unimportant in the transitions to the pure
hole states of !*N. The investigation of channels (2c)
‘and (2d) together with analogous ones in the photonuc-
lear reactlon can give important 1nformat10n about the

165 and *n structure.



2. The General Statements -

We use the muon—nucleon Hamiltonian given by Prima-

koff/ /

coupling constants. The induced pseudoscalar constant is

. The generally accepted values are used for the

taken as a function of thenfour-momentum transfer q,‘as
was shown in the case of Hethe neutron characteristics
in the high energy region are 1nsen51t1ve to the mag—&

nitude of this constant"

2m, My
6 -4 —LN___ :
P CA m24q2

The first order relativistic terms in Hamiltonian are
‘taken into account (the terms proportional to py /M
where Py . is the nucleon momentum inside the nucleus and
M is the nucleon mass) .Calculating the neutron spectrum’
and asymmetry one needs, as was shown previously, to keep
the terms proportional to']<lg&/Mﬂb]2. Thevneglected
terms of the effective Hamiltonian proportional to @NMUZ

are unimportant because their matrix elements <Hp /MFL>
"are smaller than the former ones. The straightforward
’ calculation/s/ confirms the correctness of such an ap—
proach .
-Using the same mathematical technique, as in Ref./4/
we derive the expressions for the energy ‘spectrum and for

the asymmetry of the angular distribution relative to
dA
Edn

,asymmetry are the functions of the relative energy E of
N o

muon. polarlzation J%EL[haﬂDaNO]fThe spectrum and

.



'the outgoing neutron and the residual nucleus. However, '
‘the asymmetry of the “high energy neutrons 1n muon captu;'
“re by 10 will differ insignificantly from the calculated‘
: ‘value. v , -
| The preliminary results of the investigations of
'the process (2a) and details of the calculation were re—.

/4= 7/

we shall concentrate our attention on the general featu—

ported in Ref /7/. Again, as in the previous papers

res of the process (2). : it
The calculation is made in the framework of the
direct mechanism of the process by u51ng the d1storted
‘wave method. This mechanism 'is believed to be the basic
one for the outgoing neutrons with an energy higher than
10 15 MeV. The final state wave function of the nuclear

ystenl(’5N+n) is written in the following way

¥ i 1R ¥ ¥ .
*y =(2”}7 e J[Mf 1/2€(ﬁ:r)’ A  .‘ (3 )

where R is the c.m. coordinate of the nuclear system

(**N+ n) , ¢ its momentum; ¥ is the internal antisym-

, T Mg
metrized wave function of ¥ ' and

- ;E . "
‘1‘1/2€(p;r)=;4 T3 bjﬂ (pr)<fm 1/2p|jM> x

. (4)
<@ 1/26|M> Y, O @) x,,,

. is the function of the relative motion of the outg01ng

neutron and the residual nucleus ?iN .



In the expression (4)b (pr) is the radlal function.

It was calculated,numerlcally by solv1ng the Shroedlnger

equatlon wlth)the optical potential. The potential was
chosen in the’form:

= cwosenay  Lo_di) @3
V(r)=Ui(r)iW g(r)+lé.o"r = .Z‘” S,

f(c)=1/{1+exp[(r=R o)/al}, g(=expl ~[(r=R,)/bV}, (5)

‘a =065 fm ., b =0.98 fm., RO=rOA’/.3,.rO =1.25 fm

with two sets of'the‘Paremeters

U=-(48-03E)MeV,

W=-3VE MeV, - . : . .(6a)
U =(22-03E)MeV fm®
‘S.0. . L

——(525 06E)MeV ;

W=(25+03E)MeV : : .. (6Db)

. : . : . 2
U = (2-03E)MeV Im
's.o.

The parameters correspdnd‘te some averagde potential_in
this regioh of nuclei. The aim of the calculation with
"~ the two sets was to check the stability of the results.
‘The ground state wave functlon of o) contalns the
’51gn1f1cant admlxtureb of the two partlcle—two hole

(2p~2h) states to the double maglc core (m; Ob) . The



/8/

mainwap;Zhy‘components ‘seem- to be|1p/ 012s M>'

1/ o w?“ “"~

' andqu2 01 1dy201>.

The1r amplltudes are presently known only roughly.‘

/97,

We shall use one of the adopted sets

L R
is.)= - 1 1d=% 01540.20]1p? 01,28 O,
v (1%0,8:5.)= 082|0p 0h>+054[p 01 d/ 0>40.20] 1p] , 01,257 01>

The ground state and ] —%Q" P E,— 6.33 MeV level ofIiN;
were considered’as pure hole ones- (" pb6" and RV2 ,vres- N
pectively) . The positlve parity levels are of the’ apam-
type/lo/. The transitions to them are due to the mpam

‘components in the ground state of ! o Accordlng to

~ Ref. /10/, the 5@ level has the structure up‘?ub and’

the 172+ level —jj1p~%2sn, Therefore the asymmetry coeffi-
cient for the transitions to the hole‘anqup_zh)‘states“
should be independent of the amplitudes of the admixture.
This is not valid in the general case of ‘the’ tran51t10ns
to the other levels of the residual nucleus.

» Calculatlng the matrix elements we assume that all
the shall}model functions have their center of mass in
the lowest IS -state. This holds for all the states of
SN'/lo/and for the (0p-0h) component. As to the (2p-2h)
‘components, they contain a small fraction of the c.m.

Vexcitation therefore in thlS case our assumptlon holds
only partly. ’
After integrating over the c. m. coordlnate one
gets the delta-functlon of the momentum’ conservatlon. The

nuclear matrix elements have the following form



Ma ~2<Em1/2p|1M>< ZmI/ch]MbY (p)x

r S \ R o
| A <yp# 1,200, A=1)b* P* HEV Y 1,2,...,.4)>
\‘/A_ AJ[M[( ) 4 (gr) i (.?)xl/z#l A f 5 M;( : )> +
A(A‘1)<\I'* (1,2,.. ,'A-I)b* (pr)Y* (')x lb@ (¥ (1,240
\/Z- /L 1/2p A-1 M s

where VIM (1,2,...,A)is the 1nternal wave function. of the
initial nucleus with atomic number 4 . The operators i()

and bm)lare as follows:

(a) k (@) (@)

_ 1 5> L = 1 ‘I_-P o A=l 5 (a)
A ..exp{ i A ,pvr}OA , bA_I—expl.x ” p, i ’A_2pvrclOA 7

1 2 i) @ aa
O;)=1, OA =aA ’ O;)=—l1 .Vt ’ OA =—0 Vt H

(€3] “(2) o @) > 4) .o 1 2
OA—I— ’ A—-I=0A—-1 » OA—I——H (Vtc —:4-_—1Vt JA A1 .-_»J'UA—- (Vtc A—IVr )

A-1 A=-2
?=-> _ 1 s, - 2 -7 i __L__ A
A 1A—] i=l 1 c .A—I A=2 i=1 1

" The index for & indicates on which'particle'this‘operae'
:tor‘acts. The’vectors r and f, are the coordinates of the
relat1ve notlons, pv ©ois the'neutrino mcmentum;
The first - term 1n (9) is called the d1rect term
‘and the second one the exchange term. Usually the latter
is neglected In our calculatlons we neglect the exchange
term,too. At the end of the paper we shall brlefly dls~

cuss some effects related its 1nclu51on.



3. Results of Calculation

The results of the calculation of the energy spect—
rum and neutron asymmetry are given in Figs. 1-5. Again,
Qas in the case of “He the final state interaction chan~ -
ges: the neutron characteristics as compared with the
Lplane wave approximation and gives rise to the nonmonoto?
“nic energy dependence. The asymmetry becomes the oscillat—.
) ing function of the energy. .Such a property is steady and
:independent of a speC1al choice of. the parameters of
the potential Indeed, the results with the second set
(6b) of the parameters (Fig. 3) are almost the same .as.
with the first one (6a) The real 1nteraction is of a
more complicated nature, than that used in our calcula-
tions. In particular, for the high energy neutrons the
-volume absorption is found to be important. However,
feven in this case, the energy dependence of the asymmet~

111/

rum may be more sensitive to the details of the inter-

ry will have the same behaviour . The energy spect-
.action.

As follows from Fig. 1 and 2 the neutron asymmet—
ry for the: transitions to the ground state (1/27) has a ma-
ximum at about 40 MeV. The neutron. asymmetry for the
htransitions to the (/2 )levels at this energy has-a mini~h
t:mum. The maximum for the transition to the m/z)level is
?shifted to the lower energies.;r
h The data on. the tran51tions to the two pos1t1ve pa-
rity levels of "y at 5.3 MeV are given in Fig. 4. The
high energy neutron asymmetry for the ‘transition to the

1 0 ) N



5/2 1level is quite different from the other ones.vThe o
capture rate in the channels (2c) and (2d) is not so '
“‘large, i.e. about 1. 59zof the total one which is adopted
»to be equal to 1 0. 1ossec l This value is larger than
the predicted one by the giant resonance mechanism in
the framework of the particle-hole approximation. Howe—
ver it. does not exhaust the measured value. The same situ-
ation occurs in photonuclear reactions. For the complete
'hunderstanding of the excitation mechanism of the posi—
.tive parity states it is necessary to perform some addi-
tional investigations. It seems to be important to take )
into account the(apah)configurations for the dipole sta—'
tes of the intermediate nucleus N ‘in the framework
of the resonance model. "
‘ Experimentally the final nucleus is not detected
- in most cases. Therefore we need to sum up the transiti—l
’ons to the all: states of the final system. For the’ reac—
tions (2) ‘the main contribution to the total spectrum
for high energy neutrons comes from the channels (2a)
and (2b) The contribution of the last two channels (2c)
and - (24) is smaller than that of (2a) and’ (2b) On Fig.5.
.the energy spectrum and asymmetry summed up over the‘
‘four 1evels of N are given. The total asymmetry de—
" pends only slightly on the neutron energy and its peculi—
arities manifested in each channel disappear. Thus the

‘investigation of the trans1tions to. the definite ‘state

of the final system enables us ‘to reveal the particular
features of the process. In a less detailed consideration

they are not displayed.‘

11



on fig. 6 we give the ratic"R (in ‘percent)

Emax Emax to? -4
RE) -] 2 dE/ I
E dE dE

of the high energy'nentron yield as a function of E

_in the energy reglon "AE=E_,. -E to the'total neutron
Emadi tot. o
‘yleld. The capture rate for the latter case fgr——tﬁ
5 1~

is adopted to be ‘equal to 1.0.107sec.” . The hlgh ‘energy
neutron yield is very small. However fcr these neutrons ,
the asymmetry reaches a large value. .
All results given on Figs. 1-6 are obtained dis-
regardlng the exchange term. Let us consider its effect
taking for example, the transitions to:the hole states
in %y, In the ground state wave function of 1% e
_take into account only the (|0p —0h> component its ampli-
“tude being 0.82, according to eq. (7). In this case the
center of mass of both nuclei 0 and '°N is in the IS
state and itsjmotion'can be eliminated. The results
are given on Fig. 7. The exchange term decreases the
: neutrons‘yield and increases the magnitude of asymmetry.
The;energy dependence differs from that when the exchange
term is neglected. ‘ ' v
The problem of the exchange term is developed very
poorly. There are some open”questions,'particularly,
due to the fact that the initial and final nucleon sta-
tes are described by the functions of the different phe-
' nomenological potential. Tnerefore the thained result
should necessarily be considered as a pure qualitative

one.

12



4. Discussion

p The approach used describes only partly the proces—
Tses giving rise to the high energy neutron em1ss1on.nIt
' is known, that at high energy excitations of 1mportance
| Qbecome the clustering phenomena in nuclei Among them
lvery 1mportant are two—nucleon correlations. The cap-
ture by two nucleon clusters results mainly in two nuc-

‘,rleon emi351on. Thus, by selecting the transition leading

to the formation of the final nucleus (A -1,2- U 1n a de—=
yfinite state we eliminate to a considerable extent such
processes. Consequently, the 1nvestigation of neutron

‘spectra 1n c01nc1dence ‘with y -quanta of the re51dual

o m—IZ-U nuclei deexcitation enables us to 51ngle out

the process described by tHe single particle direct mec-
hanism. When the final nuclei is not fixed the real
h.neutron yield can differ significantly from the calcu~
lated one. Therefore the calculated value for .R(E) is-

to be ‘considered at the lower limit of the total yield.

Some short—range correlation effects on the channel

- of single—nucleon em1551on (l) were already con51dered in

5'rthe case of the /12/. Such correlations enrich the’

_h1gh energy components of “the nucleon momentum -inside the

" nucleus. As a result, the‘yield and asymmetry of neut-

. .roms in the tail of the spectrum are somewhat changed,

,but qualitatively the energy dependence of the asymmet—
ry remains the same. ‘
' It should be- noted -that for the. description of the

" nucleon motion inside the nucleus we choose the wave :

13



functions of the‘harmonic'oscillator (H.O.) potential.be'
' we make use of more reallstlc functlon, say, of the .
beods Saxon potent1a1 1t w111 also result in enhancement,
of the hlgh momentum components. Thus, one can expect
'that the substltutlon of H.O. potential by the Woods-
Saxon one w111 1ead to effects whlch are to some extent
similar to the short range correlatlon effects

Thus the present ana1y51s of hlgh energy neutron

characterlstlcs in muon capture shows that for the ‘under-
standlng of the mechanlsms of the process one needs to
' have more deta11ed exper1menta1 1nformat10n, wh1ch can be
extracted from the part1a1 tran51t10n characterlstlc

studles
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0 IE’-JZ 48 64 E,Mev
Fig. 1. The energy spectrum and angular dlstrlbution
asymmetry in the reaction’ om,vm 5N(U2 é&s.):. 1. Distorted

wave calculation with the potential (6a) . 2. Plane wave
approxlmation.
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Fig. 2. The energy spectrum and angular d1str1but10n
asymmetry in the reaction 0(u5vn)T5N(3/27,E =6.33 MeV): °
1. Distorted wave calculation with the potentlal (6a)
. Plane wave approximation.

S 4%, sechey’

W ysecmev”!

-0,2 1 II' \ | |
0 (6 32 48 &4 EnMev

0 ‘V
'a,z - y - 1 [ X N
T 0 15 32 48 64 E mev
, : . : A 3
Flg. 30 The energy spectrum and asymmetry 'in the reactlon

So(p~,vn) '¥N(1/27,4:5), calculated with the’ second set
(6b) of optical potential parameters. : :
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Fig.”4..The energy spectrum and asymmetry, calculated

with optical potential (6a): l. the reaction
O(u=vn)

160w~y *N(1/Z5E - 5.3 Mev),2 . the reaction'®

xza‘ I‘II | ]

N(5/2 % E=5.3MeV),

02t \/ 1

0 (6 32 48 64 EMev

1

0 (6 32 48 &4 E Mev

'Fig. 5. The energy spectrum and asymmetry sgmmed up

over the four final states (g.s., 3/2 , 1/2" and 5/2

of 15N o —
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Fig. 6. The total yield (in percent) of the hlgh energy
neutrons as the functlon of the cut off energy

L] 2 i O

10°

107!

10°°

1071 .
0 /5 32 48 64 E, Mev

] 1 1 1 ]
0 16 32 48 64 E Mev
| o

Fig. 7. The. energy spectrum and asymmetry calculated ‘
with optical potential (6a). The exchange term is included:
1. the reaction ’60m,vm’5N6U2 18:8.),5 2.:the reaction .

'O([J. ,vn) N(3/2 ,E=6.33 MeV).
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