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1. Introduction 

The .!!presently available experimental data on the, 

neutron as~etry when polarized muons arecaptured by 

the complex nuclei/l-3/ 1 are ratper inconsistent. Ho­

wever it is clear that the asymmetry depends strongly 

on the energy of the outgoing neutron. There are experi­

mental data only for nuclei 1 like 16 o 1 , 
28 Si 1 

32 s and 40ca. 
The most detailed theoretical investigation of the neut­

ron channel in muon capture by the complex nuclei 

p.- +(A,Z) ... (A-1 ,Z-l)+n+:v ( 1) 

' /4/ ' 4 ,, . 
is performed for He. This, nucleus was chosen for the 

detaile~ analysis for the. followin~ reasort: the. structure 

of ,the 4He ground state and, the residual nucleus ,
3 
His 

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 extend the calculations 

of the n~clei, for which there is experimental informa­

tion. 
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. The theoretical analysi~ of th~ ~eaction (1) in 
4 . -

He shows a strong energy dependence of the neutron 

asynunetry. At the same time the_neutron characteristics 

appear·to be very sensitive to the final state interac­

tion between an outgoing neutron and the residual nuclei. 

In the present paper we consider the muon capture by; 
-
16 o and/4 / pay attention to the factors which, as· was 

. already fOUnd in the 4 
"Jfe CaSe 1 Can affeCt Strongly the 

neutron characteristics.· 

The following channels are considered: 

15.N (1/2-, g;s,)+n + v, (2a) 

- 16 
ll + 0 

15N (.3/2-;E =6~3.3 MeV )+n + v, - (2b) 

15
N(l/2 +,E=5..3MeV)+n+ v, (2c> 

15-N(S/2~ E=5.3 MeV )+n+ v. (2d) 

The capture rates into the positive parity levels of 
15N 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 15 ·N. The investigation of channels (2c) 

and (2d) together with analogous ones in the photonuc­

lear reaction can give important information about the 
16o and 15N stru~ture. 
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2 •. The General Statements 

We use the muon-nucleon Hamiltonian given by Prima­

koff151. The generally accepted values are used for the 

couplirig constants. The induced pseudoscalar' cori~t~nt is 

taken as a· function of the1 four-momentum transfer q; .as 

was sho~n in the case of 
4
Hethe neutron characteristics 

'<,' 

in the high energy region are insensitive to the mag- · 
I • . 

nitude of this constant: 

• J 

The first order relativistic terms in Hamiltonian are 

taken into account (the terms proportional to pN I M , 

where PN. 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 l<l eN/ M:l'>:l 2 
• The neglected 

terms of the effective Hamiltonian proportional to (pN/Ml 

are unimportant because theirma~rix elements <l(pN/MP:l'> 
·are smaller· than the former ones. The' straightforward·· 

calculation161 confirms the correctness of such an ap-

preach. 
. . /4/ 

Using the same mathematical technique, as in Ref. , 

we derive the expressions for the ·energy ·spectrum and for 

the asymmetry of the angular distribution relative to 
2 . 

muori. polarization· '-~=· W(E) [l+a(E)cosO].'The spectrum and 
dEdO.. .4rr 

asymmetry are the functi'~ns of thtk reldti ve. e'nergy E of 
./ 
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the outgoing neutron and the residual nucleus. However, 

the asymmetry of the high energy neutrons in muon-captu­

. re by 16 o will differ insignificantly from the calculated 

value. 

The preliminary results of the i;nvestigations of 

the process (2a) and details of the calculation were re­

ported in Ref./7/. Again, as in the previous papers/4- 71, 
we shall concentrate our attention on the general featu­

res of the process (2) • 

The calculation is made in the framework of the 

direct mechanism of the process by using the distorted 

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 

system( 15N+n) is written in the following way 

"' 1 IQR 
Tf = -- e 'I' 'I' .. (2rr/ J

1
M

1 
1;2 /il;r), (3 ) 

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

( 15N+ n) , Q .. its momentum; '1'
1 

M is the internal antisym­
t I 

metrized waye function of 15N and 

'1'1; 2 /p;-;)=•4 rr}; ·ifbi£ (pr)<fm1/2p:jjM•>x 

" " 
<fm 1/2lljM•> Yen, (r)Ye=, (p) X1; 2p 

(4) 

is the function of the relative motion of the outgoing 

neutron and the residual nucleus 15·n • 
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:mework of the 
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l to be the basic 
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ling way 

(3 ) 

lUclear system 

~ internal antisym-

(4) 

.of the outgoing 

l 

In the expression (4) b~ ~~ is the radial function. 

It was calculated numerically by solving the Shroe~inger 

equation ~ith. the optical potential. The potential was 

chosen in the form: 

V(t)=Uf(t)+oiW.g(t)+·u !._. ddf(t) f .·s, 
. s.o.· t t 

f(t)=llll+exp [(r-R 0 )/a] I, g(r)=exp{ -[(t....;R0 )/b]
2 1, 

1/3 
a =0.65 fm ., b =0.98 fm., R

0 
= t

0 
A . , t0 =1.25 fm 

with two sets of the parameters 

·u =- (48-0.3 E)MeV, 

w =-.3yE MeV, 

u • 2 
= (22- 0.3 E )MeV fm 

s.o. 

U=-(52,5 -0,6E)MeV 

W = .:...(2.5 + 0.3E)MeV 

U = (22-0.3E) MeV fm 
·s.o. 

2 

(5) 

(6a) 

(6b) 

The parameters correspond.to some average potential in 

this region of nuclei. The aim of the calculation with 

the two sets was to check the stability of the results. 

The ground state wave function of 16
0 contains the 

significant admixture of the two particle-two hole 
" (2p-2h) states to the double magic cor~ (Op-Oh) • The 

7 



. . . . /8/ . . 2 2 
main (2 p.:. 2h) components seem to be '11 p- · 01; 2s . oi> Y:i . . Yz 

andii1Py: 01 ;1d~2 01·>. 
Their ·.amplitudes are presently known only roughly. 

We shall use on~ of .the adopted sets/9/: 

'P (6 o,g.-s.)=0.82:lOp-Oh·>+0~54:1Jp -
1

2 iJ1,1d -
1

2 
O.lo>+0.20:pp

2
/ 01,2s

2 01'>~ 
1 2 . 5 2 . 1 2 1/2 

The ground state and J" =.3/2- , E = 6. 33 MeV level of
15

'N 

were consiqered · ~s pure hole ones, ·( p ~~2 and p-;j2 , . res- -­

pecti vely) • The. positive parity levels are of the (1p-2h)-
/10/ . . . -type . • The transitions to them are due to the (2p-2h) 

components in the ground state of 16~. According to 
Ref .flO/, the 5/2+ level has the structure :pp-21d> and· 

the 1/2 + level-il1p-2 2s'>• Ther~fore the asy~etry cbeff~­

cient for the transitions to the hole and_(1p-2h) states 

should be independent of the amplitudes of the admixture. 

This is not valid in the general case of the transitions 

to the other levels of the residual nucleus. 

Calculating the matrix elements we assume that all 

the shall model functfons have their center of mass in 

the lowest 1S -state. This holds for all the states of 
15 . . /10/ 

N and for the (Op-Oh) component. As to the (2p-2h) 

components, they contain a small fraction of the c.m. 

excitation therefore in this case our assumption holds 

only partly. . 

After integrating over the c.m~ coordinate one 

gets the.'delta-function of the momentum conservation·. The 

nuclear matrix elements have the following form 

8 

M -I <·fm'1/2 p:lj 
a 

{L<'P* ( 
VA 1 tMI 

A(A-1)<'1'* 
. ,;:;;: JiM! 

where 'P1 M (1,2, ••• ;A 
i I 

initial nucleus 
and h(a) are as j 

A-1 

(a) I . A-1 .;. ... lc f = exp -'l --p r 
A . A ,v 

0(1) -1 0(2) ... 
A - 1 A =UA ' 

0
(1> -1 ·o(2) - .... 

- ' -U , l 
A-1 -A-1 A-1 

.... .... 
C=C 

A 

1 
A-1 

--- I1 
· •A-1 i=1 1· 

The index for ; 

· tor acts . The v' 

relative notion 

The first 

·and the ·second 

is neglected. I 

term,too. At th 

cuss some effec 
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. · 2 . 
01,2s / 01•>. 
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:y~etry ,cbeffi­

. nd. ( 1p-2h) states 
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: of the ·admixture. 

1f .. the transitions 

:leus. 

~ assume that all 

mter of mass in 

:L the· states of 

; to the (2p-2h) 
.. 

.on .of the c.m. 
' 

Lssumption holds 

>ordinate one 

~-conservation. The 

dng form 

1 

" 
Ma - I<.£m'1/2tt:liM·>< £iii-1/2£:liM•> Yf'm (p) x 

where '¥l;M
1 

(1,2, ... ,A)is the internal wave function of the 

initial nucleus with atomic number ·A • The operators/~) 
and h(a) are as· follows: 

A-1 

f
(a) I . A-1 ... ... }O(a) h (a) I. 1 .... ... A-1.... .... (a) 

= exp -·z --p r · , =exp !I ~"- p r -·i--p r l 0 · 
A A . v A A-1 A v ·A-2 v c A-1' 

·o<2J .... 
=U 

A A 

. (3 ..... 
0 )=-tiV , 

A . r 

0
(1) --1, . (2) .... (3) ..... 0 =U , 0 · =-!! (V 

A-1 -A-1 A-1 A-1 r 0 

(4) .... "rt 
0 =-!IU V 

A A r 

1 .... ---v 
A-1 r 

. (4) • .... .... 1 .... 
) 0 . =-!IU (V ---V ); 
' A-1 A-1 rc. A-1 r · 

-+ -+ 1 A-1 
r=t .---It 

A •A-1 i=l i 

A-2 

rc =_-;A-1 - _1_ I-; . 
A-2 i=1 i 

The index for ; indicates on which· particle this opera­

tor acts. The vectors ? and ? are the coordinates of the c 

relative notions, p v is the-neutrino momentum. 

The first-term in (9) is called the direct term 

·and the second one the exchange term. Usually the latter 

is neglected. In our calculations we 'neglect the exchange 

term ,too. At the end of the paper we shall brie_fly dis­

cuss some effects related its inclusion. 
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3~ Res~l~s of Calcula~ion 

The results of,~he cal~ulation of the eneigy spect­

rum and neutro~asymmetry are given in Figs. 1-5. Again, 

as in the case ~f 4 He, · .. the final state interaction chan­

ges the neutron characteristics as compared with the 

plane waye ap~roximation and gives .rise to the nonmonoto­

nic energy depende~ce. The asymmetry becomes the. oscillat­

ing function of the energy. Such a property is steady and 

independent 6f a special 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 interaction 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. Ho~ever, 

even in this case, the energy dependence of the asymmet-
/11/ ry will have the same behaviour • Th~ energy spect-

rum may be more sensitive to the details of the inter­

action. 
As follows ·from Fig~ 1 and 2, the neutron asymmet­

ry for the transitions to the ground state (1/r) has a ma­

ximum ·at about 40 MeV. The neutron asymmetry for the 

transitions to the ~/2) levels at this energy has a mini­

mum. The maximum for the transition to the (3/2-)level ·is 

shifted to the lower energies. 
The data on.the transitions to the two positive pa­

. rity levels of 15
N at 5.3 MeV are given in Fig. 4. The 

high energy neutron asymmetry for the transition to the 
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·tant. However, 
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~h~ energy spect-

.ls of the inter-

~ neutron asymmet­

;tate (1/2-.) has a ma­

;ymrnetry for the 

; energy has ·a mini­

>, the (3/r )level is 

1e two 
< ·. 

positive pa-

/en in Fig. 4. The 

transition to the 

. 
5/2+ level is quite different from the ,other ,ones~ The 

capture rate in the channels {2c) and {2d) is not so 

large, i.e. about 1. 5 % of the total one which is adopted 
5 -1 ' . 

to be equal to 1.0.10 sec • 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 

understanding 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~p-2N configurations for ~he dipole sta­

tes of the intermediate nucleus 16 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

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 {2d) is smaller than that of {2a) and {2b). On Fig.5. . 
_the energy spectrum and asymmetry summed up over the 

four levels of 15 '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 transitions to the definite :st~te 
of the final system enables us -to reveal· the. particular 

features of the process. In a less detailed consideration 

they are not displayed• 
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On Fig. 6 we give the ratfo 'R (in percent) 

Emax dA Emax 
R(E) = f -dE/ f 

E dE o 

tot · 
dA dE 
dE 

of the high energy neutron yield as a function of E 

in the energy region ~E=E max -E to _the total neutron 
, EmaxdA tot 

yield. The capture rate for the latter case J ~dE 
5 -1 . 

is adopted to be equal to 1.0.10 sec .• The high energy 

neutron yield is very small. Howeve~ for' these neutrons­

the asymmetry reaches a large value. 

All results given on Figs. 1-6 are obtained dis­

regarding the exchange term. Let us consider its effect 

taking for example, the transitions to the hole states 

in 15N. In the ground state wave function of 160 . we 

. take into account only the IIOp -Oh·> component its ampli­

tude being 0.82, according to eq. (7). In this c"ase the 

center of mass of both nuclei 16
0 and 15

·N is in the 15 

state and its motion can be eliminated. The results 

are given on Fig. 7. The exchange term decreases the 
I 

neutrons yield and increases the magnitude of asymmetry. 

The· energy dependence differs from that when the exchange 

term is neglected. 

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. Therefore the obtained result 

should necessarily be considered as a pure qualitative 

one. 
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4.'Discussion 

The approach used describes only partly the proces­

ses giving rise to· the high energy neutron 'emissi~·n~ It 

isknown, that ~thigh energy excitatic;;nsof impor~a~ce 
·become the cluster~ng phenorn~na in nuclei. Among them 

very important are tw~-nucle~n correlations. The cap-
• : < ' :f· ' 

ture by two nucleon clusters results mainly in two nuc-

. leon emission. Thus,. by selecting the trans! tion leading 

to the formation of the final nucleus (A-1,Z-1) in a de­

finite state we eliminate to a considerable extent such 
. . 

processes. Consequently, the investigation of neutron 

spectra in coinciden~.e with ·r -'quanta' of the residual 

(A-1,Z-1) nuclei deexcitation enables us to single out 

the process described by t~e single particle direct mec­

hanism. When the final nu~lei is not fixed the real 

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 correlati~n effects on the channel 

of single-nucleon emission (1) were already considered in 

the case of. the 4 Be /l2/. Such correlations enrich the· 

high energy components of the nucleon momentum inside the 

nucleus. As a result, the yield a.nd asymmetry o~ ?eut­

rons iri the tail. of the spectrum are somewhat changed, 

bu~ qualit~atiyely th~· energy depe~dence. of the' asymmet­

ry remains the same. 
It should be noteq, tha;t for the description·,of the 

nucleon motion inside the nucleus we choose the wave 
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functions of the harmonic oscillator (H.O.} potential. If 

we make use of more realistic function, say, of the 

Woods-Saxon potential 'it will als~ res~lt in enhancement 

of the' h'igh momentum components.- Thus I one can expect 

that the substitution of H.O. potential by the Woods­

Saxon one will lead to effect~ which are to some extent 

similar to the short range correlation effects. 

Thus the present analysis of high energy neutron 

characteristics in muon capture shows that for the under-
,·, 

standing of the mechanisms of the process one needs to 

have more detailed experimental information, which can be 

extracted from the partial transition characteristic 

studies. 
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Fig. 1. The energy spectrum and angular distribution 
asymmetry in the reaction 16 0(/L-,vn) 15N (1/2-; A;s.):. 1. Distorted 
wave/calculation with the potential {6a). 2. Plane wave 
approximation. 
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Fig. 2. The .energy spectrum and .angular distribution. 
a·symmetry in the reaction 16o(p.-,vn)'15·N(3/T,·E=6.33 MeVj: ~ 
1. Distorted wave calculation with the potential (6a) ~ 
2. Plane wave approximation. 
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Fig. 3:. The energy spe'ctrum· and :asymmetry in -the reaction 

16 o(p.- ;vn) 15 'N(1/2-,g;s,), calculated with the· second set 
(6b) of optical potential parameters. 
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Fig •. 4. The energ~ 
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16 15 . n+ ' · O(p.-,vn) N(l/~;E= 5.3 Me.~ 
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Fig o 4 o The energy spectrum and·. asYmme-try, calculated 
with optical potential (6a): 1. the reaction 

16 . 15 . n+ . . • -'6 15 ·O(~t~vn) N(1/~;E=5.3MeV),2othe rea?t~orr O(r,vn) 'N(5j2+,·E=5.3.MeV)o 
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Fig. 6. The·total,yield _(in percent} of the .high energy 
neutrons a's the function of the cut.off energy E 

R 
f0 I 

tO' 
I 

tO"' L 

I 
to·2 

\ 

Q 

I 

""' 
j 

\ I 

to·" _ _L 

0 16 J2 ~8 61t E, Mev 

.• 

'' 

..... .. 
> 
~ .... 
0 

u 
~ .. 

~~~ 

f0"ll 1 I ,/. I I 1\ ' I 

0.'1 

0 

o 16 32 lt8 6ft £, lfev 

0 
Fig. 7. The energy spectrum and asymmetry calculated 
witn optical. potential (6a} •. The exchange term is included: 
1. the reaction 16 O(p.-,vn) 15 .N(l/2-,g.s.), .. 2. :the reaction 

16 
O(p.-,vn) 15N(3/r, E =6.33 MeV). 
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