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Bo36y xneuue MaTHUTHHIX OHNONBHLIX COCTOSIHHI B npoleccax
panuauHoNKOro 3axBaTa 7 =-Me30HOB sapam~” lp-ofonouku

B pamkax MOfenu OGOJIONEK C NPOMEXYTO4HOR CBA3kID PacCMOTPeHO
poaGykOeHHE COCTORHHR MACHHTHOIO NHNONLHOIO pe3osaxca-B s£apax lp-~
-ofoJioyk# B Mpouecce pPaAHalUMOHHOrO laxsaTa s~ -mMe3ohos. [Ipobenexo
cpaBHeHHe co CnexTpoM Ro3byxaenus Ml-pesaowanca. lMoxasasp, 4TO
B npouecce (7)) MperMyleC TBEHHO BOABGY KAAKTCS Te hC COCTOSHHH, HTO
H B cnydae MIl-pe3onaHca. Bonee cnoxhas cTpykTypa ofleparopa nepexo-
na npouecca (77,v) u GoNblive 3HAYeHUN NEpelAHHOrO HMNYAbCA NPHBOLAT
K YCHIIGHHIO BEpOAT {0CTH BO3GYXASHHA COCTORAHHA, KOTOphie BHIH Oogas-
TeHn B cnyyae Ml-pe3oHaHca B BO36YXIeHW® HOBbiX. flpoaHanuaupopas
OCHOBHME 3AKOHOMEPHOCTH Boabyxnerws Ml-pe3onasca B 4eTHbIX ¥
He4YeTHbx aapax lp-o6onoukH. [IpuBeseHtl sxCHepHMeHTaNbLHBIE U
TeopeTHYECKHe AHadeHUd BeposiTHocTH B(M1) mepexoagos.
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1. INTRODUCTION

It has been shown that in the radiative
pion capture

7 4 (AT - (AZ-D oy (1)

those low-lying states are strongly excited
the analogs of which in the initial nucleus
form Ml -resonance /1-%/, This is due to

the fact that in the transitions without
changing parity of nuclear states the domi-
nating component of the(sy’amplitude in

the pion capture both from s~ and p-orbits
is proportional to the sp:in isovector part
of ‘the electromagnetic Mi-ttansition. A morc
complicated structure of the () amplitude
and a rather large value of the transferred
momentum result in some change of the rela-
tion between the intensities of lines and

in the appearance of the new ones as com-
pared with the electromagnetic case. Among
the low-1lying states of a daughter nucleus
mostly the states forming the Mi-resonance
are excited in the muon capture too. In the
muon capture the amplitude of the allowed
transition in its structure resembles even
more the isovector component of the electro-
magnetic transition amplitude than the (a,))
one. Therefore it is of interest to compare
the excitation spectrum of atomic nuclei in
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all three processes in order to establish
general regularities in the excitation of

the Ml-resonance in atomic nuclei. On the
other hand, one can specify effects which
are peculiar to each type of the transitions.
We have partly discussed these problems in

paper

2. BASIC IDEAS

The yield of hard y-quanta in the process
(1) in 1p-shell nuclei is equal to the sum
of yields R=R_+R_ due to the pion capture
from s- and p- -orbits. The quantity R, is
defined by the ratio of the radiative cap-
ture rate Ay to the total pion capture rate
Age. from circular orbits with orbital mo-
mentum £, the principal quantum number n=/¢+1
and the absorption strength o,:

R )‘Z+n,€

E= w .
Al’+l,f t
The radiative capture rate is calculated by

(1+m /MP) 1 . 9
Ao = ) fdQ_,E|<JfolQiJ.M,>[ ,
(1+k/AM ) “‘n (2 +1X2+1) Kk vl
N 1
(2)
where
Q = i~ Z f expf—lkr lé obm (r ) (3)

i=1
and f. is the process amplltude on proton.
Taking into account the linear in pion mo-
mentum q terms it has the form:

vz f=r(-)ilA(;;:\)+ Ble, XK@ +CERIE, 3)+iDe, @xB1, (4)



where P |p>=\/_2—ln> ;:}\ and k are the polari-
zation vector and the momentum of outgoing
y -quantum, respectively. Usually the fol-
lowing values of the constants entering
into expression (4) are used:
A=-0.0332m~" ; B=0,0048m%;C=-0,0329m~%; D=0,0117m "
e m [ m
. . > . '3/
The pion wave function ¢, ) was obtained 3
by solving the Klein-Gordon equation; the
mesoatomic parameters wp and Ap are given
. 4 +1,0
in Tables 1 and 2.

Table 1
Transition rates and yields of y-quanta in
the radiative pion capture by even 1p-shell
nuclei

= P

rarget Final nuolews Aus Az in 10 Iouonta;z

L r -
mucleus | g% £ Mev 1105 Y10%e R, Re | R

ot o 1,89 | 0.48 | 25.3 | 12,7 | 38,0 | A, =195 ¥
61(2%0)] 2* 1.80 | o0.61 ] 0.35 | s.26 | 9.23 | 17.39 | e, - 0.4

2* (4.2) 0,22 | 0419 | 2.00 | 4,94 | 7.95 | A,,-0.015 e

o* (6.8) 0.41 | 0.10 | 5.53 | 2.70 | 8.23 | (p=0.6

ot o 0,38 | 1,20 | 0,29 | 1.98 | 2.27

2* 3,37 1.69 | 2.56 | 1.49 | 4.2 | 5.70
2% 5,95 [10.29 | 595 | 8.05 | 9.79 [17.84 | A, <1.68 ke¥
10pca%0) | 2% 7.5 0.3¢ | 0.42 | 0.27 | 0.68 | 0.95 | w,-0.2

1* (8.5 ) 0.27 | 0,74 | 0.21 | 1.22 | 1.44 | Agp20.32 o¥
* (9.3) 4.23 | 2.12 | 331 | 3049 | 6.80 | (), 0.8

2* 9.4 [ 0,27 | 0.77 | 0.21 | 1.27 | 1.48
4% (11.4) 1.21 | 1.43 | 0.95 ] 2.36 | 3.m1
3* (13.2) 0.98 | 1.06 0.77 | 1.74 | 2.51

1t o 13.00 | 9.19 | 4.09 [ 5,04 [ 9.23 | A, - 3.14 kev
2* 0.95 1.20 | 6.49 | 0.34 | 23.58 | 3,92 | o), -0.15
12c00* o) 2* (5.6) | 0.61 | 4.01 | o0.22 | 2.23 | 2.42 | Ap« 1.02 e¥
Wps 0,85

ot o 0.32 | 2,91 | 0.04 | 0.82 | 0,86 | Agy=4.48 kev
2* 7.01 |17.60 J27.10 | 2.60 | 7.63 J10.23 | Ws~0.1
2* 8,31 {17.60 [27.10 | 2.60 | 7.63 [10.23 [ Ay, 2,1 ev
Mut o) 1% (9.5 | .84 1324 | 0.5 | 3,70 | 427 | w009
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Table 2

Transition rates and yields of y-quanta in
the radiative pion capture by odd-even
Ip -shell nuclei

Target Final nuolews A in 10~* Mesoatomio
nucleus 1 20 parseters

" | :
J* E N‘”[fﬂ“ﬁu"] /0“5«'] Rs Rp R
. |27 0 J0.107 | 04120 | 1045 | 2.97 | 4443 | A,r195 ev
Tui( %)| 172" (1.2)[0.200 | 0.076 | 2.69 | 1.67 | 4.56 | w,-0es
3/2° (3¢3)] 0,013 | 0.016 | 0.18 | 0.28 | 0.96 Agp - 0,016 o¥
9/2" (3.4)] 04036 | 0,022 | 0.48 | 0456 | 1,00 | wp<0.6

7 0 |o.41¢ | 0.344 | 1.38 | 0.99 | 2,36 Ny =0.591 keV
1/2° 2.7 ]0.020 | 0,052 | 0.07 | 0.16 | 0.22 Wy 0.3

5/27 (3.7)] 0:324 | 0,222 | 1.08 | 0463 | 1.72 | Ay, +0.16 o¥
93:({5) 3727 (4.9)f 0,416 0,113 | 1.39 | 0.32 | 1.72 Wy 0.7

7/27 (6.2)] 04037 | 06093 | 0422 | 0427 | 04239
3/27 (7.2)§ 0,042 | 0,202 | 0,14 | 0.29 | 0.43
5/2" (7.8) 0,079 | 04133 ] 0.27 | 0.39 | 0.64
772" (9.5)] 0.062 { 0.1%8 | 0,21 | 0.43 | 0.66

1727 0.3 ]1.80 1,328 | 1.41 | 2,19 ] 3.60 Ag= 168 ko¥
3/27 (2.1)] 2.37 1.741 | 1,86 | 2.86 | 4.72 Wy 0.2
113({5} 5/27 (4.2){ 0,999 | 1.420 | 0.47 | 2.33 | 2,80 | Ag-0.32 ov
/2" (4.8)] 0.826 04250 | 0.65 | 0,90 | 1.55 tpr 0.8
772" (746)§ 0,086 | 0,427 | 0.07 | 0.70 | 0.77
3/2" (7.6)] 0,200 0.380 | 0.16 | 0.62 | 0.78

. 2" 0 |21.84 | 16,31 | 372 | 8,94 | 12,66 | A, = 3014 ke¥

c(% %) WDy 0,15
Agp> 1,02 o¥

HJ"O-”

The reduced probability of the magnetic
dipole transition BM1D is determined in
a standard way.

The states of normal parity of atomic
nuclei (except for °Li ) have been descri-
bed by the wave functions calculated with
the Cohen-Kurath parameters/# in the ver-
sion (8-16) 2BME. The wave functions of



the nuclear system with atomic number A-6
have been used from the paper by Barker /5
There is usually the dominating component

p® A*T*3+ 1L > 4n the wave functions of
the low-lying states or 1p-shell nuclei
if they are written in the scheme of I.-8
coupling. If this component is known one can
understand qualitatively the regularities
of the nuclear excitation. Therefore when
analyzing the obtained results we shall
refer to paper /6/which contains the struc-
ture of the wave functions of 1p-shell
nuclei within the scheme of L-S coupling.
The symbol [A] denotes the Young spatial
scheme which describes the symmetry of the
wave function, T is the isospin, § - spin,
. - orbital and J- total moments of the
nuclear system; n is the number of par-
ticles in 1p -shell.

3. THE RESULTS

The quantities BM1) and R are given in
Figs. 1-4. Tabies 1 and 2 represent the
same quantities and also Ap, ; and R, .

The calculated values of the level energies
somewhat differ from the experimental ones.
One can uniquely determine the correspon-
dence betwcen the theoretical and experi-
mental po:itions of levels, given in the
figures, 1y the quantum numbers of levels.

In Figures 1-4 the excitation energy of
nuclear states is reckoned from the ground
state of the target nucleus. In the tables
when the experimental positions of levels are
unknown, the theoretical values are given
(in brackets).
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Fig. 1. Excitation of Mi-resonance in radia-
tive pion capture and electromagnetic tran-
sitions at long-range limit on °Li and ''n.
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Fig. 2. Excitation of Ml -resonance in radia-
tive pion capture and electromagnetic transi-
tions at long-range limit on !2C and !4N.

The figures and tables present the stron-
gest transitions. The contribution of the
rest ones is small and can be neglected.
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3.1.0dd-0dd Nuclei

“Lia’ . 0). In °Li there occurs a strong
strength concentration of the Ml -transition
on the Jlevel with quantum numbers d47T;
E=01; 3.56 MeV (Fig. la). The spatial
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This provides the concentration of the M1-
transition. In (=y) and @, processes among
+he transitions to the low-lying levels of
®He the strongest is the ground state
one J"T =0™1). The dominating component in
the wave functlon of the 4"T; E =2171.8 MeV
state in ®He has the orbital moment L =2¢lp o)
The Mi-transition to an analog of this level
in ®Li proceeds only due to small admix-
tures to the wave function and therefore
its intensity is very small. In (7)) and ()
processes the leveld"T=2"1 is excited much
stronger due to a more complicated structure
of the transition amplitude and large va-
lues of the transferred momentum. In par-
ticular, in the (s,y) process the ratio
R2*)/ROM is very close to 0.5.

In the excitation spectra there is no
resonance with the quantum number J7T =1%1.
This resonance is specified by the wave
function [1p2[11]133P, > with the antisymmetric
spat1a1 component whereas the °Li ground
state is mainly specified by the symmetric
component. The transition between these
states due to the operator rd is forbidden.
The suppression of intensity occurs also
for the (=y) process.

HNato). In the wave function of the
ground state of this nucleus the dominating
is the component [1p!0[442]!1%D | >. The M1 -
resonance is connected w1th the 47T =2"1
state excitation. In the wave functicn of
this resonance the dominating is the com-
porent [1p!9[442]3!D,> which provides almost
a complete 0ver1app1ng of spatial parts.

Due to the admixtures of higher 2heo confi-
gurations this level is splitted into two
levels so that each of them contains the
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component {1p'?[4421*' Dy~ almost with equal
weight. In Fig. 2b this specific property
of the excitation of this level is taken
into account. Like in °Li the level 47T -1*1
in the Mi-transitions is weakly excited
due to a poor overlapping of the nuclear
wave functions specified by the selection
rules according to the Young scheme. This
level is excited somewhat stronger in the
(m,y) process.

3@ oy, In the ground state wave
function of '"B the main contribution (about
60%) comes from the component |1p®i42] "D, -,
The Mi-resonance in I0R i= connected with
the excitation of the levels J4°T-2"1 through
the component i1p®{42}3lp,~ (Fig. 1b). In com-
parison with °Li and '*N the Ml -resonance
is noticeably spread since the leading com-
ponents are also spread. The excitation of
states with the spins J7-3' and 4" in Mi-
transitions proceeds with lower intensity,
since in the wave functions of these reso-
nances the component with the Young scheme
{421 is specified by a state with an orbital
moment different from L =2. Therefore, the
excitation of resonances with the quantum
numbers 47 3' and 4' is due to the admixtu-
res to the leading component of the ground
state.

The spectrum of nuclear state excitations
in the (s)) process is much richer than in the
electromagnetic one. Nevertheless, the main
maximum is connected with the excitation ot
the same level d"T; E=2'1; 5.96 MeV as in
purely electromagnetic and muon capture
processes.



3.2. Even-Even Nucleus 12¢

The transition to the level J"T;E =1"1;
15.1 MeV takes almost the whole strength
of magnetic dipole transitions (Fig. 2a).
The Ml-transitions with AT=1 in an even-
ev n nucleus is characterized by rather
a pvor overlapping of the spatial components
of the ground state and resonance wave func-
tion. The wave function of the !?C ground
state contains mainly a component with the
Young scheme 144} :

1 13
w0 0)- 0851441 S+ 05004311 P.

The component with this Young scheme is not
realized in the wave functions of resonar-
ces with T-1. Therefore it does not contri-
bute to the formation of the Ml-resonance.
Thus, higher multipoles in (s,y) amplitude
should be exhibited in transitions in even-
even nucleus. The J'T=2*1 state«is strongly
excited. Nevertheless, the main maximum

is connected with the excitation of that
level, which forms the Ml-resonance.

3.3. 0dd-A Nuclei

In odd-A Ip-shell nuclei the Mi-reso-
nance with AT=1 is strongly suppressed due
to a poor overlapping of the nuclear wave
functions. In fact, in the ground state of
odd-A nuclei the leading are the following
components of the wave functions:

TLitg(3/2” 1/2) =0,99]1p> [3]22%/2 >

"Be:yy (3/27 1/2) = 0,9011p~”[4112""l33/2>+0,40|1p5 [41]”133/;,
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>+0,571p 1431°%D, -

p.w/2” 1/2)<0,64/1p° [431°°P ”

3/2

Bewya/2” 1/2)=0,89{1p9[441]22[-’]/ .

Such Young schemes are not realized in thre
wave functions of daughter nuclei (AZ-1

if they have the isospin equal to T=T, +1.
The same holds for their analog states in
the target nuclei. Owing to this the supp-
ression of the Mi-resonance with AT=1

is so strong that the resonances with \T=0
become dominating The latter are represented
in Figs. 3 and 4 by the dashed lines. In

the (z,)) process only the resonances with

AT =1 are excited. Thus, using this process,
one can obtain a more detailed information
on the structure of the Mi-resonance with
AT =1 in odd-A nuclei.

4. CONCLUSION

As it follows from the nuclear excitation
spectra mostly the states formi.g the M1~
resonance in the electromagnetic processes
are excited in the (s, process at low exci-
tation energies. A more complicated structure
of the (my) amplitude and a larger value of
the transferred momentum results in the
change of the relation between the excita-
tion intensities of different levels and in
the appearance of the new ones as compared
with electromagnetic transitions. Thus,
the study of the nuclear excitation spectrum
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at low excitation energies in the (s, pro-
cess allows one to obtain further informa-
tion on the Mil-resonance structure.

The theory describes rather well the gross-
structure of the Ml-resonance. However, in

a number of cases the value of BMD is
somewhat overestimated in comparison with
the measured one (108, 14N), An analogous

situation is in the (=) process. To obtain
a better agreenient of the calculated values
with the experiment, one should somewhat
change the residual interaction parameters
used in the calculation. The theory encoun-
ters some difficulties in describing the
Ml -resonance with AT=1 in odd-A nuclei.
Namely. the main components of the ground
state wave function of the nucleus-target
do not contribute to the transition and
their admixtures are affected strongly by
the residual interaction of nucleons in
a nucleus. In the (sy) process the leading
components of the target and the final
nucleus wave functions are connected
through the higher multipole components of
the transition operator. Therefore, in this
case the suppression of the transition is
not so large and the calculated values »f
the capture rates in (s y) process are less
sensitive to the parameters of the residual
interaction of nucleons in a nucleus.
In conclusion we should like to note

- that in some nuclei the resonances with op-
posite parity may be located in the low-
energy excitation region, too /3/This fact
should be taken into account when the ex-
perimental data on (s y) reaction are ana-
lysed.

-
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