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The radiative capture of stopped pions by light nuclei is analyzed in detail. It is shown that the structure of
the excitation spectrum of 1p-shell nuclei is due to concentration of the strengths of the transitions that in the
initial nucleus form the M1 and M2 resonances. Radiative capture in heavier nuclei, in which a resonance
structure is hardly manifested, is also considered. One of the sections of the review is devoted to the

phenomenological approach in the description of the radiative capture of pions. In the final part there is a
brief discussion of the related process of radiative in-flight capture of pions. The review ends with a discussion

of the prospects for further development of investigations in this field of nuclear physics.
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INTRODUCTION

In our review of Ref. 1 on radiative capture of pions
by nuclei, we considered essentially only two questions:
radiative capture by few-nucleon systems and by the
180 nucleus. The main mechanisms of radiative capture
of pions by nuclei were discussed for the example of
160, and the possibilities of using this reaction as a new
tool in the investigation of nuclear structure were
demonstrated. Detailed analysis of the response of the
nucleus in the *0Q(w, ¥) reaction also made it possible to
demonstrate the possibilities of fairly complicated the -
oretical models proposed for the description of the
structure of nuclear states.!’ The fact that for ®0
there exists an extensive set of diverse experimental
data was a further, and not the least important reason
for the choice of a specific nucleus. The availability of
such information made it possible to compare the radia-
tive capture of pions with reactions induced by other
particles and to establish general features of the nucle-
ar response independent of the details of nuclear struc-
ture. The discussion of this material was already suffi-
cient to show that in the time that had elapsed since the
publication of the two extensive reviews of Refs. 2 and 3
on the problem of the (,7) reaction significant progress

Din Ref. 1, there are errors in Table XIX. We give the table
here in its corrected form:

Model: Ayse 10185ec1A,p, ;gclf, Ry, 1074 Ry, 1074 Reference
TDAC 32.5 219.3 126 305 [106]
EGSA 39.0 167.9 101 244 [103]
ESMA 23.4 148.6 86 208 [103]

Ro=(0.3047.10-16 A,, 1 0.5239.10-12 A,p)-10-4
Rp=(0.7400-10-18 Ay, +1.2814-10-12 Ayp)-10-4
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had been achieved in this field of intermediate-energy
physics.

An important conclusion drawn in Ref. 1 was that a
satisfactory description of the (7,?¥) reaction on **0 has
been achieved. A good basis is therefore available for
interpreting the nuclear response in this process, not
only in nuclei neighboring *®0 but also in nuclei fairly
far from it. Of course, one cannot yet give as complete
a treatment as for *°Q, for which many factors impor-
tant for the description of nuclear structure have been
taken into account. Therefore, the extended theory is
primarily semiquantitative in nature and aims in the
first place at establishing the basic features of the ex-
citation of nuclei in the (7, ) reaction.

As we have already noted in Ref. 1, the nature of the
elementary excitation is such that spin excitations of
the nucleus are decisive. In light nuclei, these are
spin-monopole (magnetic dipole) and spin-dipole (mag-
netic quadrupole and transverse E1) excitations. Dis-
cussion of this question occupies a central position in
the review. So far, radiative capture of pions has been
investigated in detail only in nuclei of the 1p shell—from
lithium to oxygen. The theory is capable of describing
a large set of experimental data. It is in these nuclei
that the resonance structure of the excitation spectrum
is most clearly revealed.

In this review, we analyze in detail the situation in
nuclei of the 1p shell. We also consider a number of
examples of radiative capture of pions in nuclei of the
(2s=1d) shell, in which structure is also observed in
the hardest part of the ¥ spectrum. We conclude with
two examples of radiative capture of pions by the heavy
nuclei 2°Pb and 2°Bi. The following section of the re-
view is devoted to the phenomenological approach in the
description of radiative capture of pions. We consider
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some examples of partial transitions in such capture,
whose characteristics can be related to those of other
transitions (electromagnetic and weak) almost without
the use of model wave functions. In the last part of the
review we discuss the radiative capture of pions in
flight. The review ends with a discussion of the pros-
pects for further development of investigations in this
field of nuclear physics.

1. RESPONSE OF A 1p NUCLEUS TO RADIATIVE
CAPTURE OF A PION

General considerations

In the review of Ref. 1, we analyzed in detail the
structure of the transition operator in the radiative cap-
ture of pions and established that in light nuclei the fol-
lowing multipole components of the operators play the
decisive part:

éuz ~[o® Y], (la)

(1b)

In electron scattering, the operator (1a) is responsible
for magnetic quadrupole excitations (M2), and the oper-
ator (1b) is manifested in transverse electric dipole
(E1#) excitations. Besides (1a) and (1b), an appreciable
part in radiative capture of pions is played by the spin—
quadrupole components

(jul ~[o® Y]

Oror ~ [0 ® Yals, (le)

especially if capture takes place from the 2p orbit of
the mesic atom. These transitions are localized in the
region of high excitations of the nucleus. In addition to
those already listed, the spin-monopole component of
the operator of the (7,¥) transition,

égo] ~[o® Ya]la (1d)

must also be manifested; it is the analog of the spin
part of the operator of the isovector M1 transition in
electron scattering.

The shell model is widely used to describe the re-
sponse of a nucleus to an external field. In Ref. 4 a
many-particle variant of the shell model was developed

--for 1p nuclei, the construction of-the wave functions -

taking into account all admissible configurations in the
band of Ohw and 1hw nucleon excitation. This is an im-
portant step in describing the nuclear response, since
then the energy spread of the transition strengths can
be correctly reproduced. Such an approach was first
used® to describe photonuclear resonance in the 1p nu-
clei "Li, ®Be, '°C, C, N, and *°N. Not only the total
but also the partial excitation spectra, when the state
of the final A-1 nucleus formed after emission of the
nucleon is fixed, were calculated. Comparison with
numerous experimental data showed that overall the
theory correctly reproduces the structure of the total
and partial spectra. However, this approach still does
not give a quantitatively rigorous description of the
processes, the theory overestimating the concentration
of the transition strengths in the region of the maximum
of the resonance.
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Wave functions of 1p-shell nuclei in the framework of
the many-particle shell model

We consider briefly the main aspects of the construc-
tion of the wave functions of the 1p-shell nuclei in the
framework of the shell model. We proceed from Ref. 4,
which uses a unified set of parameters for all this re-
gion of nuclei. For some transitions, particularly for
°g and *?C, we shall give results obtained by other
authors with a different parameter set®®—for technical
reasons, the wave functions of the last two nuclei could
not be constructed in Ref. 4.

The single-particle wave functions are usually cal-
culated in the harmonic-oscillator potential. The spuri-
ous states corresponding to the excitation of the center
of mass of the nucleus are rigorously eliminated in Ref.
4. The nuclear Hamiltonian includes the interaction be-
tween the nucleons in the 1p shell and between nucleons
in different shells, for example, (1p1d|V|1pld), and
also the set ¢, of single-particle energies. The inter-
action between the 1p nucleons is described by the set
of matrix elements (8—-16) 2BME proposed by Cohen and
Kurath (CK).? The interaction of nucleons in different
shells is described by the modified variant of the Gillet
potential* proposed in Ref. 10; in what follows, we
shall denote this potential by COP. The modification is
obtained by slightly correcting the interaction parame-
ters used in Ref. 11 in order to reproduce better the
positions of the low-lying levels corresponding to 1hw
excitations.!® A detailed optimization of the parameter
set was not made. The primary aim of such a calcula-
tion is not a highly accurate quantitative description of
the various characteristics of the processes in each
particular nucleus but is rather to bring out the tenden-
cies in the complete region of investigated nuclei. The
functions obtained in this way were used to calculate
the rates of electromagnetic transitions, muon capture,
and radiative pion capture. Comparison with the exper-
imental data showed that such an approach is already
capable of successfully reflecting many observed fea-
tures. In what follows, we shall call the variant of the
calculation based on the CK+ COP interaction the
standavd variant.

To investigate the stability of the result with respect

.. to variation of the parameters, calculations were made

with a different variant of the interaction. This variant,
which we shall denote by MK, was proposed in Ref. 12
to improve the agreement between theory and experi-
ment in the positions of the levels corresponding to 1hw
excitations of the *'B nucleus. In contrast to the COP
interaction, the MK interaction also contains a contri-
bution of noncentral forces. The matrix elements of
the two-body interaction calculated in the MK variant
are close to the matrix elements obtained from the G
matrix corresponding to the Hamada-Johnston poten-
tial.'®* The CK+ MK potential leads to somewhat better
agreement with experiment (see Ref. 10) for the posi-
tions of the low-lying levels corresponding to 1hw ex-
citation than the CK+ COP potential. With regard to
the gross structure of the dipole resonance, except for
the nuclei with A= 7 and 11 appreciable differences are
not observed.
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In the nuclei with A= 6, the low-lying states are not
very well described by the wave functions obtained us-
ing the CK Hamiltonian. Therefore, in this case the
states corresponding to Ohw excitations were described
by means of the wave functions of Ref. 14, The wave
functions of the states corresponding to 1hw excitations
were calculated using the Rosenfeld interaction,® the
position of the levels being fixed by the peak of quasi-
elastic knockout of 1s protons from the "Li nucleus:
"Li(p, 2p)°He.

The result of the analysis of the various reactions—
photonuclear, electron scattering, p capture, radia-
tive pion capture—in the framework of the standard
approach can be formulated as follows: When agree-
ment is obtained between theory and experiment in the
description of the (7, ») reaction, it is also achieved for
the photodisintegration reactions and electron scatter-
ing. The positions of the main maxima are reproduced
by the theory fairly well in all reactions, and their
deviations from the experimental positions do not ex-
ceed 1-2 MeV. In the "Li and "B nuclei both the (7, )
reaction and the photodisintegration are poorly de-
scribed in the framework of the standard set of pa-
rameters. The main peaks in the nuclear excitation
spectrum are appreciably shifted to lower excitation
energies. If the MK interaction is used, the agreement
between theory and experiment is much better. We
shall continue the discussion of this question below.

It follows from what has been said above that we shall
discuss radiative capture of pions by 1p nuclei mainly
in the framework of the shell model, which does not
take into account directly continuum states. The rela-
tionship between these two approaches and the part
played by the continuum™!® were discussed in detail in
Ref. 1 for the example of '°0. Here, we give the re-
sults of the calculation of Ref. 7 with allowance for the
continuum for the !2C nucleus.

To make possible direct comparison with experiment
of the results of calculation in the framework of the
model without allowance for the continuum, it was as-
sumed that each resonance has a Breit-Wigner shape.
All resonances were assumed to have the same width.

Another possibility is to use calculated values of the
widths.

Total and partial transition rates

Using the wave functions discussed above and the im-
pulse approximation with the effective Hamiltonian

A
Heg= 3, exp(—ik-x;) | a8 (r—x,) H,@p1 (077,
=1
we can calculate the rates A, of capture from the nl
orbit of the mesic atom. To calculate the experimental-
ly measured yield of ¥ rays,

4 R=aA T+ mpAzprEg‘-}- alsily

we must have recourse to the experimental values of
the mesoatomic characteristics w, and I'#%, In Ref. 1
we have given (in Table VI) their numerical values, and
also the expressions needed to calculate the partial
rates A, (see Eq. (28) and the following equations in
Ref. 1). Summation of all the partial transitions gives
the total rate of the (7, ¥) reaction and the total ¥ yield.
The calculated and measured total y yields for 1p nu-
clei are given in Table L

Before we compare the calculated and measured total
yields, we note some general features that can be
traced on the transition from light to heavy nuclei. The
v yield from radiative capture of pions does not change
strongly with increasing charge Z of the nucleus even
when, for example, u capture reveals a strong depend-
ence of the total capture rate A, on the number of pro-
tons. The reason for this is that the y yield is a rela-
tive quantity; it is divided by the total rate of absorp-

TABLE I. Experimental values of the total rate of p~ capture, the vy yields in radiative pion
capture by nuclei of the 1p shell, and theoretical values of the yields R,, R,, and R, calcu-
lated in the standard (see the text) version and with the MK interaction. ®

Ay 104 sec! n;‘ 103 Ry, 1073 Ry, 1078 e i
o ki 9

) Sxpecinent ::cp:g theory| 0o | the | 0he | 1he o R BT \M: RIS
SLi 1* | 0.468+-0,012 [20] |42,2.4-2.5/32.4 | 4.3 [15.2]3.0 | 9.9 47 | 195412 2.67+0.24
"Li 3/2- | 0.2260,012 |20] |18,24:0.9/20.9 | 0,47 | 10.4 | 0.61 | 9.4 | & 74 | 195+13 2,894-0,24
Li b } 20.5 | 0,47 | 10.1 | 0.61 | 9.3
Be 3/2- | 1.0040,21 24.8+2.8/12.9 | 0,51 | 6,3]0.30| 5.7 19 | 204 | 591+14 2.23+0.53
108 3 | 2,58+0.45 23.5:40,9 16804120,  2.33--0,23
up 3/2- | 2.1240.15 17,74+1.0117.2 | 0.49 | 3.2 12.4 | 19 | 455 [17204150]  2.18+0.27
1 } 17.1 | 0.49 | 3.2[1.1 |12.3
120 0+ | 3.7130.11 17.740.6 31204210,  2.26--0.18
13C 1/2- — 16.64-0.5[16.6 | 0.39 | 2.6 [ 0,95 [12.7] 5 | 241 [2590%110 —
uc 0* - 6.5+1.8145,0 | — | 2.0 — {430] — 47
uN 1+ | 6,4440.35 20.040,8/20,9 | 0.50 | 2.8 | 2.4 |15.4| 5 | 191 [4480:+300{  2.11:-0.20
BN 1/2- — — N7 | — | 27| — |15.0| — 36
180 0+ | 97,4431 22.7+2.4/20.8¢| — | 14| — |10.3| — 12 |75604+5000  2.67-40.32
180 0t —_ 19.642.2

2A complete list of experimental results and references can be found in Table VII in the review of Ref. 1.

BThe interaction from Ref. 12 was used in the calculation.
©The number V,, is the number of states of the final nucleus in the band nhw.
“Mean value: (2.23 +0.09) X 103 (x* =4.9).

©Nuclear excitations in the 2hw excitation band are included.

References to the remaining results of measurements of the u-capture rate can be found in Refs. 3 and 21.
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tion of pions. Such a characteristic depends weakly on
the charge of the nucleus and on the number of nucleons,
The growth of the total rate of y capture with increas-
ing Z reflects the stronger overlapping of the muon and
nuclear functions.

We multiply the y yield R by the total width of the 1s
level of the pionic atom, which reflects the degree of
overlapping of the pion and nuclear functions:

BTy = 0,(2) Ay (2)+ 0, (2) T2 A, (2). (2)

The number then obtained (see Table I) can be taken as
a rough estimate of the observed radiative capture
rate. This characteristic behaves in the same way as
the total rate of u capture. In particular, in both reac-
tions we observe a strong isotopic effect in the Li iso-
topes and a somewhat weaker effect in the B isotopes
(see Table I). It follows from this in particular that the
states of the final nucleus populated as a result of ab-
sorption of a muon by a bound proton and radiative pion
capture are basically the same. The decrease in the
reaction rate with increasing number of neutrons is
caused by the blocking effect due to the Pauli principle
and is associated with the presence of an additional
neutron in the shell.

The calculated y yields agree well with the experi-
mental data, except in °Li and **C. However, even for
these two nuclei the theory correctly reproduces the
main facts—in the first nucleus the ¥ yield is maximal
and in the second it is minimal. The strong discrepancy
between theory and experiment in '*C may also be due
to the use of incorrect values of the mesoatomic pa-
rameters. The necessary experimental data are not
available. The corresponding quantities were taken to
be the same as in *3C. However, as can be seen from
Table VI of Ref. 1, there are already differences be-
tween the parameters in *2C and **C.

The total ¥ yield calculated with the CK+ COP wave
functions is very nearly equal to the CK+ MK yield.
The initial nuclear ground state was always described
using the CK parameter set. Thus, the total rate of the
(7, 7) reaction hardly depends on the choice of the model
parameters.

The good agreement between the calculated and mea-
sured total ¥ yields is not all that significant, since the
theory has a number of weak points. First, there is the
uncertainty in the values of the mesoatomic parameters.
Second, the calculations do not take into account the
contribution of spin-quadrupole transitions. Third, no
allowance is made for the correlations in the ground
state associated with transition of a nuecleon to the band
of 2hw excitations.

The employed approach overestimates, as a rule, by
about 1.5 times the probability of dipole transitions in
the photodisintegration and u-capture reactions in the
1p nuclei. There must be a similar overestimation of
the rate for the (7, %) reaction. With regard to the spin-
quadrupole transitions, their contribution has been cal-
culated” only in *Q. Note that these transitions are
important for pion capture from p orbits. With decreas-
ing atomic number, the contribution of the transitions
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TABLE II. Calculated ¥ yields in the (7, y) reaction associated
with the 14w excitation (T;=T;+1). For A=6 the wave func-
tions are taken from Ref. 14; for A =T7=15 the COP interaction
was used (see the text).

@ 58| R R R = 58| R, R R
= 2= s P 3 2< ] p
2 2 2 8
B i | e | B R 2 la.| v B o
z oy |z in 1073 Z £ = |z in 10-3
SLi it | &= 7] 1.4 04 1,8 13C |1/2-| 1/2+ | 44| 0.4 2.0 2.5
1= 14| 5.6 3.4 9.0 32+ | 67]11.3 5.3 6.6
2= 15| 6.4 3,9 10.3 5/2* | 64108 4.8 5.7
3 3| 1,8 2,4 3.9 7/2* | 44010.0 0.3 0.3
& 3100 0.1 0,2 9/2+ | 22|0.0 0.2 0,2
Sum 47 {15,2 9,9 25.2 Sum 241 | 2.5 12.6 15,3
TLi |32 172 171 1,9 1,4 3.3| +C | 0* 0- 5|— 0,5 05
32+ 24| 3,2 2.8 6.1 1~ 131 0.9 41 5,0
5/2* 20| 4.6 4.3 8.9 5 1414 7.9 9.0
772+ 10| 0.6 0.9 1.5 3~ 10| 0 0.2 0,2
92+ 3] 0.4 0,5 0.6 4= 510 0.3 0,3
Sum 74 110,5 9,9 20.4 Sum 47 | 2.0 13.0 15.0
%Be |3/2-|1/2*| 54| 1,2 1,0 2.2 UN | 1+ | O~ 191 0.2 0.5 0.6
3/2+ 821 1,5 1.4 2.8 A= 45 10,7 3,0 3.7
52+ 77| 2.6 2,4 4,7 2- 53 (1.2 5.2 6.4
7/2* S0 14 14 2.2 3 41| 0.8 5.9 6.7
972+ 2610 0,4 04 4 2|10 0.5 05
Sum 287 | 6,4 5.7 12,0 Sum 182 | 2,9 15,1 17.9
up |3/2-|1/2t ] 77| 0.5 1.7 2.2} BN [1/2-] 1/2* 8|04 1.6 2.0
8/2+ | 1191 0.8 8.4 3.9 32+ 11 1.2 5.1 6.3
5/2* | 117 | 1.3 4.6 5.9 5/2+ 10 11,0 7,4 8.4
ir 82| 0.8 2.9 3.5 7j2* 510 0.6 0.6
9/2* 4410 0,2 0,2 g/2+ 210 0,4 0.4
Sum 439 | 3.2 12.5 15,7 Sum 36 | 2.6 15,1 17.7

from the p orbits becomes weaker. Therefore, so do
the spin-quadrupole transitions.

The contributions of the final states with different
spin values J, to the y yields R(J,) for pion capture from
different mesoatomic orbits are given in Table II for
lhw transitions in 1p-shell nuclei. The ratios between
the yields are not determined by the numbers of final
states. At the beginning of the 1p shell, the main con-
tribution to the Yy yield is made by transitions with AJ
=0 and 1; the contribution of the AJ= 2 transitions is
small. As the 1p shell is filled, the contribution of the
AJ = 2 transitions increases and that of the AJ=0
transitions decreases. In nuclei at the end of the 1p
shell the AJ= 2 transitions are comparable in intensity
with the AJ = 1 transitions and even begin to exceed
them slightly. The reason for the weakness of the AJ
= 2 transitions at the beginning of the 1p shell will be
discussed somewhat later in the part in which we con-
sider particular nuclei. For the time being, we note
that in nuclei for which the spin of the ground state is
nonzero the AJ= 2 transitions are due to the action of
the operator (1a) alone, whereas the AJ =1 transitions
are due to both (1a) and (1b). The high AJ= 1 intensity

is related to this.

In contrast to the total rate, the partial rates are
sensitive to the choice of the nuclear wave functions.
The greatest sensitivity is in the cases when large
components of the nuclear wave function are suppressed
by the selection rules. Such a situation is realized, for
example, in the isovector transitions of magnetic dipole
type in a number of odd 1p nuclei. This makes it possi-
ble to use radiative pion capture as a probe for select-
ing model wave functions.
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TABLE IIl. Measured and calculated partial vy yields (refer-
ences are indicated by square brackets).

Nucleus| J; I E}, MeV Rexp., 1078 R theor,107*
Wi |8 |se-| o 1.94+0.30 [22] | 4.5 [24]
'Be |32-[32-| o 2.9840.29 [22] | 2.38 [24)
1722 | 2.69 1.120.23 [22] | 019 [24]
4.31 0.19%0.45 [22] | 1.80 (3/2-; 4.9 MeV) [24]
wg | 3+ | o+ 0 2.02+0.17 [22] | 2.3 [24] 3.6 [6]
2.540.4 (8]
2+ 3.37 4.6540.30 [22] | 5.7 (24] 8.5 [6]
.4%0.7 (6]
2t 5.96 7.482-0.45 [22] 17.9 [24] 16.9 [6]
10.5£1.3 (6]
3- 7.37 } 0.7840.24 [22] 0.96 [24] 6.5 [6]
2t 7.54 6.5+1.0 [6]
2+ 9.4 2.1740.40 [22] | 1.5 [24]
ugR 3/2- | 1/2* ] 0.70 [24] 0.80 [23]
15| el 2.980.33 [22] | 3¢ (b
ne o+ 1+ 0 6.2240.35 [22] 6.8 [24)] 8.4 [8]
2F 0,95 1.294-0.25 [22] 3.5 [24] 4.9 (8]
1C 1/2- | 3/2- 0 6.08+1.2 [23) 12.9 [24)
HN 1+ 0* 0 0.25+0.11 [22] 0.9 [24]
0.3+0.2 [6]
2+ 7.01 6.2+0.4 [22]
7.7+0.9 [6)
2 8.32 3.37+0.35 [22] 20.6 [24] 24.4 [6]
4.0+0.6 [6]

Table III gives the partial y yields in the case of pion
capture by the nuclei "Li, °Be, ° !B, 2 13C, and *N.
The table includes transitions to the ground and low-ly-
ing states of the final nuclei. Deferring discussion of
the degree of quantitative agreement between theory and
experiment, we note that the transitions are weak to
the ground states of the daughter nuclei in the case of
pion capture by "Li, °Be, '®B, and N. In °Li, '°B,
12.13C " and "N at low excitation energies the strongest
transitions are those that populate the states (or, more
probably, their analogs) which form the magnetic di-
pole resonance in the initial nucleus. It is in these na-
clei that the M1 resonance is most clearly manifested
in electron scattering.

Thus, the microscopic approach to nuclear structure
can describe the experimentally observed excitation of
the low-lying states of 1p nuclei. The agreement with
experiment can be significantly improved by more care-
ful construction of the wave functions. Such examples
are available for nuclei of the 2s—1d shell,?27 for
which correct values of the magnetic moments have
been obtained. For this, the wave functions were con-
structed in a complete basis in the Ohw excitation band
and renormalized single-particle orbital and spin angu-
lar momenta were introduced. The available data on
the (7, ¥) reaction in the 2s-14 nuclei also agree with
the results of calculation on the basis of such func-
tions.2®

Magnetic dipole /1 resonance

The examples considered above indicate very clearly
excitation of the M1 resonance in light nuclei as a re-
sult of radiative pion capture. Of course, these strong
isovector M1 resonances had already been observed,
especially in electron scattering with small momentum
transfer.?** For the 2s—1d nuclei *°Ne, *°Si, and *8
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the data on radiative pion capture®:3 gre also corre-
lated with the data on inelastic electron scattering. In
nuclei with A>32, magnetic dipole transitions are not
so clearly manifested in radiative pion capture.

Inelastic electron scattering with high resolution re-
mains an important source of information about transi-
tions of this type. Recently, much information3*3%
about M1 transitions has been obtained by investigation
of the charge-exchange (p,n) reaction. The resonances
excited in this reaction have become known as Gamow-—
Teller resonances. The observation of these resonanc-
es in the magic nuclei *°-*®Ca and '°Q directly indicates
the existence of nucleon correlations in the ground
state.® This question was discussed in detail in Ref. 1.
The strength of the corresponding transitions yields in-
formation about the repulsive part of the effective
spin—isospin nucleon-nucleon potential. In Migdal’s
theory, it is determined by the parameter g’. All these
questions are very topical and are under intense dis-
cussion.

In a discussion of M1 transitions in 1p nuclei, it is
expedient to proceed from the fact that a supermultiplet
level scheme is realized approximately in these nuclei.
Because of this, one can separate a dominant component
in the wave function that determines the main charac-
teristics of the transition.

In the 1p nuclei, the strongest M1 transitions are as
follows:

SLi : J&T' = 170 - 0*1; E* = 3.56 MeV;
VR . JoT = 30 — 2*1; E* = 7.48 MeV;
18G : JoT =040 — 1+1; E* = 15.1 MeV;
1BC ;. JrT = 1/2-1/2 — 3/2-3/2; E* = 15,1 MeV;
uN . J5T = 170 — (2t1);; E* = 9.17 MeVand(2*1)2; E*
= 10.43 MeV.

They are revealed in electron scattering, and their
analogs in (m,¥), (u,v), and some other reactions. The
analysis of these strong M1 transitions shows that they
are predominantly due to the spin—isospin component of
the electric current 70.3" For example, in the ?C nu-
cleus the fraction of the latter is about 95%. Decompo-
sition of the total matrix element of the electromagnetic
M1 transition into spin and orbital components is also
possible without the use of model wave functions if one
analyzes simultaneously the ¥ transitions, B decay, and
(m,7) reaction. The last two are due to purely spin op-
erators. In nuclei of the 2s—1d shell there are a num-
ber of examples when the two components of the elec-
tromagnetic current make comparable contributions to
the M1 amplitude.?”3® One of the examples is associat-
ed with ?®*Ne. We shall discuss it below in Sec. 2.

Measurements of the cross sections for electron scat-
tering through large angles (6 = 180°) at small momen-
tum transfers yield information about the distribution of
the particles over the various single-particle states
and, in particular, over the states that are spin-orbit
doublets: j,=1+ 3 andj =I-%. Under the influence of
the magnetic dipole perturbation there are strong tran-
sitions between such states, especially if the momen-
tum transfer is small, when we have the so-called
photon point (g~E*, where E* is the energy of the lev-
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el). Varying the momentum transfer, one can also ob-
tain information the relative importance of the spin and
orbital components of the electromagnetic current.3?

In discussing the M1 transitions, we concentrate our
main attention on how their manifestation in the (7, %)
reaction is related to the structure of the nuclear states
and, in particular, realization of a supermultiplet
‘scheme. In the low-energy limit (photon point), the
component T_o of the transition operator couples the ini-
tial (ground) state | [AJ(L,Sy)J,T, of the nucleus to final
states | A](LS)JT) in which the Young tableau [A| char-
acterizing the symmetry of the orbital part of the func-
tion does not change and for the remaining quantum
numbers there are the selection rules

AL =0; AS=1and0; AJ =1 and 0; AT =1,

which follow from the rules of vector addition. These
rules work in such a way that strong M1 transitions are
realized in the odd-odd nuclei °Li, '°B, and *N, while
they are weak in the odd—even "Li, “Be, and *'B. In
12C and !°C a strong M1 transition is also observed, but
it proceeds because of the strong deviation from the
supermultiplet scheme, which is maximal in the nuclei
in the middle of the 1p shell. When the momentum
transfer is shifted from the photon point to g ~m,, the
picture of excitation of the M1 resonance hardly
changes (Fig. 1).

Information about the discussed Gamow-Teller tran-
sitions is also contained in the cross sections of the
(p,n) and (%, p) charge-exchange reactions when the in-
cident particle has energy from 100 to 200 MeV and the
scattered particle is detected at a small angle (Fig. 2).
The results of such measurements can be analyzed in
detail in 1p nuclei. Using the results of such analysis,
one can then turn to heavier nuclei, in which the situa-
tion with regard to the magnetic transitions is less
clear and the (e,e’) reaction is not so informative.** %2

We now turn to a detailed discussion of M1 transi-
tions in nuclei of the 1p shell.

0dd-0dd Nuclei. Nuclei with A= 6 and 14. The or-
bital angular momentum of the dominant component of
the ground-state wave function of the ®Li and °He nuclei
is zero (L= 0), and the orbital symmetry [A] = [2] is
maximal:

SLi: [140) = o [ 1p2 [2188,) . . ., 0.92 < a < 0.99 (3)
SHe : [0*1) = B | 1p® [2]%18y) + . . ., 0.88 << B <C 1.00. (4)

To classify the wave functions with respect to the or-
bital angular momentum L, the spin S, the isospin T,
and the orbital Young tableau [A] we use in (3) and in
what follows the standard notation [A]?T**2S%L . The
spatial parts of the wave functions (3) and (4) complete-
ly overlap and the strength of the M1 transition at small
momentum transfers is concentrated on a single (the
ground) state of SHe.

The lowest ®*He state with spin J™= 2+ is also describ-
ed by a function with maximal orbital symmetry. It has
excitation energy E*(°*He) = 1.8 MeV, which corresponds
to EX(°Li) = 5.37 MeV. The orbital angular momentum
is L= 2 (see Table X in Sec. 3):
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| 241) = &, | [29D,) + B, | 111%P,), (5)

where a,=0.97. Therefore, in the long-wave approxi-
mation (photon point) the excitation of this state in M1
transitions is due solely to admixtures of components

as in (5) and in (3). When ¢ ~m,, an additional transi-
tion strength is concentrated on this level by virtue of
the operator j,(g7) o®¥,], and for the (7, %) reaction by
virtue of the operator 7j,(g7) [f®Y,] as well. A quanti-
tative analysis of the transition rates to these two levels
will be made below.

The J"T = 1*1 level of °He is also weakly excited as a
result of the M1 transition, since its structure is de-
termined by the function [1p?[11]*p,), for which the
spatial part is completely antisymmetric.

In **N, the situation is somewhat different. In the ‘N
ground-state wave function the dominant component has
L =2 (see, for example, Ref. 44):

UN : | 1*0) = 0.95 | 1p'® [442]2D,)
— 0.25 | [4331P,) — 0.20 | [44218,). (6)
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$Li(n, p)°®He (E,=56.3 MeV, 6,,,=10°); the lower part corre-
sponds to “N(n, p)'*C (E,=59.1 MeV, 8,,,=18°).

In the limit g =0, the M1 transition to the *C ground
state, whose wave function has the form

NG| 0%1) = 0.75 | 1p [44211S,) + 0.66 | [43312P,), (M

is due solely to the components of the **N wave function
for which L=0 and 1. As was noted long ago, in this
transition there is a mutual suppression of the contri-
butions of the components with different L values. The
transition rates for g decay as well as for electron
scattering, etc., change appreciably when one includes
the noncentral component of the residual nucleon—-nu-
cleon interaction and meson exchange currents.*

In the (7, 7) reaction, the transition to the *C ground
state is also weakly manifested. Its rate is basically
determined by the matrix elements of the operators
jolg?) [o®@Y,], and 7j,(g¥) [0®Y,],, which are small. Be-
cause the main matrix element of the operator 70 is
suppressed, the (m,%) transition makes it possible to
investigate effects associated with various corrections
to the Hamiltonian. It was from this point of view that
the *N(7, 1)**C reaction was analyzed in Ref. 46.

The strength of the isovector M1 transitions in **N
is found to be concentrated on the level J"T = 2*1, whose
wave function has the form

[ 2+1) = @ [ 1p™° [4421D,) + .. ., (8)

where a=0.90. The overlapping of the orbital part of
this function with the orbital part of the **N ground-
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state function is almost complete. However, as follows
from the experimental electron scattering data,®” the
strength of the M1 transitions is distributed over two
levels with spin J* = 2*: with energy E*(**N)= 9.17 MeV
and E*(**N) = 10.43 MeV. In the (7,7) reaction, these
two levels are also excited.*'*® In Ref. 24, in contrast
to Ref. 6, a large contribution to the ¥ yield is predict-
ed in the same energy region from the J"= 3~ level.
The excitation of this level is due mainly to the M2
trangition. There is an indication®® of manifestation of
the J"= 3~ level in p capture (however, see Ref. 50).

The investigation of p capture has also revealed pre-
ferred excitation of the J*= 2} level in **C. The transi-
tion rate was found® to be A, = 4640+ 740 sec™, which
is somewhat less than expected in the theory of Refs. 3
and 51. In the (n,p) charge-exchange reaction the J*T'
= 2*1, level can also be clearly seen*? (see Fig. 2). With
regard to the J™T'= 11 level, it is weakly excited, as in
Li, since the orbital symmetry [433] of the correspond-
ing state differs from the symmetry of the dominant
component of the ground-state wave function.

A=10. In contrast to °Li and **N, the strength of the
isovector M1 transitions in '°B is distributed over
several states.® *® The theory also predicts such an
effect.?* Despite the large statistical weight, the reso-
nances with spins J= 3 and 4 are excited less strongly
than the resonance with spin J= 2. This is due to the
supermultiplet structure of the levels.

The °B ground-state wave function is basically a
superposition of components whose orbital angular mo-
mentum is L = 2 (Ref. 44):

13%0) = D) o | 1p® [421™D§) + .. .. (9)

They differ only in the seniority quantum number. The
levels with spin and parity J7= 3* and 4* and maximal
spatial symmetry [42] are described by components
with angular momentum different from 2. The state
with J™T' = 3*1 has dominant component [42]*F,, and the
state with J*T = 4*1 has the component [42]*G,. It fol-
lows that only states with J*T = 2*1 will be populated as
a result of M1 transitions. There are two such states:

| 2-1), = 0,73 | [42] 3D 4- 0,21 | [42] D@ 4. . .; (10)

[ 241), = —0,23 | [42] D" 4 0,89 | [42] 91 DP) 4., .. (11)
In the first case, there is destructive interference of
the matrix elements; in the second, constructive. The
u-capture data also indicate preferred excitation of the
JrT = (2°1), state:

Ry = Ay (37— 21)/A, (3* > 27)
= (390 = 960)sec™ /(4710 =+ 705) sec’' = 0.08 = 0.20. (12)_

The theory of Ref. 51 predicts a larger value for R :
R,—0.33. (13)

For the (7m,¥) reaction too the theory predicts a ratio
close to (13): R(2;)/R(2;) = 0.32 in accordance with Ref.
24 and 0.50 in accordance with Ref. 6. The experiments
give the values 0.62+ 0.04 (Ref. 22) and 0.42 +0.08 (Ref.
6).
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The '°Be ground state, whose wave function has the
structure**

10*1) = 0.77 | [42P°18,) — 0.48 | [411] 33P,) + . . ., (14)

is excited by M3 transitions. The relative distribution
of the (7, %) transition intensities to the ground and low-
lying excited states is basically reproduced by the theo-
ry using wave functions (variant MK) (see Table III) and
in the phenomenological approach.®:® The results of
the phenomenological approach will be discussed below.

The Even-Even Nucleus ‘*C. The isovector M1 tran-
sition in the even—even self-conjugate nucleus **C is
characterized by relatively weak overlapping of the spa-
tial parts of the wave functions. The principal compon-
ent of the 2C ground-state wave function has the maxi-
mal spatial symmetry [44]. The wave function of the
resonance state cannot contain a component with such
symmetry. The maximal symmetry in this case is
[431]. Nevertheless, the M1 transition in *2C is as
strong as in the odd-odd nuclei, and is a classical ex-
ample of concentration of strength on a single level.
The electromagnetic M1 transition in *2C is associated
with a component with Young tableau [431] (and orbital
angular momentum L = 1) which occurs in the ground-
state [44] wave function:

20 : | 070) = 0.85 | 1p® [44]11S,)
+ 0.50 | [4311%Py) + . .. (15)

with weight 25%. The corresponding Young tableau in
the wave function of the resoaance J*T'= 1*1 (E*= 15.11
MeV in 2C),

[ 1+1) = 0.86 | 1p® [431] 3P, )
+ 0.33 | [422] ¥8,), (16)

is manifested in the first component.

In the (7, ¥) reaction, the operator [c@YJ also con-
tributes to the transition to the corresponding analog
state (**B grouad state).

Odd Nuclei. In nuclei with odd A ("Li, °Be, and "'B)
the M1 transitions are suppressed, owing to the weak
overlapping of the spatial parts of the wave functions—
the main components of the initial and final states have
different Young tableaux. In these nuclei, the electro-
magnetic M1 transitions to levels with the same isospin

as the ground state (AT = 0 transition) are even strong- -

er than to levels with T, = T .+ 1 (AT = 1 transition).

In radiative pion capture by "Li, °Be, and !B nuclei
the partial transitions to negative-parity low-lying
states also have low intensity.%®-% Ag follows from the
calculations of Refs. 3, 51, and 54, the situation is
similar for u capture.

In 3C, a strong M1 transition is already observ-
ed®*% to a level with T'= 3/2 ia the (7, %) reaction and in
electron scattering, which agrees well with the theory.
In both '3C and *3C there is a strong deviation from a
supermultiplet structure of the levels—the ground- state
wave function contains a ~25% admixture of the config-
uration with a less symmetric Young tableau: [431] in
12C and [432] in *3C. Because of these components, the
M1 transition in the carbon isotopes is strong.
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Concluding our discussion of M1 transitions in elec-
tromagnetic processes, p capture, and the {7,¥) reac-
tion in 1p-shell auclei, we emphasize that the theory
based on the microscopic approach basically reproduc-
es the existing experimeatal data. In the first place,
this applies to the indication of the states on which the
main part of the strengths of the M1 transitions is con-
centrated. There is also quantitative agreement for the
transition probabilities in **C and *3C. In the other nu-
clei °Li, '°B, and !N, the quantitative agreement be-
tween the theory and experiment is much less good.
The reason for this is not yet clear. A detailed analysis
of the wave functions and the transitions in these nuclei
is required.

Spin-dipole excitations in light nuclei. Magnetic
quadrupole (M2) and transverse electric dipole (£11)
transitions

In electron scattering, spin-multipole excitations of
nuclei are realized in the first place by magnetic transi-
tions (MA). A spin component is also contained in the
operators of electric transitions of transverse type.
However, if the momentum transfer is small and the
long-wave approgimation is realized, the term that does
not contain a spin component is predominant in the
(EXf) transition operator (see the expressions (44)—(47)
of Ref. 1). In the region of momentum transfers of or-
der 100 MeV/c and above, the spin component of the
E1t operator becomes dominant.

The available experimental data on spin transitions
of multipolarity A>1 are rather sparse. An appreciable
concentration of the M2 transition strengths is observed
in large-angle electron scattering in only a few nu-
clei.® 3 There are indications of E1f excitations in
12C 51-5 In heavy nuclei, the observed strength of the
M2 transitions is much lesg than is predicted by theory,
i.e., there is suppression of the spin component of the
current.®”

Configuration Splitting of Spin-Dipole Resonances in
1p-Shell Nuclei. In Sec. 6 of Ref. 1 and in Refs. 58 and
59 it was shown that basically the strength of the M2
transitions must be weakly concentrated, and various
reasons for this effect were given. They are related
both to the weakness of the spin-depeadent residual nu-
cleon—-nucleon interaction in the nucleus and the large
energy spread of the undisturbed coanfigurations. Thus,
in the 1p nuclei the unperturbed energies of the single-
particle states forming the M2 resonance are spread
over an energy interval of 10 MeV (see Table XIII in
Ref. 1). The spin—orbit interaction facilitates this
large spread. In light nuclei, there is one further
source of spreading—the so-called configuralion split-
ting.®® 1t is due, first, to the manifestation in light nu-
clei of a “fouring” of nucleons (the binding energy of a
nucleon is greater if its stripping breaks up a filled row
of the orbital Young Tableau) and, second, to the fact
that the binding energy of a nucleon of a closed shell
that participates in a dipole transition increases fairly
rapidly with increasing number of particles in the outer
unfilled shell, whereas the binding energy of a nucleon
on the Fermi surface, which is where the nucleon from
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the closed shell arrives, remains approximately con-
stant.

The residual interaction of the nucleons in the nucleus
is not capable of bringing together in a single peak such
widely spaced single-particle excitations, and there-
fore the M2 resonance is formed from several
peaks.®:%' With regard to the E1l¢ transitions, they are
localized in a narrower energy interval, although there
is also configuration splitting for them.%-5

Because of the configuration splitting in light nuclei,
there are two or more peaks in the photoabsorption
spectra even in electric dipole (E1) transitions. Thus,
in 1p nuclei the high-energy region is resonantly cou-
pled to the excitation of nucleons of the closed 1s shell,
and the low-energy region is coupled to the excitation of
nucleons of the 1p shell. Such splitting also occurs in
the (m,y) reaction®® for M2 and E1f transitions. The
structure of the ¥ spectrum in the (7, ¥) reaction in nu-
clei of the 1p shell as well as the region of localization
of the transitions and the mean excitation energy of the
nucleus are determined by the configuration splitting.
The excitation intensity of a particular energy region is
related to the degree of filling of the outer shell. The
nature of the decay of resonances is also associated
with the configuration splitting.®®

The M2 excitations in the 1p nuclei are associated
with strong single-particle transitions: 1p,,, ~1d;,,
and 1s, ;, =~ 1p, ;,; the transverse E1 excitations, with
their spin-orbit partners: 1p—~1d,,, and 1s, , = 1p, /.
Because of this, the conceuntration of the Elf{-transmis-
sion strengths in the 1p nuclei occurs at higher excita-
tion energies of the nuclei than it does for the M2 trans-
itions. Moreover, the configuration splitting is damped
more weakly in the E1f transitions as the 1p shell is
filled, since the 1p,, subshell is filled last. Thus, in
the region of high excitations of the nuclei associated
with the 1s = 1p, ,, transition there is always a shoulder
in the nuclei of the 1p shell. As the 1p shell is filled,
the position of the M2 resonance will be shifted to lower
excitation energies of the nucleus, and the region of its
localization will become narrower. This tendency is
confirmed in the observed radiative-pion-capture spec-
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tra. These features of the spin excitations of the 1p nu-
clei can be clearly followed in the calculated curves in
Figs. 3 and 4. .

The available data on the (7,%) reaction are fairly
extensive, especially in the region of the 1p nuclei. On
the basis of these data, we can systematize the accumu-
lated material and establish the main features of the
nuclear transitions due to M2 and E1f excitations. We
can then make deliberate searches for such transitions
in other reactions. We analyze in detail the M2 and E1¢
transitions in light nuclei in the (m, ) reaction, using
the shell model. In such an approach, as will be shown
below, one can explain the main features of the excita-
tion of 1p nuclei in the (7, 7) reaction. It should be
emphasized that in a number of cases, for example, in
13C and *C, the theoretical results preceded the exper-
imental ones.

Specific Nuclei, The °Li Nucleus. The Y spectra of
radiative pion capture by °Li has two broad maxima.
The centroid of one is at the excitation energy E*= 15
MeV in the intermediate nucleus “He, and the other is
at the energy E*= 25 MeV (Fig. 5). This structure of
the spectrum can be traced for capture of not only pions
from the 1s orbit of the pionic atom but also from a
superposition of states. Besides the two broad peaks,
there is also one narrow peak, which corresponds to
concentration of the M1-transition strengths.

Analysis of the °Li excitation in the (7,¥) reaction
made in the framework of the shell model'®%® showed
that the maximum in the region of excitation E*= 15
MeV of the °He nucleus is associated with transition of
a nucleon of the valence shell with the formation of
states described by the configuration

|1p%,(2s or 1d)*:%L;). (17

In the same energy region there are localized transi-
tions of a nucleon from the 1s shell leading to formation
of states with Young Tableau [33]:

| 1571, 1p® [312P : 9P, ), (18)

It is these states that decay through the *He + *H channel.
This channel is already distinguished in the u-capture
reaction, as is its analog in the photodisintegration re-
action (see Ref. 59).

The resonances at higher excitation energy of the nu-
cleus are formed as a result of transition of a nucleon
from the 1s shell, but the symmetry of the wave func-
tions of the corresponding states is not so high:
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| 1572, 1p® [211). (19)

This group of states will undergo many-particle break-
up, to *H+ d+n or *H+ 2n+ p, in complete analogy with
the p-capture and photodisintegration reactions.

It follows from the calculations that in the low-energy
part of the excitation spectrum of the intermediate nu-
cleus the transition intensities in the (7,7%) and photo-
absorption reactions are too small. Experiment shows
that this is not the case. The contradiction between the
theory and experiment may be partly due to a raising
of the positions of some of the calculated levels and
partly to the fact that the width of the low-lying reso-
nances is much greater than the width I'= 2 MeV used
in the calculation. Estimates using R-matrix theory
give for the width I"'= 5-8 MeV.

In both the Li isotopes, additional selection rules
arise because of the supermultiplet structure of their
levels; these suppress the AJ = 2 transitions. Indeed,
the °Li ground state is described basically by the com-
ponent (3). The spin-dipole operator 7[c® ¥,] couples
it only to the components

(20a)
(20b)

{4p* (25 “or dd)*: ¥P, ),

14p* (25 or 1d)*; 3Py},
in which the orbital angular momentum takes the single
value L= 1. Under such a condition, the total angular

momentum of the system cannot exceed J, = 2. But if
the transition is associated with the excitation of a deep
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1s nucleon, then for realization in the final state of the
high symmetry

| 151, 1p* [3]2P : 3p) (21)

the orbital angular momentum can again take only the
one value L =1 and the total angular momentum cannot
exceed J,= 2. For the states with the less symmetric
configurations

| 1574, 4p* [21] 2P P, ); (22a)

st 4pP [24] 2P BP0 (22b)

the total angular momentum of the nucleus also does
not exceed two units. And only the one configuration

| 157, 4p° [24] 2P : %P, ) (23)

is associated with excitation of a final state with total
angular momentum J,=3. Thus, in the ¥ spectrum of
the °Li(r, ¥) reaction transitions to the levels J"= 2~
and 1° must be predominantly manifested. The analogs
of these states in °Li form the photonuclear resonance.
The systematic calculation made in Ref. 63 completely
confirmed the conclusions based on the qualitative ar-
guments, namely, the excitation spectrum in the

SLi(m, ¥) reaction is formed by a series of transitions
to the J7= 2" levels (AJ = 1) and only one transition to a
Jr= 3" level. The calculations of the dipole resonance
in ®°Li on the basis of the cluster model lead to an anal-
ogous structure of the excitation spectrum (see Ref.
59).

We now compare the ¥ spectrum associated with
radiative pion capture by the ®Li and *He nuclei. From
an energy of about E, =115 MeV, the spectra appear to
repeat each other (Fig. 6). There is a similar effect in
the photonuclear reactions; from about E,~30 MeV,
the total photoabsorption cross sections repeat each
other.%:®*® The similarity in the shape and intensity of
the spectra is due to the fact that in this excitation re-
gion of the °Li nucleus the main contribution to the pro-
cess is made by a 1s nucleon, i.e., a quartet of nu-
cleons is broken up [see (22)]. In other words, the pro-
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FIG. 6. The ¥ spectrum® from the ®Li(m, ) reaction com~
pared with the vy spectra from the capture of pions by the
nuclei *He (Ref. 64), *He (Ref. 65), °H (Ref. 66), and ’H
(Ref. 67).
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cess in this case is associated with quasi-a-particle
absorption.?®:%2 Comparison of the ¥ spectra associated
with radiative pion capture by "Li and *He also reveals
their agreement at high excitation energies of the nu-
clear system. This again is due to the fact that a
quartet of strongly coupled nucleons in the 1s shell
comes into action (Fig. 7).

The hardest part of the » spectrum in the ®Li(m, )
reaction corresponds to absorption of pions by the out-
er nucleons with the formation of states described by
the configuration s??. This suggests an analogy with
the (m, ¥) reaction on the deuteron. But whereas the nu-
clear system in the deuteron reaction is in the continu-
ous spectrum in the final state, for °Li the correspond-
ing transition leads to a bound state. Hence the differ-
ence in the shape of the ¥ spectra in the case of radia-
tive pion capture by °Li, the corresponding maximum
being narrow and pronounced.

The maximum in the central region of the spectrum
for radiative pion capture by °Li is formed by transi-
tions to states described by the configurations (21).
These states then decay through the 3H+ *H channel.
Thus, the process proceeds as if on the three-particle
subsystem *He. The three-nucleon system can be
formed not only in the bound state, but can also decay
into d+ n and 2n + p.

The ®Li(n,¥) reaction has also been studied in coin-
cidence with mesic x-ray emission corresponding to a
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2p—1s transition: AE{(2p-1s)= 25 keV. The coincid-
ence method revealed a branch of radiative pion capture
associated solely with pion absorption from the 1s or-
bit. The gross structure of the excitation spectrum of
the nucleus for capture from only the 1s orbit and from
different orbits is almost the same. This was also pre-
dicted by the theory. The difference between capture
from the s and p orbits is due mainly to the difference
in the excitation of states with J*= 37, and the part they
play in radiative pion capture by the ®Li nucleus is, as
we have already seen, not large.

Completing our discussion of the response of the ®Li
nucleus in the (m, ¥) reaction, we note that a systematic
study of the disintegration of this nucleus is complicat-
ed by the presence of many-particle channels. The
theoretical analysis we have made should be regarded
as qualitative and preliminary, its aim being to reveal
the main features of the process.

The calculated ¥y spectrum is rather sensitive in its
high-energy part to the details of the nuclear structure.
Therefore, a systematic investigation is required in
this part of the spectrum. Deeper understanding of the
part played by the nuclear structure could be gained by
investigating electron scatfering with high resolution,
the main photodisintegration channels with coincidence
of emitted particles required, etc. (see the review of
Ref. 59).

We also consider a theoretical interpretation of the
response of the ®Li nucleus in the (7, %) reaction and in
electron scattering. It is based on a single-particle
representation of the process. Analysis of the *Li(n,7)
reaction showed that the single-particle model does not
reflect the observed picture, except for the region of
high excitation energies (E*z 30 MeV),*® where the
resonance effects are unimportant. In the single-parti-
cle approach, the 1s ~1p transitions were concentrated
in the low-energy region of ®He. This is a typical re-
sult for such a model. Inclusion of the residual inter-
action between the nucleons leads to the states being
pushed into the region of high excitation energies. After
inclusion of the interaction, it is found, as we have
seen, that it is precisely because of the 1s = 1p transi-
tion that the maxima in the excitation spectrum are
formed.

The "Li Nucleus. Both in photoabsorption and in
radiative pion capture by the "Li nucleus the region of
localization of the transitions is very broad.®®:™ This
is due to the configuration splitting of the resonance.'®:*®
In discussing the "Li response as a result of radiative
pion capture, we shall again proceed from the approxi-
mate realization in this system of asupermultiplet level .
scheme. The broad maximum with centroid at excita-
tion energy E*("He) = 15 MeV corresponds to transitions
of a 1s nucleon with the formation of states whose sym-
metry is determined by the Young tableau [31]:

1572 1pt [31] L : ©L; (24a)
1571 1p* [31] BL : #L; (24b)
18 =1 1p4 [31] 31L& 92[, (24c)

The [4] symmetry in the four-nucleon system is associ-

Gmitro et al. 333



ated only with isospin 7= 0. Therefore, the 1s™1p*[4]
configurations are realized in the system with isospin
T = % and cannot be manifested in the (7, }) reaction.

In the system of four p nucleons with Young tableau
[31] the orbital angular momenta L=1, 2, and 3 can be
realized. Spin-dipole transitions are associated with
only the first two angular momenta because the orbital
angular momentum of "Li in the ground state is
L=1:|1s*1p%[3]%2P), and the operator [¢®Y,] cannot
couple orbital angular momenta differing by more than
one unit. States whose total angular momentum does
not exceed J,= 5/2 correspond to the configurations
(24a) and (24c). It is only in the configuration (24b) that
total angular momentum J,=J,+ 2= 7/2 is realized:

| 1571, 4p4 [31133D : 44D,,,). (25)

The maximum in the region of ¥ energies around E,
=120 MeV corresponds to excitation of valence nucleons
with predominant formation of the configurations

| 1p® [21%18, 1d : 2D, ); (26a)

| 1p® [2131D, 1d: L, ), (26b)

where L=0, 1, and 2. In such configurations, the total
angular momentum J,=J,+ 2= 7/2 is again not real-
ized.

Calculation of the "Li(7, ) reaction with the standard
set of parameters leads to the appearance of a sharp
peak at low "He excitation energies. As follows from
the calculation, this peak corresponds to a resonance
with J7= 5/2¢ formed as a result of a 1p,;, = 1d; s,
transition. The theoretically obtained position of the
maximum is shifted to lower energies by 4 MeV com-
pared with the observed position. Calculation with the
CK+ MK parameters (see Fig. Tb) leads to the neces-
sary shift of the curve to higher energies, leaving prac-
tically unchanged the structure and the quantum num-
bers of the resonance. A similar effect was obtained in
the calculation of the photoabsorption curve.®

As a result of electron scattering by "Li, states with
isospin T,= T, and also T,= T, + 1 larger by unity are
excited. As follows from the calculations, the intensi-
ties of the two branches are almost the same. There-
fore, the resulting excitation spectrum of "Li in the
(e,e’) reaction is complicated. The (7, ?) reaction
makes it possible to cut out the T,= T, branch and thus
simplify the excitation curve.

The *Be Nucleus. The calculated excitation spectrum
of the °Be nucleus in the (7,7) (Fig. 8a), (e,e’), and
photodisintegration reactions is fairly smooth. Since in
this nucleus there are not such strong suppressions of
the configurations as there are in °Li and "Li, the AJ
= 2 transitions are fairly strong. As a result, the M2
resonance (see Fig. 7 in Ref. 61) is manifested much
more clearly than in the two preceding nuclei. The nu-
cleons of the valence 1p shell in Be have the main
strength of the transitions in the (7,%) and photonuclear
reactions and for electromagnetic M2 transitions.
Blocking affects the 1s —1p transitions in the listed pro-
cesses, and they are not so strong. Nucleons of the 1s
shell manifest themselves clearly only in E1 excitations
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FIG. 8. The y spectra of radiative pion capture: a) the ’Be
nucleus,®® calculation in the standard variant; b) the !B nu-
cleus?; c) the !'B nucleus,’ calculation in the standard vari-
ant; d) the same nucleus but calculated in the MK variant.

of transverse type. We have already explained the rea-
son for this.

Since the 1s nucleons do not play such an appreciable
part in the (7,%) reaction in *Be, the entire excitation
curve of the nucleus is shifted to lower energies (see
Fig. 8), in contrast to the curves for the Li isotopes.

It can be considered that overall the agreement between
the theory and experiment for both the *Be(r,?) reaction
and photoabsorption is fairly good.

The °B Nucleus. In the ¥ spectra of radiative pion
capture by the '°B nucleus maxima are observed only in
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the hardest part (see Fig. 8b). These are M1 and M3
transitions. In the energy region in which the M2 tran-
sitions must be localized and higher, there is almost
no structure in the spectrum. The absence of structure
is most probably due to the fact that the number of pos-
sible transitions is large and their superposition leads
to smoothing of the resulting spectrum. A large num-
ber of states arises because the spin of the ground state
of the *°B nucleus is large: J,=3. Therefore, the re-
sponse of the nucleus is associated with the excitation
of states whose spin may reach five units. Unfortunate-
ly, a detailed theoretical analysis of the excitation of
this nucleus has not yet been made.

The "'B Nucleus. In the 'B(m,y) reaction, essentially
only one maximum has been found (see Fig. 8¢), and its
width is appreciably less than in the preceding nuclei
(A= 6-10). There is a low probability of transition to
the 'Be ground state (1/2¢). The calculation with the
standard set of parameters of the nuclear model (CK
+ COP) leads to a strong concentration of the 1p,
=14, and 1p, s, ~ 1d, , transitions. The peak is ob-
tained 5 MeV below the experimental peak. The situa-
tion is similar in "Li. We note that the Young tableaux
of the ground-state wave functions of "Li and "B are
almost identical ( 3] and [43]). The photonuclear spec-
tra are also not reproduced by the theory in such a var-
iant. Replacement of the CK+ COP parameters by the
CK+ MK parameters leads to a shift in the necessary
direction of the positions of the maxima (see Fig. 8d) in
both the (7, ¥) and the photonuclear reaction, though
agreement with experiment is still not achieved.

In both variants of the calculation, the principal max-
imum in the (7, ¥) reaction is found to be associated
with a resonance whose spin is J,=J,= 3/2. This is
the only case in nuclei of the 1p shell when the theory
associates the main maximum in the (7, ¥) reaction with
a AJ= 0 transition. In the photonuclear reactions, we
have the usual situation, i.e., the spin of the main max-
imumisJ,=J,+1= 5/2. It follows from what we have
said that the !B nucleus is the most complicated case
for the theory. In this connection, it appears desirable
to make a more detailed investigation of it. In particu-
lar, inclusion of the decay characteristics discussed in
Ref. 73 would make it possible to decompose the reso-
nance into constitutent parts. The existence of such ex-
perimental information may significantly advance our
understanding of the structure of the resonance states
of this nucleus.

Carbon Isotopes (**C, '°C, and *C). For nuclei at
the end of the 1p shell (4= 12-16) there are rather few
data on inelastic electron scattering, photodisintegra-
tion, p capture, etc. All the data can be described
fairly well in the framework of the shell model. Simi-
lar agreement is observed for radiative pion capture.
The results of investigation of electron scattering and
radiative pion capture on *C has made it possible to
assert with certainty that in this nucleus there is a
concentration of M2-transition strengths.

Both in the y spectrum of radiative pion capture by
the nucleus *2C and in the cross section of inelastic
electron scattering it is possible to identify resonances
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FIG. 9. Calculated v spectra from radiative pion capture by
carbon isotopes: a) the 12C nucleus, calculations in accordance
with the unified theory of nuclear reactions’ with allowance for
the continuum; b) the '*C nucleus, calculation in the standard
variant'® ™; ¢) the !4C nucleus, calculation in the standard
variant.!®

with spins J =1*, 17, and 27 (Figs. 9 and 10). The
highest intensity of the M2 transitions corresponds to
the resonance whose excitation energy is E*(*3C) = 19.6
MeV, which corresponds to E*(**B) = 4.37 MeV.** The
resonance with quantum numbers J"= 1~ manifested in
the (7, %) reaction is interpreted as an analog of the
photonuclear resonance E*= 22 MeV.

Above the J"= 17, E*= 22 MeV resonance there is a
region of *2C excitation associated with transitions in
which spin flip (1p, s, ~ 1d,,) occurs. In the **Q nu-
cleus, the theory predicted strong concentration of the
strengths of such transitions in the (e, e’) and (7, %) re-
actions at the level J"= 17, E*= 25 MeV. However, in
12C a significant maximum is observed neither in the
measured nor in the calculated spectrum in this region
of energies, although a certain concentration of the
transition strengths can be traced. This is due to the
fact that the spin-flip transitions in 2C are strongly
fragmented. This result is obtained in a theory which
does not make the assumption that the 1p,,, subshell in
2C is closed.

Overall, the structure of the excitation spectrum of
the *2C nucleus in the (m,7) reaction is well reproduced
in the shell model (see Figs. 9 and 10) both with (Ref. 7)
and without (Ref. 8) allowance for the continuum.

The !*C nucleus has also been fairly well studied.
There are detailed calculations of the total and partial
photonucleon spectra.® They agree with the observed
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spectra.™ There are experimental data® on electron
scattering through large angles (145.7°). The theory
reproduces the structure of the excitation spectrum of
the nucleus.™ Since the theory basically explains a
large set of experimental data, the (7,¥) reaction
should not be an exception. Indeed, subsequent mea-
surements of the ¥ spectrum of the (w, %) reaction on
13C confirmed the predictions of the theory.

As follows from the calculations of Refs. 60 and 61,
the transitions in the **C(rw, 7) reaction are concentrated
in a fairly narrow energy region. The ground-state spin
of the *3C nucleus is 1/2". Therefore, the M2 resonance
is split with respect to the spin (J;= 5/2+ and 3/2%. The
strength of the M2 transitions is concentrated (see Refs.
18, 60, 61, and 72) in the resonances J"T = 5/2*3/2,
E**B) = 6.4 MeV and J"T = 3/2*3/2, E*(**B) = 5.5 MeV,

TABLE V. Contributions of the main configurations to the wave
functions of a number of resonances of the *B nucleus (in %).

J% E (13B), MeV

Component of wave function
512+ (6.4) 3/2+; (5,5) 5/2%; (3.9)
P3jaPyjads)s s 44 17 37
P3jaPysa2sy2 16 37 u

and also in the energy region E*(**B) =10 MeV, where
there are several states with J*= 3/2* and 5/2* (see
Figs. 9 and 10 and Table IV). In the (m, ?) reaction,
resonances with E*= 6.4 and 5.5 MeV can be identified
fairly clearly. The wave functions of these resonances
contain the two large components

(27a)
(27b)

The weights of these components in the wave function
are given in Table V. :

1P£,'51P;;21d5;‘2

1p531p}] 22512,

Table V also gives the wave-function structure of the
level J"T'= 5/2*3/2, E*= 3.9 MeV, which, as can be
clearly seen, is the spin—orbit partner of the level with
E*=5.5 MeV. However, as follows from the analysis
of the (7, ¥) reaction, its excitation intensity is low.

Although the agreement between theory and experi-
ment for '°C is fairly good, it is important to make a
more detailed investigation of the **C(e,e’) reaction
with high resolution. The results of such an investiga-
tion could establish the quantum numbers of the states
that form the resonance.

The concentration of the M2- and El{-transition
strengths in the **C nucleus in the (7,%) reaction and in
electron scattering with small momentum transfer is
fairly strong.'® The gross structure of the excitation
spectrum hardly depends on the parameters of the nu-
clear model. The strongest transitions are given in
Table VI. As follows from the theory, the strength of
the M2 transitions in both the (7, %) and the (e,e’) reac-
tion is concentrated at the level J'T = 272, with excita-
tion energy EX(*‘B) = 1.8 MeV, i.e., EX**C)= 24 MeV.
The Eli-transition strength is concentrated at a level
5 MeV higher. Preliminary experimental data on the
14¢(7,7) reaction (see Fig. 10)*° confirm the theoretical
predictions. However, the ¥ yield is much lower than
expected.

The M2 transition to the ground state (J°T'= 272)) of
4B in the (7, %) reaction and its analog in the C nu-

TABLE VI. Strong transitions in '*C(e, ¢’) and !“C(r, ¥) reac-

TABLE IV. Partial y yield in the 13¢(w, ) reaction with exci- tions with excitation of resonances with isospin in T'=2. The
tation of positive-parity states. results in the MK variant are given in brackets.
Experiment®® Theory® E* (u‘g:)_ E* (14B), E* (14B), &
Ey .| E* (13C), | E* (13B), a E* (13B), Je Me MeV MeV m.‘f,""l?g R, 10-4
MeV MoV R, 10-4 R, 10-4 J% MeY Theory Experiment o
14.5 18.6 3.5 0.964-0.4 8.1 3/2%, 5/2* 3.5 : b 25.9 3.4 (4,8) — 0 1.6 (0.5)
119.6 —_ = = 3/2* 29.3 6.8 (7,1) 2.3 2.7 (3.6)
118.5 21,6 6.5 8,63+1.7 11,7 5/2% 5.5 2- 22.8 0.4 (0) 0 0.4 0.9 (0
117.4 22,7 7,6 10,23+1.8 24.5 5/2+, 3/2% 6,4 24.2 1.8 (1,9) 1.82 1.7 5.3 (6.4)
114.8 25,3 10,2 17,35+3,7 38.5 5/2+, 3/2* 8—11.6 27.4 5.0 (5,1) 0.3 1.9 (2.0)
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cleus in the case of electron scattering are weak. Its
probability is sensitive to the parameters of the nuclear
model. We believe it is important to continue the inves-
tigation of the **C(e,e’) reaction at large angles. The
earlier measurements™ were unfortunately restricted
to low excitation energies.

We now turn to a comparison of the excitation spectra
of the nuclei of the carbon isotopes. In all the nuclei,
the structure of the main maximum of the M2 transition
for *B (J7= 27, E*=4.37 MeV), B (J = 5/2*, E*= 6.4
MeV), and *B (J- =27, E*= 1.8 MeV) is due to the com-
poaent 1p3Y,1p¢73%14d, ,. The coincidence of the main
maxima in the three nuclei (see Figs. 9 and 10) clearly
demonstrates the generality of the nuclear response in
these three isotopes. Next to the main maximum at
higher excitation energies of the nucleus there are less
clearly expressed maxima, which are associated with
the states that form the dipole resonance in the photo-
nuclear reactions, and somewhat higher there is a di-
pole resonance with spin flip (E1#).

We now arrange the excitation spectra of the nuclei
in the (7, 7) and (e, e’) reactions to achieve coincidence
of the positions of the strong peaks corresponding to
the M2 transitions (Figs. 11 and 12). In the case of the
T, M2 transitions, the theory predicts a two-hump ex-
citation curve for electron scattering. We recall that
in *®Q such a picture was observed. In the (7,7) reac-
tion, the excitation curve has a similar structure, and
it is expressed even more clearly because of the en-
hancement of the intensity of the second (situated at
higher nuclear excitation energy) hump. This enhance-
ment is due to the inclusion of transitions that in the
(e,e’) reaction form the E1f resonance. The reason for
the appearance of the two humps is the spin—orbit
splitting. The low-energy hump is associated mainly
with the 1p, ,,~1d, s, transition, and the upper one with
the 2p, s, = 1d, , transition. In the measured spectra of
the (m,7) transitions, the presence of two humps can
also be established.
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FIG. 11. Comparison of calculated spectra of spin excitations
of the 13C and !*N nuclei for inelastic electron scattering and
radiative pion capture with separation of the multipoles.
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FIG. 12, Comparison of calculated spectra of spin excitations
of the *C nucleus for inelastic electron scattering and radiative
pion capture with separation of the multipoles.

The **N Nucleus. The excitation curve of **N was
found to be insensitive to the choice of the parameters
of the nuclear model. Use of the interaction proposed
in Ref. 6, or the standard CK+ COP interaction, or the
CK+ MK interaction leads to almost exactly the same
shape of the excitation spectrum of the nucleus. Figure
13 shows the ¥ spectrum of radiative pion capture by
the N nucleus measured at SIN,*® and also the results
of calculation in the standard approach.!® The transi-
tion strength is concentrated at the J*= 3~ level, which
takes an appreciable fraction of the total intensity. The
most intense peak with J"= 27, situated near the peak
with J7= 37, is the analog of the dipole resonance in the
case of ¥ absorption.

In the calculated and measured excitation spectra of
14N in the (m,¥) reaction one can identify the two humps
discussed above (see Fig. 11). With regard to electron
scattering, there are as yet only provisional data™ on
M2 transitions.

I
Hp10,5 MeV
L

Joo -

100

|
EXO%C), MeV

FIG. 13. The v spectrum in the '*N(r, v) reaction. The histo-
gram is taken from Ref. 47 and the calculation is in the stan-
dard variant.'®
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The *°N Nucleus. As follows from the calculations,
the probability of excitation of the ground state of the
15C nucleus in the (7, %) reaction is small: R~1x10™.
Among the **C bound states, the J7= 5/2; level with en-
ergy E*(*°C) = 0.75 MeV is the one most strongly ex-
cited. The M2 transitions are concentrated in the ener-
gy region from 8 to 15 MeV, and, as in *3C, they are
distributed over states with spin J7= 5/2* and 3/2°.

2. RADIATIVE CAPTURE OF PIONS BY NUCLEI
HEAVIER THAN OXYGEN

In nuclei heavier than oxygen, the level deunsity rapid-
ly increases and the use of radiative pion capture for
spectroscopic investigations becomes problematic in
view of the insufficient resolution of the y detectors.
There are, however, examples of nuclei, above all in
the 2s—14d shell, whose states can be separated and in-
vestigated in the radiative-pion-capture reaction. The
number of experimentally investigated nuclei is small.
In this section, we give, in order of increasing atomic
number A, the nuclei for which there are experimental
data on radiative pion capture.

The ‘80 Nucleus. This nucleus was partly discussed
in the review of Ref. 1. The two neutrons in the 2s-1d
shell do not participate directly in the capture process.
Therefore, the ¥ spectrum in the *Q(w, %) reaction re-
calls the spectrum in **0. However, the presence of
the two neutrons in the valence shell leads to blocking
of a number of states of the final nucleus. As a result,
there is a regrouping of the transitions. In !*Q, a clear
grouping of the strengths of the spin-quadrupole transi-
tions is not observed. In 0, a small maximum can

be seen in the region of localization of these transitions.

This clear grouping of the transition strengths in *®0
was interpreted in Ref. 77 as indicating the existence of
concentration of the spin—quadrupole excitations in this
nucleus.

The °F Nucleus. Because of the proton present in
the 2s or 1d shell, transitions to low-lying bound states
of 1°0 are possible. However, these transitions have
low intensity, since the structures of the low-lying °O
levels and of the '°F ground state (Fig. 14 and Table
VII) differ rather strongly.”™ In muon capture by the
19F nucleus, there is a similar situation.’!:”™ With re-
gard to pion capture by protons of the 1p shell, it does
not lead to the appearance of clear peaks in the spec-
trum.

T
Ny /0.2 NieV
200~

“F)

75—
250
7Z51—
061~

5=

S0~

25

| | ! | .l | { L ,I’Jll\L

ﬂﬂ.i, 1 sdr 857 ror 1051 #0157 1207 7257 7307 £y, MeV

FIG. 14. The v spectrum for the *F(r, v) reaction.”
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TABLE VII. The ¥ yield in the '*F(r", ) reaction (experi-
ment)? and the rate of muon capture by the '*F nucleus
(theory) .S+

% (19F), % (190), o -1
E., MeV E N;eV) E M(BV ) g Ry, 10-4 Ay seC
133.6 (7.6) 0.0 5/2*% 1.340.3 —
133.5 (7.7) 0.097 3/2+ 1000
132.1 (9.1) 1,468 172+ 0.5 190
131.2 (10.0) 2.370 372+ < 210
130.4 (10.9) 3.237 1/2+ 200
128.6 (11.5) 3.9 3/2- 4.510.9
127.2 (12.2) 4.6 32 4.84+1.0
125.6 (13.9) 6,3 Ti2- 3.240.75 3
124.8 (18.6) 11,0 5/2- 2.740.6
Smooth background 223+46
Total yield 240148

The **Ne Nucleus. The y spectrum for the radiative
capture of pions by the #*Ne nucleus obtained recently
at Los Alamos is shown in Fig. 15.2* A clear resonance
structure is observed in the spectrum at low excitation
energies; a fairly strong M1 peak is observed ia this
region in electron scattering.®® The result of the analy-
sis of the experimental y spectrum is given in Table
VIII. A more detailed examination shows that the radia-
tive-pion-capture peak is formed by two J7 = 27 states,
and the contribution of the J7= 1* level is small. A
qualitative and quantitative explanation of this will be
given in Sec. 3. Here we mention as result of the cal-
culation that the J7= 27 states play an important part in
the (e, e’) reaction on **Ne.® In particular, the second
peak in the spectrum at excitation energy E*= 6.1 MeV
of the final nucleus can be interpreted as a manifesta-
tion of a J7= 2~ state. The observed strength of the
transitions in the (7, 7) reaction can be used for quanti-
tative determination of the contribution of correlations
in the ground state of the target nucleus. Such an ap-
proach was first realized in analysis of M2 transitions
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FIG. 15. The y spectrum for the ?’Ne(r, ) reaction from
Ref. 38. The inset shows on an enlarged scale the contribu-
tions of the four levels that form the peak near E, =130 MeV.
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TABLE VII. Results of analysis of the y spectrum for the
20Ne(r~, y) reaction.®

Ey MeV | E*(0Ne), | e dom), Ry, 1074 Ry/RI, % g
131.3 10.2 0.0 0,740,3 0.42 at
130.2 11.3 1.4 0,940.5 0,57 1+
130.0 11.5 1.3 1.740,6 1,07 2-
129.5 12.0 1.8 2,6+0.3 1.61 &
125.2 16.3 6,1 15,3+3.0 9,55 —_
114.2 27,3 17.1 14,8+1.7 3.0 —

Smooth background 134422 83.0
Total yield 16024 100

in inelastic electron scattering.®® However, the analy-
sis gives 7 yields in the (7, 7) reaction that are too high.

The *8i Nucleus. Experimentally, the 288i nucleus is
an interesting object. The decay threshold of the 28Al
nucleus formed through the #?Al+ n channel is high (7.7
MeV). Therefore, in the hardest part of the y spec-
trum there is a background-free window of width almost
8 MeV. Data on inelastic electron scattering revealed®?
in this region several levels excited as a result of M1
and M2 transitions. Analysis of the results on the basis
of the shell model made it possible to obtain a fairly
accurate picture of the correlations that determine the
structure of the wave function of these states.

The experimental ¥ spectrum in the ?%3i(7, ) reaction
is shown in Fig. 18. Analysis reveals four states with
quantum numbers J"= 1* and three with J"= 2 and per-
mits determination of the y yields corresponding to
them. The calculation reflects qualitatively the energy
dependence of the 7 yields. The energy positions of the
levels agree with the observed positions only approxi-

I 5
Ay /1 MeV ““

7 £(281), MeV 2
by
sol- 167 £0%51),MeV 7

k4

J0

" aven

FIG. 16. High-energy part of the y spectrum in the

2gi(mr, v)28A1 reaction.’ The events below the 28A1 —2TA] +»
decay threshold were eliminated when the experimental data
were analyzed on the basis of the pole model.
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FIG. 17. The v spectrum in the *2S(r, y) reaction.’

mately. Simultaneous analysis of the ?%Si(e, e’) and
#%8i(7, 7) reactions makes it possible to separate spin
and orbital components of the M1-transition matrix ele-
ment in the same way as was done in ®°Ne. Such analy-
sis in the framework of a microscopic approach is one
of the elements in the verification of the wave functions
obtained on the basis of the shell model.?® The final
aim of such calculations is to determine the spin-de-
pendent part of the effective nucleon interaction in nu-
clei.

The *28 Nucleus. In contrast to the 2®Si nucleus, a
peak is observed® in the ¥ spectrum of radiative pion
capture in *S only in the region of the hardest y rays.

It is associated with transitions of the valence nucleons
within one shell (Fig. 17). At lower y energies there is
a strong overlapping of the spin-dipole, spin-quadru-
pole, and spin-octupole excitations. Such an interpreta-
tion is based on a semiquantitative analysis®® based on
single-particle estimates of the transitions in 3. We
recall that in Q0 the spin-quadrupole transitions are
responsible for the y yield in less than 509 of the cases.
In 8, they become predominant (Table IX), and the
spin-octupole transitions associated with the operator
[o® Y] give the next largest contribution. All this is a
consequence of the increasing importance of pion cap-
ture from the 3d orbit (in the calculation, it was as-
sumed that capture from this orbit takes place in 10%

of the cases). The resulting spectrum is formed as a
result of the superposition of a large number of transi-
tions, and the structure is completely lost.

Medium and heavy nuclei

Radiative capture of pions has also been experimen-
tally investigated for the four heavier nuclei *Ca, *Zr,
208pp, and ***Bi. The corresponding ¥ spectra are giv-
en in Figs. 18-21. For *Ca and *Zr one notes a cer-
tain structure in the high-energy part of the y spectrum.
However, there is as yet no quantitative analysis of the
corresponding transition intensities.

In Refs. 2 and 86 there is a fairly detailed discussion
of the structure of the ¥ spectrum in 2°°Bi. However,
it should be borne in mind that the two experiments
made for this nucleus gave contradictory results.

Following the theoretical analysis made in Ref. 87 for
capture by the 2®Pb nucleus, we can readily establish
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TABLE IX. Transition rates and vy yields for the *S(r~, v)
reaction, summed over states with definite spin.®

Nho JF [Agp 013507 1Ay torosec | R, 104 R4, 1074 R, 10-%
1+ 143.0 22.6 10.73 0,59 11.32
Ohaor 2¢ 91,3 9.0 6,83 0,23 7,06
3+ 42,7 8.6 3.24 0,23 3.47
4 11.7 8.3 0.91 0.20 1.41
0- 16.7 13,3 1,24 0,36 1.60
1- 155.4 55,5 11,66 1,47 13.13
1ho 2= 295.3 64.4 22,09 1.70 23,7
3 115.4 42,2 8.66 1,11 9.77
4 71,0 92,2 5.33 1,38 6,71
! 1+ 128.6 25.5 9.66 0.68 10,34
2+ 336.0 48.9 25.20 1.29 26.49
2k 3+ 257.2 7.7 19.31 1.90 21,21
4* 24,5 30.0 1.83 0.79 2,62
5+ 17.4 28.8 1.33 . 0.75 2,08
1= 69.2 5.4 5.19 0.14 5,33
Sho 2= 119.8 23.6 8.98 0.62 9,60
3= 91.0 59.1 6,82 1.56 8.38
i 47.9 45.8 3.59 1.21 4,80
Ohw | ZJT 288,7 48,5 2,71 1,25 22,96
tho | ZJF 653.8 277.8 48.98 6.02 55.00
2he | 2JF 763.7 204.,9 57.33 5.41 62,74
She | 2JF 327.9 133.9 24.59 3.53 28,12
Total yield 2034.1 614.9 152,61 16.21 168.8

the reason for the disappearance of structure in the ¥
spectrum. Capture takes place mainly from a high
(Z,~3) mesoatomic orbit, and ZR= 5 (the energy carried

~away by the y ray, multiplied by the radius of the nu-
cleus). Therefore, in the final nucleus levels whose
spins can take values up to J= 8 can be excited. The
superposition of all the transitions leads to the smooth
spectrum. We have already noted a similar effect in
the 8 nucleus, and it is also noted in analysis of the ¥
spectrum of radiative pion capture by *°Ca in the second
of the papers quoted in Ref. 84. Thus, the (77,¥) reac-
tion on heavy nuclei does not possess the selectivity
with respect to definite excitation modes that there is in
the case of light nuclei.

3. PHENOMENOLOGICAL APPROACH TO THE
DESCRIPTION OF PARTIAL TRANSITIONS IN LIGHT
NUCLEI

The characteristics of nuclear transitions discussed
above were calculated on the basis of definite nuclear
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FIG. 19. The ¥ spectrum for the **Zr(r, y) reaction.® The
histogram gives the results of the measurements, the curve
the result of fitting on the basis of the pole model.

wave functions constructed in definite variants of the
shell model. This approach revealed certain general
regularities of radiative pion capture for a wide region
of nuclei. At the same time, the connection of radiative
pion capture with other processes such as muon capture
and electron scattering was revealed. In the establish-
ment of the connection, the nuclear wave functions play
the part of intermediaries. The use of model wave
functions to calculate nuclear matrix elements general-
ly introduces an uncertainty that is difficult to control.
Therefore, is it possible to do without wave functions
altogether or to reduce the part they play to a mini-
mum?

The problem is solved from this point of view in the
so-called phenomenological approach. However, it is
not as a rule possible to do without wave functions en-
tirely. The part played by the models reduces in this
case to their being employed to identify the most im-
portant parts of the matrix elements, which are then
not calculated but taken from other experiments. In
particular, such an approach was already used in Refs.
37 and 88 to describe muon capture in 5Li and 2C., Ex-
perimental data on electron scattering and 8 and ¥
transitions served as the reference data.

The phenomenological approach was first used to de-
scribe radiative pion capture in Refs. 89 and 90 and
later in Refs. 53, 91, and 92. Below, we discuss the
results of such analysis and show that under certain
assumptions it is possible to relate the experimental
data on radiative pion capture to the data on electron
scattering, B8 decay, and ¥ transitions.

For y transitions of magnetic dipole type, one can as
a result of such analysis separate the contributions of
the spin and orbital componeats of the current. In

r
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FIG. 18. The vy spectrum for the ¢°Ca(r”, 7) reaction.?
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FIG. 20. The v spectrum for the *®Pb(r, 4) reaction.%
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other cases, in particular for a pure magnetic octupole
(M3) y transition and the corresponding (7,?) transition
in nuclei of the 1p shell (when only one matrix element
is nonzero), the connection between the characteristics
of these processes makes it possible to judge the con-
sistency of the measured quantities. When the number
of basis configurations in the wave functions is small,
as is the case in °Li, the amplitudes of the components
can be extracted directly from the experimental data.

In the phenomenological analysis of radiative pion
capture by nuclei, a number of simplifications are gen-
erally made??.%3.48,

1. The wave function of a pion in the 1s orbit is ex-
pressed as the product of a hydrogenlike function (in
the field of a point charge) and a correction factor C,,
(see Eq. (40) in Ref. 1). Since the pion function changes
slowly in the volume of the nucleus, it is taken in front
of the integral sign in the matrix element and replaced
by a constant, for example,

| O, (0) |2 =4C,az°, (28)
where g, is the Bohr radius:
0=+ maM ,)jaZm,, (29)

2. The wave function for a pion in the 2p orbit is ap-
proximated by the expression

103, |°=Cypr/(24al), (30)

where C,, is the correction factor for the 2p orbit.

3. The radial integrals in the transition matrix ele-
ments were calculated using harmonic-oscillator func-
tions. The oscillator parameter 7, is determined using
electron scattering data.

As a result of these simplifications, the operators
0 ,(J5L,1) and O4J; L,l) describing the radiative pion
capture are reduced to sums of operators of two types:
7_[0®Y,], and 7.¥ ;, where 7.|p)= |n). The second
type arises from the term of the Hamiltonian propor-
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7%

J7 z28 25 22 75

tional to the constant D. All the remaining terms lead
to operators of the first type.

If the pions are captured from the 1s orbit, it is suf-
ficient to make a restriction to the terms of the Hamil-
tonian proportional to the constant 4.1:7:8:48 Then

04 (J=L; L, 0) = [A(4C,,a3’)"/*|(4m)'1*]
XV IICL+1) jras (gr) v-[0 @ Yiule

~VEZADCLHT) et (97) 7-[0 @ Yo gle); (31)
Op (I = L; L, 0) = — [A (4C,,a2)'*/(4n)' /] jr.(qr) - [0 ® Yl (32)
We denote by F, the radial integrals
TR ! s 1, if / is even,
Fr—fexp(“n-—_i_z])jﬂip(r)h(qf)r dr{ v, if s odd, (33)

where 7, is the oscillator parameter, ¢ is the momen-
tum transfer, and N+ Z is the number of nucleons.

To be specific, we now consider a J"= 1*~0* transi-
tion. The matrix element of radiative pion capture for
such a transition takes the form

1s: 107 |0 (1; 1, 0) |1 1% |2

]/-':]'Fsz""l/‘%—FoRm r?

A2a23C (o
=—

(34)

2p:

1104 (13§, 0) 119

= (0Cop/ 2] | ) F (£ AP+ q (£ BHOFI Ry
2
+V A0 £ 9 Pt ) Pl g17 B+201Fd B[ . (35)

As follows from (34) and (35), the rate of the (7,7)
transition between the states J"= 0* and 1* is determined

by two matrix elements:
Ry = (0% || [0 ® Yolyv_ || 1%); (36)
Ry = (0% || [6 @ Y ], = || 17). (37

The same matrix elements determine the form factor
of the M1 transition for electron scattering. But be-
sides them, the form factor contains matrix elements
of the operator of the convection current®;
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2 i = =
Fi = g7 (b — a2V 31 (FoLs— FoL/ VD)

+ (85— 8%)/81 (— FyRy,/ V3 + V2 F R,/ 3) Fﬁq;‘v (38)
where
CLpy=(flIt-[L ® YLl 1) (39)

The matrix element (39) is determined by analogy
with the spin matrix elements (36) and (37). In reality,
(38) contains the matrix elements of the operator 7,.
For convenience, all the matrix elements in (38) are
expressed in isospin coordinates rotated relative to the
initial coordinates through 90°. Between the corre-
sponding matrix elements there is the relation

(FllTslo ® Yol ll iy =(—1) 7+ Ry /)2, (40)

Without going into details, we note that the g-decay
rate in the J"= 0*—~1* transition is determined only by
the matrix element R;, and the radiative width of the
level is determined by the matrix elements L, and R,,
since in the limit ¢®— 0 the contribution of L,, and R,,
vanishes.

A similar analysis can be made for transitions be-
tween states with other spins. We give corresponding
examples later. The approach can be extended to nuclei
of the 2s-1d shell, in which capture of pions from the
2p orbit is predominant.

The general scheme of the approach is as follows.
From the experimental data on inelastic electron scat-
tering at small momentum transfers g the sum of the
matrix elements L, and R, is determined, and from
the data at large g the sum of the matrix elements L,;
and R,,. If a g transition takes place between the con-
sidered states, its rate determines the matrix element
R,,- Then the remaining matrix element R,, is found
from the radiative pion capture. If a g transition is not
realized, then R, is extracted from radiative-pion-
capture data, and one must ignore the matrix element
R,,, which is usually small.

We now discuss the results of the implementation of
the phenomenological approach for definite transitions.

The ®Li Nucleus. The most extensive experimental
data are available on the transition from the ground
state of 8Li (J = 1¢, T=0) to the excited J*T = 0*1 state
with energy E*= 3.56 MeV. The analog of this level in
the ®He nucleus is its ground state. This transition was
already discussed in Ref. 2. However, at that time
there were no experimental data on capture from the 1s
state of the mesic atom. Therefore, we discuss this
transition. Simultaneously, we discuss transitions to
the level J"T = 2*1, E*= 5.37 MeV of the °Li nucleus and
its analog in ®He, since more accurate data have been
published on electron scattering®:® and radiative pion
capture,??-%

Under the assumption that the 1s shell is closed, the
wave functions of the listed states contain a small num-
ber of components, which makes it possible to deter-
mine the contribution of each of them by analyzing the
characteristics of the transitions. Indeed, in the LS
representation the functions can be expressed in the
form of the expansions®*®
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TABLE X. Confributions of components to the ground-state
wave functions and the first two excited levels of the ®Li nu-
cleus with isospin T'=1.

B2 n.}.l Reference (square brackets)
ev Wi i
Conergy MoV | semoonente” | 0681 [ 911 [ 511 [ 01 | 921 | 1951 | D981
H 1 2 3 4 5 6 7
1g, 0.99 0,92 0.92{ 0.92 [ 0.9 0,9 | 1.0
1) up, 0.12] 0.37] 0,37 0.37 | 0,20 0,10 |-0.08
“Dy |0 00 00 0.10| 004 03| 0.8
: a1s, o.93| 0.84 1.001.00| 0.8 — | —
. 0+(3.56)
wp,  |—0.36—0.54—0.01) 0.08 |-0.47 — | —
‘ ap, 0.5 o.aa‘ — | = | o.8]0.60 |—0.71
2+ (5.37)
ap, 0.3 o.93| — | — | o89os]| om0

(1%, T =0) = a|8;) + B | "P,) + v | ¥D,); (41)
[0%, P =4 =a|™ 8)4 b| 2B, (42)
124, T =) =c | 22,)+ d | 2.D,). (43)

By virtue of the normalization condition, &+ b*=c?+ &#
= a®+ f#+ 9= 1. The four matrix elements R and L
discussed above can be expressed in a definite manner
in terms of the coefficients a, 8, 7, etc. Thus, for
transitions to the level J"= 0*

Boy= (VBaa+V28b)/Vin ~ 0.62; (44)
Ry =(VT0pb+ 21 Gya+31V3v)/V 4n ~ 0.04; (45)
L=V 2Ly = (—2ab-+2V3pa+V50)/Vin =032  (46)

The coefficients in the ground-state wave function of
SLi are fixed by the data on the magnetic and quadrupole
moments of the level. The function obtained in this
manner differs from the function that is obtained in Ref.
14 and reproduces the positions of the levels only by
the weight of the small components 8 and 7.

Inelastic electron scattering was analyzed with a view
to finding the coefficients @ and b in Refs. 91 and 94.
The result of the analysis is not unique—there are two
solutions. In one, the contribution of the P component
is large, while in the other this component hardly ap-
pears. The two solutions are given in Tables X-XII.
Also given there are the characteristics of various pro-

TABLE XI, Electromagnetic and weak transitions in the ®Li
and ®He nuclei (thé corresponding wave functions are given in
Table X; references are indicated by square brackets).

) b i) 0 F2 (0=0,68 F-l), gt
2 w py | @ mb £, sec I‘_' eV T i Au Sec
i 1+ 0+ o+ 2+ o+ 2+ 2+/0+ o+
1 0.87 1.34) 725 | 8,41 | 0.36 | 1.68 | 0,45 | 0,27
2 0.82 |—0.80( 822 | 8,14 | 0,27 | 1.65 | 0,45 | 0,23 1187
3 0.82 |—0.,80[ 765 | 8.15 1,74 1231
4 0,82 |—0,80 779 | 7.96 1,70
5 0.86 |—0,66/ 780 | 8.17 | 0.27 | 1,66 | 0,47 | 0,28
6 0,88 |—0.83 0,22 0,46
T 0.88 |—0.83 0. 0,47
i [39] | [91] [01] | [92 196
Experiment| 9.8 |—0,80 4, | 8.1 1.60 0.53 0,33 .00 {-1300
+0.08 +0.19 +0.05{+0. 08|40, 04 129
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TABLE XII. Characteristics of radiative pion capture by the
611 nucleus (the corresponding wave functions are given in
Table X; references are indicated by square brackets).

A:,E_ 1015 sec™t A:.':”. 1010 sec’! a (5Li - 6He)/a (p - n)

or | | 200" 0+ ar | 2+/0* 0+ or F 2 /0"
i 1.60+0.04 | 0.48 | 0.30 |5.0+£0.5| 4.0 | 0.80 | 0.110 | 0.041 | 0,37
2 1,38+0.03 | 0.53 | 0.38 [4.3+0.5| 4.2 | 0.98 | 0.094 | 0.046 | 0.49
3 1.62+0,04 4.540.5 0.113
4 1.6040.04 4.54+0,5 0.111
5 1.47%0.04 | 0,54 | 0.37 |4.5+0.5]| 4.3 | 0,95 | 0,101 | 0.046 0.46
6 0.45 3.6 0.039
7 0.34 2.8 0.029

(48] 197]

Ex- 1.44+0.15 0.32| 0.22{5.4+1.8] 3.0 0,48 0.098| 0.068] 0,70

peri- +0.07|+0.05 +0.9 |4+0.11}-0.004 |+0.024 | +0,24

ment
0.46] 0.32 4.0 | 0.58
+0.08]-40.05) +1.2 |+0.14]

Note. The experimental values of /\,(2*) are obtained after
subtraction of the continuum contribution in the 4He +nn channel
(upper value) or “He +n channel (lower value).

cesses calculated with the two sets of coefficients. The
oscillator parameter was taken to be #,= 2.03 F.

It follows from Table XII that only the set of coeffi-
cients corresponding to a large contribution of the P
component can explain the pion-capture data. Note that
the calculation made in Ref. 14 also leads to a large
contribution of the P component. If the ®Li ground state
contains an appreciable P component, this will affect
the cluster decay channel of the hypernucleus JLi*
formed in the (K~, 7) reaction at angle §_=0°. As a re-
sult of the decay SLi*—~d+ jHe*, excited JHe is formed
in the final state and then emits a ¥ ray with energy 1.1
MeV.?® The only quantity that cannot be reproduced in
the phenomenological approach is the muon capture
rate.®

We now discuss transitions to a J” = 2* level. The
wave function obtained in Ref. 92 by analyzing the ex-
perimental data on electron scattering also reproduces
the results of the measurements of the (7, ¥) reaction.
At the same time, the wave function is close to the one
obtained as a result of a model calculation.’® The ratios
of the ¥ yields in the (7, 7) reaction associated with the
transitions to the J7= 0* and 2* levels deviate in such an
analysis from the measured values. It should be noted
that a ratio of yields is determined much more accur-
ately than the absolute values, especially in the case of
pion capture from the 2p orbit. The theory gives for
the ratio the value 0.95, whereas it follows from the ex-
periment®? that it is 0.48+0.11 or 0.58+0.11, depending
on how the smooth background in the spectrum is
drawn (Fig. 22). The reason for the discrepancy is not
yet clear.

One of the reasons® for the discrepancy may be the
fact that the radial wave functions of the J7 = 2* level in
SLi and ®He differ. The level is situated in the continu-
um. In °Li it is broad, being situated appreciably above
the breakup threshold; in °He it is lower and narrower.
It could be that in ®Li a component with isospin 7= 0 is
mixed with the wave function of this level. The corre-
sponding level in °Li is very broad.
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FIG. 22. High-energy part of the y spectrum for the

81i(r, v)8He raction® obtained with resolution improved com-
pared with the data given in Fig. 5. The continuous curve is
the result of analysis of the experimental data under the as-
sumption that there are two resonances (J7=0* and 2*) in the
excitation spectrum; the broken and chain curves give the
contributions of the °He +n and ‘He + 2n channels in the frame-
work of the pole model.

Analysis of old experimental data on electron scatter-
ing in the framework of the cluster model showed that
in the A= 6 system clusters are not formed to a great
degree. Therefore, the shell model encounters diffi-
culties in the interpretation of the experimental elec-
tron-scattering data.®

The 2°Ne Nucleus. As follows from the experimental
data on inelastic electron scattering in **Ne, there is a
strong M1 transition to a level with energy E*= 11.24
MeV.82 1% 1t follows from calculations®? that the main
strength of the transition to this level is associated with
the orbital part of the current, a situation directly op-
posite to that in the nucleus °Li and other nuclei of the
1p shell. The weak M1 transitions that are manifested
in the (m,¥) reaction®® (see Fig. 15) reflect this feature
of the excitation of the **Ne nucleus.

If we use the phenomenological approach to the (7,7)
reaction described above, we obtain in ?*°Ne the rela-
tion

B(a, y; 0f— 1*) = (0,9 & 0.5) 10~*
= (6.25 == 2,19)10-* {R}s + 0.070 R}y
+ 0,013 | R, R34 1} (47

Here and below in (52), B(w,v;J,~ Jr) denotes the ¥
yield. We recall that the integral now contains radial
functions of the 14 state. The uncertainty in the numer-
ical factor on the right-hand side of (47) is due to the
error in the measurement of the width of the 2p level
in the 2°Ne mesic atom.*® Since the numerical factor in
front of the matrix element R,, is small, all this term
can be ignored, and we then find that R, = 0.12+0.04.
The width of the J7= 1+ level due to M1 transition to the
20Ne ground state is related to the matrix elements by*®
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Pyo=(2na/9M3) | Ro; (65— 88)/2+ Loy |°= (11.2+ 2.0) V.  (48)
It follows that |
| Loy + 4.7 Ryy | = 1.17 4= 0.10 (49)
Loy = o.éz + 0.2, (50)

if the value of R, given above is used. It follows from
the calculations with model wave functions that L,
=0.605 and R, = 0.105. This means that (53 +16)% of
the contribution to the amplitude of the electromagnetic
M1 transition is associated with the orbital part of the
current. Note that the (n,p) reaction at small momen-
tum transfers also carries information about the spin
amplitude of the transition.?2- 43

The *°B Nucleus. The transition from the !°B ground
state (J™T' = 3+*0) to the J~T = 0°1 level of the *°Be nucleus
(ground state) is of magnetic octupole type (M3). The
orbital component of the current does not contribute to
the form factor of this transition, and, therefore, it is
determined by the unique matrix element R,,:

Fas (q) =V RIET, 1)V 8163/ZM yr)
X g exp(—y (1 4+ d)) (25— g8) Ras, (51)

where y = (g7,/2)? and d= /73— 1/A. For radiative
pion capture from both the 1s and the 2p mesoatomic
orbits the transition rate is determined solely by the
matrix element R,;:

B (n, v) = (4,91 % 0.37)10-*R%;. (52)

The numerical factor in (52) is obtained on the basis of
the mesoatomic parameters given in Table VI of Ref. 1:
w,=1=w,=0.20£0.05, C,,=0.52, C,,=1.38, T',,
=1.68+0.12 keV, T',,=0.32:0.06 eV. It follows from
the electron-scattering data that R,,= 0.70+0.06, and
from the radiative-pion-capture data that R,; = 0.64

+ 0.04, which agrees well with the first value.

The following maximum in the ¥ spectrum of radia-
tive pion capture by the °B nucleus corresponds to ex-
citation of a J”= 2* level. The electromagnetic J~= 3*
—~2* transition is associated with operators of the fol-
lowing multipoles: M1, E2, and M3. In this case, the
radiative pion capture is determined by the matrix ele-
ments Ry, Ry, Rys, Rapg, and Ry= 4| Y,7_||1%). As
follows from the experimental data on electron scatter-
ing, the M1 transition is manifested only at momentum
transfer around 0.7 F™. The longitudinal component of
the current is hardly manifested.

It follows from what we have said that the matrix ele-
ments R, R,,, and R, can be ignored. At large mo-
mentum transfers, it is difficult to distinguish an E2
transition from an M3, since in the absence of a con-
vection current they both have the same dependence on
the momentum transfer. If we assume that we have
here a pure M3 transition, then R,;=1.09+0.06 on the
basis of the electron-scattering data and R,;= 1.05
+0.05 according to the (7,¥) reaction. The agreement
is very good. From this it may be concluded that the
contribution of the E2 transition is small. This result
agrees with the result obtained using model wave func-
tions. In the latter case, there is a contribution of
magnetic dipole excitation.
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A different picture is observed for transition to the
J7=(2*1), level. The M1 transition is predominant in
the excitation of this level. Simultaneous analysis of
the data on the (e, e’) and (7,%) reactions leads to the
matrix elements

Ly = — 0,8 +0.4; (53a)

(53b)

These examples have enabled us to illustrate the pos-
sibilities of the approach. This method can be used in
all cases when besides radiative-pion-capture data
there are data on M1 transitions, as, for example, in
12C (Refs. 22 and 72), '°C (Ref. 23), N (Refs. 22, 48,
and 72), 28Si (Ref. 53), *S (Ref. 84), etc. We refer the
reader to the original papers, in which these transitions
are analyzed.

Loy/Ryy = — 1,03 & 0.20.

The method of phenomenological analysis has un-
doubted attraction, since it is an attempt to reduce the
model dependence of the results. In evaluating particu-
lar conclusions, one must, however, use caution. The
existence of unresolved structures (for example, over-
lapping levels of different spins and parities), the ex-
trapolation of form-~factor values to other momentum
transfers, and other factors may significantly reduce
the information content of the approach. The method of
phenomenological analysis is not universal and applies
only in the cases when there already exists fairly com-
plete experimental information about the given nuclear
system.

4. PROSPECTS FOR FURTHER DEVELOPMENT OF
INVESTIGATIONS OF RADIATIVE CAPTURE OF
PIONS

A review of the state of experimental and theoretical
investigations of radiative pion capture would be incom-
plete without a discussion of possible ways of further
development of investigations in this field. Simple ex-
tension of the existing method to other nuclei and an in-
crease in the statistics of the observed events would
hardly lead to the acquisition of qualitatively new infor-
mation. It is not difficult to see the new directions in
which the investigations must advance. For this, it is
sufficient to establish what are the limitations of the ex-
isting data and what hinders their detailed theoretical
analysis. An obvious shortcoming of the experimental
data on radiative pion capture, even if better resolution
were achieved, is that we always observe the response
of the nucleus for fixed (for given excitation energy)
value of the momentum transfer, which is close to the
pion rest mass. Using only data on radiative pion cap-
ture from a mesoatomic orbit, one cannot determine
the spins and parities of the observed resonances. A
comparison with results of calculations that is aimed at
establishing the quantum numbers of the resonances
must be made using data from other related processes
in the same nucleus, or one must use theoretical argu-
ments that we wish to test. Further, in a quantitative
comparison the inadequacy of the existing information
about the properties of mesoatomic levels is clearly
revealed.

Gmitro et al. 344



Direct measurement of the width of the 2p level by
a crystal-diffraction spectrometer can be done only for
nuclei with atomic number Az 16.*** Thus, new mea-
surements for nuclei of the 1p shell, in which a number
of contentious points have arisen, must be matched to
model-dependent calculations of the cascade and ¥
yields. Although one cannot expect a significant im-
provement in the accuracy of the measurements in this
direction, one can attempt to clarify the situation in the
nuclei in which there is the most acute contradiction
with theory. Generally, the widths of the 1s levels are
known with greater accuracy'® (see also Table VI in
Ref. 1). Therefore, coincidence measurements like
those realized® in °Li can be extended to other nuclei
of the 1p shell. The decrease in the y yield from the
2p—1s transition will be partly compensated by the in-
creased energy of the x rays. In addition, the intensity
of the meson beam has also been increased since 1976,
when the ®Li experiments were made.

It is now possible to place some confidence in the
optical potentials extracted from pion elastic-scattering
data. Therefore, measurements of radiative capture of
pions in flight'°® are a natural continuation of the work
in this field. In such a case, one can vary the momen-
tum transfer to ensure that the transitions of the multi-
polarity in which one is interested are dominant, which
makes it possible to determine the quantum numbers of
the levels directly from the experiment.

Using pion beams of the existing meson factories,
one can achieve momentum transfers in the interval
from 0.2 to 3 F™, Figure 23 shows as an example the
result'® of calculating the *0Q(7", ¥) reaction cross sec-
tion. The pion energy is 60 MeV. The figure reflects
the typical behavior of cross sections for levels with
different spin values. At this energy of the incident
pion, the momentum transfer reaches the value 1.5 F™.

In emphasizing the advantages of in-flight radiative
capture of pions, we must also emphasize that these in-
vestigations are very difficult at the practical level.

20/a.2, mbfsr 7. MeV/c
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FIG. 23. Angular distribution of photons in the fO(r, v) reac-
tion with excitation of different levels of the N nucleus; E,
=60 MeV.!" The broken curve (right-hand scale) shows the
dependence of the momentum transfer on the angle for E,

=60 MeV; the continuous curve corresponds to the total con~
tribution of the negative-parity levels.
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TABLE XIII. Typical parameters of facility required for radi-
ative capture of pions in flight in the *C(r*, y)!3N reaction at
E,=120 MeV.

Momentum spread of beam +0.65% 1,05+
Thickness of target 0,22 cm 1,05*
Resolution of spectrometer 1‘,05 L
Total resolution (FWHM for E., =250 MeV), MeV 1.80

Acceptance, Afn. 3-10
Particle flux, sec’ i Dt
Number of events, [ub «sr! « 1] 3

*Contribution to total resolution, MeV

Therefore, an extensive program of investigations is
ruled out. Let us list the limiting factors. To identify
the contributions of individual levels, it is necessary
to achieve the same resolution as for radiation pion
capture from mesoatomic orbits, but now for y rays of
higher energy. The resolution problem is also aggrav-
ated here by the circumstance that one must reckon
with energy loss of the pions in the target and with a
spread of momenta in the beam itself. As an example,
Table XIII gives the parameters of a facility necessary
for separating the contributions of.the ground and first
excited state in 3N to the *3C(x*, ¥) reaction. This re-
sult was obtained in a methodological experiment made
at SIN,103

In Table XIII, we also give the expected rate of ac-
cumulation of events. This example, and also the earli-
er results obtained at Los Alamos,?® %% 197 ghow (Fig.
24) how difficult it is to perform experiments on the in-
flight radiative capture of pions despite the fact that the
background conditions are rather favorable. Indeed,
beyond the kinematic limit of the charge-exchange reac-
tion there is almost no background problem at all,
which makes it possible to study the region of excitation
energies of the nucleus up to 30 MeV.

It follows from what we have said that such experi-
ments will probably be made in the cases when one can
expect an unambiguous answer to specific or interesting
questions. As an example, we may mention the *3C(w*,

Hyrr ws!

e |a 12cpri’);) 12y

i Ti B
251

'qza —z:a g 0 20 70 40 £% MeV

FIG. 24. The y spectrum for radiative capture of pions in
flight® in the '2C(r*, ) reaction at £,=46 MeV. The back-
ground events from the '2C(r*, 7 reaction first appear at ex-
citation energy E* =40 MeV of the nucleus. 1) The result of
convolution of the calculated'® transition-strength distribution
with the resolution curve.
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¥) reaction, for which an appreciable growth of the dif-
ferential cross section at angles 6>60° is expected if
the so-called critical-opalescence effect'® is manifest-
ed. Experimentally, a much more favorable situation
is created in study of another discussed possibility of
direct determination of the spin of a nuclear state.

Such a possibility arises if one observes the correlation
between the y ray and any particle produced by the de-
cay of the final nucleus (Refs. 2, 3, 16, 110, and 111).
To indicate the characteristic features of such experi-
ments, we discuss in somewhat more detail the

180(7~, ¥n)*°N reaction. The characteristic curves of
the angular distributions for levels with different values
of the spins obtained in Ref. 16 are given in Fig. 25.
The shell model with allowance for the continuous spec-
trum was used. Figure 25 also gives the dependence of
the energies of the neutrons on the angle of their emis-
sion to emphasize that measurements based on the
time-of-flight method with moderate resolution (for ex-
ample, 1.5 nsec for a 2-m base) give an energy resolu-
tion of order 100 keV if one can simultaneously achieve
a resolution of 2° for the emission angle of the photon.
In this case, it is not necessary to determine accurate-
ly the photon energy. A detector with moderate resolu-
tion (for example, a Nal crystal formed from individual
cells measuring 6 x6x40 cm with 6% resolution at E,
=130 MeV, Ref. 112) makes it possible to reduce the
number of random coincidences and the influence of
other background sources, for example, neutrons. At
a pion flux of 107 sec™ and using the neutron detector
described in Ref. 113 and the Nal crystals in a matrix
containing 64 cells, we obtain the following estimate
for the rate of accumulation of events: 250 sec™ for the
strongest J7= 2~ transition in *®0 with small (approxi-
mately 10%) background of random coincidences. At
the same time, the events can be accumulated simul-
taneously for six series, an interval of 5° corresponding
to each.

This example shows that coincidence experiments
are perfectly realistic using the existing technical
means. Such experiments will undoubtedly significantly
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FIG. 25. Angular distribution of neutrons from the decay
18+ — 15N (ground state) +n as a result of radiative pion cap-
ture by the '*0 nucleus.!® The straight line (to which the right-
hand scale corresponds) indicates the neutron energy.
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extend our understanding of the mechanism of radiative
capture of pions. The results of two such experiments
were already published a number of years ago.!'* !5
However, the resolution and statistics were unsatisfac-
tory, and these results did not make it possible to draw
any definite conclusions.

It must be emphasized that the **0 nucleus is a
felicitous target, since in the daughter nucleus *°N
there is an energy gap between the ground state and the
nearest excited state at E*= 5.3 MeV. If there exist
several almost degenerate states of the daughter nucle-
us, one must also attempt to detect the de-excitation ¥
rays with good resolution. Then the rate of accumula-
tion of events is decreased by about 50 times, i.e., by
the factor that determines the conversion efficiency of
the pair spectrometer. However, even in this case the
experiment can be done in deuterium,!'® as is shown by
the example of observation of the (y,n) correlation.

Of course, the correlation experiments are not re-
stricted to the observation of decay neutrons. One can
also detect other particles or photons accompanying
the decay of the levels of the daughter nucleus and even
the nucleus formed after neutron emission. To analyze
the part played by clusters in the spectrum of high ex-
citations of °Li one can detect y rays in coincidence with
deuterons or tritium nuclei. In the literature there are
several examples of coincidence experiments of this
type.

One of the authors (M. Gmitro) would like to thank
the administration of the Physics Institute of the Uni-
versity of Zurich for hospitality during his visit, which
made it possible, in particular, to complete the work
on this review.
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