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Radiative proton capture reactions into nuclei with closed subshells and into the neighboring nu-

clei with one additional proton produce gamma-ray spectra with remarkably similar major features.
Detailed measurements of "B(p,y)' C and ' C(p, y)' N, described here, reveal additional striking

similarities. A generalized direct-semidirect picture of the reaction is presented, from which quanti-

tative relationships between such capture reaction pairs may be derived, including comparisons of
angular distributions, analyzing powers, and cross-section ratios over a wide range of bombarding

energies. The data are in good agreement with the theoretical predictions.

I. INTRODUCTION

Since our discovery' of strong proton radiative capture
transitions to high-lying states in ' C and Si, several ap-
proaches have been explored in attempts to understand
various aspects of the observations. In our original inter-
pretation of the data, we suggested that the most strongly
populated final states were of one-particle —one-hole char-
acter, with the "stretched" configurations (4, —19 MeV
in ' C; 6, —14 MeV in Si) dominating the observed p-
ray spectra. Arnold and Tsai and Londergan showed
that such an assumption leads to a reasonable description
of the spectra, and, if a direct-capture mechanism is as-
sumed, the magnitudes of the observed cross sections for
Ev&40 MeV are also reproduced satisfactorily. Below
this energy, a resonant mechanism is present. In a
simple single-particle picture, the resonance arises from
lp-lh configurations with the particle at a &co excitation,
while the final state after y decay has the particle at laic@.

This led to the description of the resonance as a "second
harmonic giant resonance. " Recently, Anghinolfi et al.
have reported the observation of giant resonances built on
many of the excited states of ' C, including those in the
19-MeV region; the Brookhaven-University of
Washington collaboration' has seen similar results in

Al(p, y) Si. These new observations, added to the ear-

lier results indicating an inability to explain the y~9 cross
section in the 24—40 MeV region with a simple direct
capture mechanism, ' reinforce the earlier giant reso-
nance interpretation for this transition. No microscopic
calculation has yet been done to explain this resonance in
detail, but a phenomenological direct-semidirect calcula-
tion indicates that such a description should be possible.

In studying other features of our early observations, Ar-
nold also noted that the y-ray spectrum of "B(p,y)' C
had major features remarkably similar to those of
' C(p, y)' N. In fact, in the simple independent-particle
picture, the spectrum of a (p, y) reaction into a closed-
subshell-plus-one-proton nucleus would be expected to
resemble that for capture into the neighboring closed-
subshell nucleus, except that the simple single-particle
configurations seen as final states in the former case are
spread out by the particle-hole coupling in the latter. In
Figs. 1 and 2 we show spectra from "B(p,y)' C and
' C(p, y)' N at Ev =28.5 MeV. One notes that the dom-
inant feature in the latter is the capture transition @23,
which is believed" to go predominantly into the d5&2
third excited state, while in the former, the strongest tran-
sitions are to the cluster of states near 19 MeV in ' C
which are of (d5/g p3/2) character. The y-ray energies of
these corresponding transitions in the two nuclei are very
nearly identical.
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to the observations, not only for the "y~9" transition in
' C and ' C(p, yq)' N, but also for the transition pair
"B(p,y2)' 0(2+, 4.44 MeV) and ' C(p, yo)' N( —,

ground state). In this latter pair, the ' C 2+ state is con-
sidered as a p&~2 proton coupled to a p3/p hole, while the
' N ground state has a simple p~&2 proton configuration.

In the next section, we describe the experimental work
on these two reactions, including both angular distribution
and analyzing power measurements and a determination
of the energy dependence of the capture cross sections.
Section III describes the direct-semidirect picture in its
general form; comparisons with the data for the specific
cases we have measured are contained in Sec. IV.

II. EXPERIMENTAL PROCEDURE AND RESULTS
FIG. 1. The spectrum of gamma rays from the "B(p,y)' C

reaction taken at a detector angle of 60'. All gamma rays in the
spectrum above an energy of approximately 16 Me V are
capture-gamma-ray transitions to excited states of ' C. The
peak labeled yp at 42 MeV is the transition to the ground state
of ' C; the peak @~9 is from transitions to a group of states in-

cluding the 4 stretched 1p-1h states at 19.4 MeV.

After the initial observation, two additional neighboring
pairs of nuclei were also studied, to see whether similar re-
sults would be obtained. The reactions investigated were
(a) Al(p, y) Si and Si(p, y) P, and (b) ' N(p, y)' 0 and
'6Q(p, y)' F. As we reported earlier, ' the neighboring
pairs in both cases show the same simple relationship,
with the energies of major capture gamma rays being re-
markably similar despite large differences in ground-state

Q values and excitation energies.
In the present paper, we report detailed measurements

of the "B(p,y)' C/' C(p, y)' N reaction pair. We also
present details of a generalized direct-semidirect picture
of such reactions. Predictions of the picture are compared
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FIG. 2. The spectrum of gamma rays from the ' C(p, y)' N
reaction taken at a detector angle of 60'. The peak labeled gp at
28 MeV is the transition to the ground state of "N; the y2 3 peak
is primarily the transition to the 2 single particle state in ' N

at an excitation energy of 3.55 MeV.

Self-supporting targets of enriched "B and ' C were
bombarded by polarized and unpolarized proton beams at
the Indiana University Cyclotron Facility (IUCF). The
boron targets were enriched to 97.1% "Band the ' C tar-
gets were enriched to 99.9%. A number of different tar-
gets were utilized in the measurements and generally had
thicknesses in the range 20—35 mg/cm .

An anticoincidence-shielded large-crystal (25.4)& 30.48
cm) NaI(T1) detector and associated electronics, designed
and built at The Ohio State University, was used to detect
gamma rays in the energy range 20—100 MeV from cap-
ture reactions. Details of the physical structure and per-
formance for this detector are described in Ref. 13. The
detector system utilizes time-of-flight information to re-
ject neutron-induced events; the time resolution was 2.3 ns
and provided good discrimination between gamma-ray
and neutron events at all bombarding energies used in
these studies. At beam currents from 10 to 50 nA, total
counting rates in the NaI(Tl) crystal were as high as
2&(10 per second. Pileup rejection circuitry was incor-
porated to the NaI(T1) channel to eliminate virtually all
spectral distortion from this source; linear pulse shorten-
ing reduced potential pileup to less than 10%, and an aux-
iliary logic system easily handled the residual events. A
photomultiplier gain-stabilization system, ' capable of
operating at rates well over 3X10 pulsejs, maintained
gain stability to within 1% over runs extending from 4
to 8 h in duration. The detector was positioned some 1 m
from the target and subtended a solid angle of 9.37 msr
for some runs and 13.3 msr for others. The detector reso-
lution at Er ——45 MeV was about 3.8% FWHM.

A spectrum of gamma rays from the "B(p,y)' C reac-
tion taken at a proton energy of 28.5 MeV is shown in
Fig. 1. Gamma rays corresponding to decays to the
ground and first excited states of ' C are observed well
resolved from one another. In addition to the strong de-

cay to excited states at —19 MeV in ' C, containing the
stretched (d5/2 p3/p) 4 state(s) in ' C, one observes de-

cays to a number of other presumably particle-hole nega-
tive parity states in ' C at excitation energies between 9.6
and 18 MeV. Using the measured line shape for this
detector, we were able to separate the spectra into their
various components and determine absolute cross sections
to within +20% for most of the states. The fitting rou-
tine established that the unresolved cluster of states in the
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19 MeV excitation region was well described by three
states at approximately 18.4, 19.6, and 20.6 MeV. These
states apparently correspond to the T=O and T=1,
J =4 stretched particle-hole states, seen also in pion'
and electron' scattering, and one or more 3 particle-
hole states.

A spectrum of gamma rays from the ' C(p, y)' N reac-
tion at a proton energy of 28.5 MeV is shown in Fig. 2.
The dominant decay in this spectrum is to the we11-known

single-particle state in ' N at an excitation energy of
3.55 MeV. %eaker decays to the ground state of ' N and
to unresolved higher-lying states can also be seen in the
spectrum.

The energy dependence of the 60' differential cross sec-
tion of "B(p,y) capture to the 2+ first excited state of ' C
(capturing into a pi&@ configuration) and the companion
' C(p, ye)' N cross section (also pi~2) are shown in Fig.
3(a). "B(p,y) captures to the cluster of states at an exci-
tation energy of 19 MeV in ' C are shown in Fig. 3(b). As
can be seen from the figure, this latter reaction, populat-
ing d&~2 configurations, has a resonance behavior with a
maximum cross section of 4 pb/sr occurring at a bom-
barding energy of -30 MeV. Details and interpretations
of this resonance are described in Refs. 5—7. The energy
dependence of the differential cross section of gamma-ray
decays to the —,', 3.55 MeV, excited state in ' N is also
shown in Fig. 3(b). This cross section has a maximum
value of 4.4 pb/sr at a bombarding energy of -29 MeV.

Analyzing-power measurements were performed at a
proton bombarding energy of 28.5 MeV near the peaks of
the resonant cross sections in both ' C and ' N. Beam
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FIG. 4. Gamma-ray angular distribution shapes and analyz-

ing powers for proton capture into the d~/2 orbital in the
"B(p,y)' C and ' C(p, y)' N reactions. The indicated cross sec-
tion scale is appropriate for "B(p,y), while the ' C(p, y) data
have been normalized by matching, at 70', for a direct compar-
ison of shapes. The solid curves are least-squares Legendre
polynominal and associated Legendre polynominal fits.
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currents varied from 8 to 20 nA and the beam polariza-
tion, measured before and after each run, ranged, in dif-
ferent runs, from 0.61 to 0.67. The results of the angular
distributions of the analyzing power and cross sections are
shown in Figs. 4 and 5. Cross section angular depen-
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FIG. 3. The energy dependence of the cross section for (a)
proton capture into the p&~& orbital in ' C and ' N, and (b) pro-
ton capture into the d5/q orbital plotted as a function of labora-
tory proton energy.
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FIG. 5. Same as Fig. 4, except that the proton is captured
into the p~/2 orbital.
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dences are essentially identical between pairs. The angu-
lar dependence of the analyzing powers for the
"B(p,y)' C"(19 MeV) and the ' C(p, y)' N (3.55 MeV) re-
actions are also strikingly similar, while the angular
dependence of "B(p,y )

' C*(4.43 MeV) and
' C(p, y)' N(g. s.), while different from the previously
mentioned pair, again closely resemble each other.

III. THEORY

In this section we develop the methodology for compar-
ing a nucleon radiative capture transition into a closed-
shell nucleus with a related transition into an adjacent
closed-shell-plus-one-nucleon nucleus. %e begin with a
review of the direct capture or spectator model. This is
motivated by a problem encountered in our initial attempt
to assess the limitations of the model and its extension to
include semidirect processes in the initial state. Specifi-
cally, there is a prevalent view in previous work ' ' that
it is necessary or natural to assume that the final state
populated in direct plus semidirect capture consists of a
nucleon coupled to the target ground state. As an alterna-
tive to the customary formulation of the direct-semidirect
model, we identify assumptions which define a class of ra-
diative capture models that includes a shell model picture
of direct and semidirect capture as special cases. These
assumptions are the following: (1), the initial and final
states in the capture process can be represented by states
constructed from orthogonal one-nucleon configurations;
(2), the electromagnetic transition operator can be
represented as a sum of one-nucleon operators. The first
assumption is the standard truncation which defines the
shell model description of nuclear bound and continuum
states. ' It differs from the customary formulation based
on a nucleon coupled to an unspecified target state by im-

posing the standard truncation on the target states. The
second assumption is implicit in conventional analyses
and both assumptions are accepted practice in calcula-
tions. The net result of formalizing them is a surveyable
model system from which the limitations of the direct-
semidirect model, as routinely used, can be assessed. In
particular, the orthogonality properties of the assumed
states result in strong constraints on the capture process.
The comparison procedure above is then developed for
this direct-semidirect picture and its predictions are sum-
marized.

We denote the transition amplitude for the radiative
capture process by

= & JfMf TfTf3 I
H

I
JjMfslllg Tj Tj 3tr3 &

where the initial state p; and the final state pf are eigen-
states of a nuclear Hamiltonian H with energies E; and
E~, respectively, and H is the electromagnetic interac-
tion Hamiltonian which acts as a transition operator for
creation of a photon with energy E&——E; —Ey and helici-
ty A, . The initial state is specified by the angular momen-
tum and isospin quantum numbers of the target nucleus
ground state ( J;,M;, T;,T; 3) and the quantum numbers of
the incident nucleon (s = —,',m„t = —,', t3); the final state is

specified by its total angular momentum and isospin
quantum numbers ( Jf,Mf, Tf, Tf3). The differential cross
section and analyzing power for the transition are given
by

o =s J Tr(MMt) (2)

o Ay s——J, Tr(Mo @Mt), (3)

where x =2x+ 1 and Tr represents the sum over M;,
m„M~, and A, .

The essential features of the direct capture model and
its limitations are concisely described by employing the
projection operator formalism. Let P be a projection
operator which projects from the space of the nuclear
Hamiltonian that part which corresponds to a nucleon
coupled to the target ground state; let Q be the comple-
ment of P. With these definitions, M can be written

M=&P&f I~ IPV;&+&Pal~'IQO;&

+ &Q@f I
&'I PA &+ &Q@f IH'I QA & . (4)

The first term on the right-hand side is the direct capture
amplitude, the second and third terms are called the ini-
tial and final state semidirect amplitudes, while the last is
nondirect or compound. The direct capture model corre-
sponds to retaining the first term,

and ignoring the others. Neglect of the amplitudes which
depend on Qg; is justified, a,t least in lowest order, in that
the initial state g; evolves from an asymptotic state where

Q1(;=0. The radiative capture transition is initiated by a
nucleon incident on a particular state of the target; there-
fore, the state P;, however complicated, must obey boun-
dary conditions appropriate to this designated entrance
channel. In contrast, there is no constraint which requires

pf to evolve, even in lowest order, to an asymptotic state
with Qgf ——0. There is no designated exit channel in the
radiative capture process. In general, gf will have com-
ponents for each channel with an amplitude for a given
channel determined from spectroscopic considerations for
that channel. In the case of Pgf, it follows from the defi-
nition of the projection operator P that Pgf is propor-
tional to the spectroscopic amplitude for a nucleon cou-
pled to the ground state of the target. Analogous results
hold for any channel in the Q subspace that is specifically
isolated and considered. Since there are many final states,
particularly at high excitation energies, which have small
spectroscopic factors for a nucleon coupled to the target
ground state and, hence, a possible large spectroscopic
factor for some channel in the Q subspace, neglect of the
amplitudes in Eq. (4) which depend on the Qgf cannot be
justified in the same way as the dependence on Qg;.
Under these circumstances, the direct capture model is ex-
pected to be a viable description of transitions to isolated
low lying final states that are known to have the ground
state of the target as the dominant parent. It is not clear,
however, that the model is applicable to transitions to
high lying states where the spectroscopy is less certain.
This problem carries over to the phenom enological
direct-semidirect model where the first two terms in Eq.
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(Pg~ lH'l Qq, ) =(Py~ lH'l q(P)@, )
= (Pgg l

H A; (P)
l P@g ),

=(Pqq
l
Aq(P)'H'

l Pq, ),

(7a)

where q(P) is a projection operator which projects from
the space of the nuclear Hamiltonian that part which cor-
responds to all configurations consisting of a nucleon cou-
pled to one-particle —one-hole excitations of the target

(4) are retained,

lsd & Pff I

H'
I Pits & + & Ply I

H'
I 0itji &

with Qg; approximated by a single state which represents
a nucleon coupled to a coherent one particle-one hole exci-
tation of the target ground state.

Our model, which includes direct and semidirect cap-
ture, is developed from the two general assumptions stated
earlier: (1), the initial state f; and final state 1tjy can be
represented by states constructed from orthogonal one-
nucleon configurations; (2), H can be represented as a
sum of one-nucleon operators. (1) is the primary assump-
tion of the shell model approach to nuclear reactions. ' It
is a natural nuclear structure assumption for a class of nu-
cleon radiative capture models, although its limitations
are numerous and difficult to circumvent. Assumption
(2) is also applicable to a class of radiative capture models
of which direct capture is the simplest member. Its limi-
tations can hardly be ignored since it is known that H
contains two-body operators, due to the exchange of
charged mesons between the nucleons, that provide an im-
portant correction to the photoabsorption sum rule. The
extent to which violations of these assumptions are impor-
tant in spectroscopic applications of radiative capture is a
question that is beyond the scope of this paper.

The relevance of these assumptions stems from the fol-
lowing arguments: First, we note by way of comparison
that the target nucleon configurations in the initial and fi-
nal states of (Pg~lH lPQ;) are identical. It then fol-
lows from the orthogonality of the P and Q subspaces
that the initial and final states of both (Pgf l

H
l Qff )

and (Qt(g l
H

l
Pt/r;) must differ by at least one target

nucleon configuration. Second, we note that a sum of
one-body operators is capable of changing the configura-
tion of only one particle in a many-particle state con-
structed from orthogonal one-body configurations; transi-
tions between two such states are forbidden if the states
differ by two or more one-body configurations. Thus,
(Pff l

H
l Q1(; ) =0 unless the projectile nucleon config-

urations in Q1(; and Pg~ are identical, and

(Qg~ l
H

l
PiA ) =0 unless the projectile nucleon config-

urations in Qgy and PP; are identical. In other words,
the components of Qf; and Qfy which contribute to the
semidirect amplitudes must be one-particle —one-hole ex-
citations of the target ground state with the projectile nu-
cleon configuration playing the role of spectator. Recall
that the target ground state is a spectator in the direct am-
plitude. There are no comparable constraints on the non-
direct amplitude (Qg~ lH"

l
Qg;). We now write the

semidirect amplitudes in Eq. (4) as

A =H +Hr (E rHr ) —rH (9)

with Q =q(P)+r. The transition amplitude is now writ-
ten

M = (P@g l
H, rr(P)

l P@;) + ( Q@g l

H~
l Q@;), (10)

where

H rr(P)=H +H A;(P)+Ay(P)tH

is an effective transition operator that includes both direct
and semidirect capture mechanisms. The second term in
Eq. (10) is the nondirect amplitude unaltered from Eq. (4).
If this term is neglected, the transition amplitude reduces
to a form analogous to the direct-semidirect amplitude
originally introduced by Brown' for electric dipole cap-
ture in the long wavelength limit. Since the first term in
Eq. (10) includes all multipolarities without approxima-
tion, we take

M~s~=&P6 IHe'rr(P) lPA & (12)

as the definition of the direct-semidirect model with ap-
proximate forms of the model deriving from approxima-
tions to the effective transition operator in Eq. (11). For
example, it is customary to neglect the final state semi-
direct operator, A~(P) H, since it is much smaller than
the direct and initial state semidirect operators, H and
H A;(P), in typical applications of the model. The single
state coherent particle-hole approximation to Eqs. (8) and
(9) then leads directly to the phenomenological direct-
semidirect model. The direct capture model is recovered
by neglecting both of the semidirect operators in Eq. (11).

A remarkable consequence of the present formulation,
which is in marked contrast to the customary specifica-
tion of the direct capture model, is the absence of any
assumptions on the parentage of it~. In the direct capture
model, those components of the final state whose paren-
tage derives from the projectile and target in the entrance
channel are populated. Assumptions about the specific
structure of the final state are subsumed by this selection
rule. The selection rule is preserved in the direct-
semidirect model since the semidirect amplitudes populate
the same components of the final state as the direct am-
plitude, albeit via an intermediary of one-particle —one-
hole excitations of the target ground state. The selection
rule is preserved because the allowed intermediate excita-
tions retain the target ground state parentage of the en-

ground state. While q(P) is a subspace of Q, it need not
be identified with physical excited states of the target; to
the contrary, it is known that the strength of a given
particle-hole excitation may be distributed over a number
of target excited states. Thus, we make a distinction for
the semidirect amplitudes between the customary parti-
tion of the Q subspace in terms of physical excited states
of the target and that used above where the Q subspace is
partitioned according to the particle-hole excitations of
the target ground state. The operator A (P) in Eqs. (7) is
defined by q (P)P; =A (P)Pf; and may be written

A(P)=[E —q(P)A q(P)] 'q(P)A P,
where
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trance channel. &e regard this rule as the most important
signature of a direct-semidirect radiative capture process.
%'bile it has been obtained here for nucleon radiative cap-
ture, the assumptions on which it is based are general
enough to warrant considering its use for radiative cap-
ture initiated by other light ioIls RIld 1Il hcavy ion col-
lisions. The direct-semidirect selection rule is violated by
nondirect mechanisms that contribute to the amplitude
&g|(', ia'i g~;&

We now consider thc Qondircct amplitude
(Qgf~H ~gg;) that is neglected in the direct-
semidirect model. Let Q=P'+Q', where P' is a projec-
tion operator which projects that part of the space of H
which corresponds to the first excited state of the target
and Q'=1 P P—' is—the remaining complement. With
this definition, the nondirect amplitude takes the same
form as Eq. (4),

&wf ia'age;&
=(P @f (H' )P @,)+(P yf (H"

( g @, )

+ &Q ~f I
H'I P'~; &+ & g'~f

I
H'I g'&; &

The terms in Eq. (13) may be classified "direct, " "semi-
direct, " and "nondirect" in the same way as the ampli-
tudes in Eq. (4), and the preceding arguments about the
semidirect amplitudes of Eq. (4) may be applied to the
semidirect terms in Eq. (13). The result is that Eq. (13)
may be written

(graf ~H" (QQ;)=(P'pf ~H «(P') ~P'g;)

+(Q'tpf ~H (Q'g;), (14)

where H'«(P') has the same form as H,ff(P) in Eq. (11)
with A(P') defined in the same manner as A(P). This
procedure can be repeated for each excited state of the tar-
get and its isobaric analog until the Q space is exhausted,
and thus leads to the following hierarchy for M:

M=(Pgf ~H,«(P) ~PP;)+(P'ff ~H'fr(P') ~P'f;)

+(Xpf ~H'«(X) ~xf;)+, (15)

where P+P'+ +X+ =1 and H"fr(x) has the
same form as H'fr(P) in Eq. (1 1) with A(X) defined in
the same manner as A(P). The net result of this pro-
cedure is a sequence of amplitudes, one for each state of
the target and its analog, that have the common form of a
direct-semidirect amplitude. Each amplitude in the se-
quence contains a direct term and a pair of senudirect
terms which involve one-particle —one-hole excitations of
the target or analog state. To the extent that the single
state coherent particle-hole approximation is applicable to
the semidirect terms, Eq. (15) contains a formal confirma-
tion of the Brink hypothesis. In addition, Eq. (15) ex-
hibits a generalization of the direct-semidirect capture
selection rule given above for the target ground state to a
selection rule that is applicable to each state of the target
and its isobaric analog: A nucleon radiative capture tran-
sition to a final state component whose parentage is target
state X must be initiated from components of the initial
state whose parentages are target state X for the direct

amplitude and one-particle —one-hole excitations of target
state X for the semidirect amplitudes. The population of
these initial state components from the projectile and tar-
get in the entrance channel is a separate problem governed
by the dynamics of the nuclear Hamiltonian H. Once
populated, however, the path to the final state is uniquely
determined.

Components of the initial state whose parentages are
excited states of the target may be obtained by making the
customary partition of the Q subspace in terms of these
physical target states and solving the resulting coupled
equations. The solutions may be written formally as

~xq&=(E xa—„,x) 'xa-„,p
~
py&, (16)

where H,«=H+HY(E —YHY) 'YH with P+X+Y
= 1. It follows that the importance of a given component
is governed by the strength of nuclear inelastic transitions
bctwccn thc two channels. Low lyiQg collcctivc cxcitcd
states of the target have strong coupling to the target
ground state via sucll tl'RIlsltloIls, RIld Rl'c tllcrcfoI'c ex-
pected to be important contributors to the nondirect am-
plitude (Q1'f ~H

~ Qg;) in radiative capture. In this re-

gard, to the extent that a given collective excited state of
the target is important, one-particle —one-hole excitations
of this collective state need to be considered.

One of the Q1ore important collective nuclear excita-
tions, both generally and in the specific context of nucleon
radiative capture, is the isobaric analog of the target
ground state. If this excitation is retained and all others
neglected, Eq. (15) reduces to

M=&P@f ~a,"«(P) ~P@,)+(~yf [H,'«(~)
[ "@,&,

where A is the projection operator for the analog. There
are two situations where the analog component of Eq. (17)
is absent: neutron radiative capture for target nuclei with
T3 &0, and proton radiative capture for target nuclei with
T3 &0. For all other situations, both pairs of amplitudes
are present. However, the nuclear interactions responsible
for the transition to the analog are also reponsible for the
clcctiomagnctic charge-exchange cuficIlts which lcRd to
two body operators H; as such, retention of the analog
component of Eq. (17), without considering two-body
operators in H, represents an incomplete approach to the
role of charge-exchange interactions in radiative capture.
We neglect analog components of Eq. (17) as being
beyond the scope of the present paper.

In the preceding discussion, we have developed a sur-
veyable model of the radiative capture process and have
shown that the primary limitation of the direct-semidirect
model [Eq. (12)] is the presence of collective excitations of
the target ground state which contribute to the nondirect
amp»«de (graf ~a

~
gg;). The coherent electric dipole

excitation of a/1 target states is included in this model in a
natural way through the semidirect terms included in Eqs.
(12) and (15). The importance of this excitation stems
fI'oIII tllc doIIIIIIRIlcc of electric dipole radlatlvc capture.
Thus, the validity of the direct-semidirect model is limited
by the presence of other collective excitations of the target
ground state which are strongly coupled to it via nuclear
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inelastic transitions.
We now develop the methodology for comparing a nu-

cleon radiative capture transition into a closed-shell nu-
cleus with a related transition into an adjacent closed-
shell-plus-one nucleon nucleus. Since (,I'gf

l
in Eq. (12)

is proportional to ( C S)'~, where C S is the conventional
spectroscopic factor, the transition amplitude Md, d is
reducible to the form

M~ = g (C'S) '~z( J;M~j m
l JfMf )Md, d(j ),

MddV)=&J~ l~d'd l&~. &

denotes the transition amplitude for capture of the in-
cident nucleon to a final state single particle orbital of an-
gular momentum j J —Jf l &j &J +Jf and parity

On substituting Eq. (18) into Eqs. (2) and (3),
the expressions for the cross section and analyzing power
become

o.= — g j (C S)'~ Tr[Md, d(j )Md,d(j )t], (20)
s g j

o Ay —— g j (C S)'~ Tr[Md, d(j )oyMd, d(j )t],
s

g j

with Tr now representing a sum over m„m, and A, . In
Eqs. (20) and (21), the nuclear structure information asso-
ciated with the transition resides in the angular momen-
tum and spectroscopic factors. The transition amplitudes
Md,~(j) contain the reaction kinematics and dynamics
with a residual of structure dependence coming from the
average nuclear field of the target ground state and the
average nuclear field of the coherent one-particle —one-
hole excitation of the target ground state. Since these
average fields are expected to vary slowly with mass num-
ber and energy, the nuclear structure dependence of
M~(j) is a negligible effect in a comparison of transi-
tions for adjacent nuclei; by negligible, we mean signifi-
cantly smaller than the nominal 20% uncertainty in spec-
troscopic factors. Thus, if two dynamically equivalent
transitions are compared under appropriately matched
kinematic conditions, the amplitudes M~q(j ) for the two
transitions should be equal.

The starting point for comparing a radiative capture
transition into a closed-shell nucleus with a related transi-
tion for an adjacent nucleus with an additional nucleon is
the latter. Since J; =0 for the target in the transition to a
nucleus with a closed-shell-plus nucleon, this transition
proceeds via capture to a unique final state orbital with

j —Jf . %'e use jf——j =Jf to distinguish this j and Jf
from the closed-shell case and write the cross section and
analyzing power for the closed-shell-plus-one transition,
including isospin tf ——Tf, as

o(0jJ,jf ) =—C S(0jfjf, tf ) Tr[Md, d(jf )Mgg(jf )t], (22a)

Tr[Mdd (1f )oy Md'( Jf)t]
Ay (0,jf,jf ) = O

Tr[M~. (Jf)M~d(Jf) ]
(22b)

Comparison of this transition with a transition to a state in the adjacent closed-shell nucleus is meaningful only if the
closed-shell transition is dominated by a single j value with j =jf. Thus, wc write the cross section and analyzing power
for the closed-shell transition as

A.2

o ( J,jf,Jf ) = C S (J;jf,Jf, Tf ) Tr [Md,g(j f )Md, d (jf ) ],Jf
Jgjfs
Tr[M~(jf )oyM~(jf ) ]

Ay (J;,jf,Jf )=-
~ ~

(23a)

(23b)

If two transitions are compared under similar, if not
identical, kinematic conditions, the Md,d(Jf ) in Eqs. (22)
and (23) may be treated as equal; that is,

o(J;,jf,Jf) Jf C S(J;,jf,Jf, Tf)
~(Ojf,jf) j2J. 2 C S(Ojfjf,tf)

(26)

M~d(J&) I., .=Md:(Jf) I;, , - (24)

for reasons noted above. This leads to the following pre-
dictions: (a), the cross section angular distributions for
the two transitions have the same shape; (b), their analyz-
ing powers are equal,

Ay(J;,jf,Jf ) =Ay(Ojf jf);
(c), their cross section magnitudes are related by

Thcsc prcdlctlons aI'c ldcallzcd ln that lt may not be possl"
hie to achieve appropriately matched kinematics for a
given pair of transitions: their kinematic limitations are
discussed in the next section where the pI'edictions are
compared with cxper1IDcnt.

IV. ANALYSIS

In this section wc apply thc I'csults fI'OI11 thc pI'cccdlng
section to the data for the "B(p,y)' C and ' C(p, y)' N
cases. We consider two cases: (i) is a comparison of
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"B(p,y»)' C(4 at 19 MeV) with ' C(p, y3)' N( —, at
3.55 MeV); (ii) is a comparison of "B(p,y)' C(2+ at 4.4
MeV) with ' C(p, yo)' N(g.s.). The initial as well as the fi-
nal states for each of these reaction pairs are expected to
be comparable in the manner described previously. In the
extreme shell model picture, for case (i) the T=O and
T=1 4 states near 19 MeV in ' C consist of 115&zip&&z
excitation of the 0+ ground state of C. The ground
state of "Bhas a 1 @3' hole, while the —', state at 3 MeV
in ' N has a Ids~z particle configuration. In the same
spirit, for case (ii) the 2+ state of ' C is a lp, &2 lp3/2 exci-
tation of the C ground state 0+ and the N ground state
configuration is a p&&2 particle coupled to the ' C ground
state. Thus case (ii) transitions are structurally similar in
that each involves capture into the Ip&&2 state.

The kinematics for the two ease (i) reactions are suffi-
ciently similar that when the two reactions are compared
at the same proton energy the gamma energies are nearly
equal. The kinematics for the reaction data shown in Fig.
4 are as follows. For "B(p,y~9)p Eg(C.II1.) 1s 26. 1 MeV
and Er is 22.7 MeV; for ' C(p, y)' N( —, ), E~(c.m. ) is
26.3 MeV and Er is 21.9 MeV. As a result of the similar
kinematics the entrance cha,nnel distortions for the two re-
actions should be similar with the result that the transi-
tion amplitudes Md, d(j) should be approximately equal if
the reaction mecharusms for the two reactions are the
same. If the Md, d(j) are equal then the analyzing powers
and the shapes of the angular distributions for the two re-
actions will be equal as described in Sec. III. Figure 4
shows a comparison of the angular distributions and
analyzing powers for "B(p,y~9)' C and ' C(p, y3)' N( —, )

at E~" ' equal to 28.5 MeV. It is seen that the shapes of
the cross section angular distributions are approximately
equal and the same is true for the analyzing power distri-
butions, as expected if the Md, d(j) are approximately
equal.

The observed ratio R of the total cross sections at a
particular energy for the two case (i) reactions will involve
contributions in the form of Eq. (26) from each un-
resolved final state ( Jf, T) of ' C, i.e.,

From Eq. (26),

S(—,, —,,4,T)

and the numerical factors for Jf ——1,2, and 3 are ~', ,
4', , and 4, , respectively. If all possible d5~~~~2 states,
i.e., Jf ——4, 3, 2, and 1 for both T=O and 1 were
degenerate at 19 MeV excitation and if each had the same
spectroscopic factor S, the sum in Eq. (27) would reduce
to

i.e., the multiplicative angular momentum and isospin
factor would be unity. The observed y~9 transition is be-
lieved to include contributions at least from states having

(Jf,T) values of (4, 1), (4,0), and (3,1), which are
known to be in that energy region. If these three states
had the same spectroscopic factor S, Eq. (27) for the cross
section ratio 8 to be compared with experiment would be-

25 S
(28)

Turning to the spectroscopic factors„ the recent experi-
mental results of Peterson and Hamill for the —, state5+

of ' N suggest S(0,—,', —, , —,')=0.5. Having no experi-
mental S values for the high-lying negative parity states
in ' C, we note that the spectroscopic factor for the
(3,1) state has been calculated by two groups. Donnelly
and %alker obtain the value 0.984 and Hanna et al.
report the value 0.862. The result that these values are
close to unity coupled with the fact that the 4 states of

C are stretched configuration particle hole states (unique
parentage), which suggests that their S values would be at
least as large as that of the (3,1) state, supports our
adopting a single spectroscopic factor S=0.9 for these
three states. Inserting the spectroscopic factors into Eq.
(34) the cross section ratio for case (i) becomes

'09' =094
48 (0.5)

(29)

Figure 3(b) shows the "B(p,y»)' C and ' C(p, y23)' N
cross sections at |9&

——60 over the range of proton c.m. en-
ergies from 24 to 80 MeV. It is seen that the two cross
sections are approximately equal over the entire energy
range. Thus the experimental cross section ratio is about
unity, in good agreement with the Eq. (29) result [based
on similar M~d(j)] over the whole energy range covered,
which includes both resonant and nonresonant capture.
We note that the case (i) reactions are ideal for purposes
of comparison since the entrance and exit channel
kinematics are so similar for the two reactions.

A similar comparison of the case (ii) transitions
["B(p,y~)' C(2+) and ' C(p, yo)' N(g. s.)] reveals, as can
be seen in Fig. 5, that they also have approximately equal
cross section angular distributions and equal analyzing
power distributions. It should be noted that while the
cross section angular distributions are similar to the corre-
sponding ease (i) distributions the analyzing powers fol
case (ii) are approximately inverted compared to case (i).
This might be expected since the case (i) reactions corre-
spond to capture into a j= I + —, orbital whereas case (ii)
involves capture in a j=I ——, orbital. The analyzing
power for the B(p, l 0) C transitron (capture to a p3y2
orbital) is compatible with this picture.

While a comparison of case (ii) transitions at the same
bombarding energy gives approximately the same
E~(e.m. ) values, the Er values are quite different. For ex-
ample, the kinematics for the data in Fig. 5, where
Ep ——28.5 MeV, has Er =37.9 MeV for "B(p,y, ) and
Er =28.4 MeV for ' C(p, yo), a difference of order 30%.
Of course„ for higher Ez, the relative difference between
the Er values is smaller. Nevertheless for the case (ii)
comparison, it is impossible to have approximately equal
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energetics for the two transitions for any of the E~ values
available. A comparison of the reactions at the same E&
minimizes differences in entrance channel distortion for
the two reactions. If a single multipole dominates the exit
channels the angular distributions (of cross section and
analyzing power) are independent of the exit channel
(gamma) kinematics. Thus the angular distributions will
be the same in spite of exit channel kinematic differences
in the Md, ~(j), provided that the reactions are dominated
by a single multipole. The data for the case (ii) compar-
ison shown in Fig. 5 are consistent with the dominance of
a single multipole and otherwise equal values of the
Md,d(j). At higher energies, where more than one mul-
tipole might contribute, the differences in the Md, d(j) due
to the difference in y kinematics would be proportionately
smaller.

The ratio of the total cross sections for the case (ii) re-
actions should, according to Eq. (26), be

IO

Q io"

5

8

S( —,, —,,2,0)
=0.92 .

The spectroscopic factor S ( —', , —', ,2,0)= 1A1 for the 4.4
MeV 2+ state of ' C is taken from Adelberger et al.
who discuss the variety of values available, while the fac-
tor S(0,—,', —,', —,)=0.48 for the g.s. of ' N is taken from
Peterson and Hamill. For this case where experimental
spectroscopic factors are available we note that they agree
well with theoretical values of Cohen and Kurath. Fig-
ure 3(a) shows the cross sections at Oz

——60 for the case
(ii) reactions over the proton c.m. energies from 26 to 80
MeV. It is seen that the two cross sections are approxi-
mately equal over the entire energy range. This result is
in good agreement with the above estimate which is based
on the assumption that the Md, d(j) of the two reactions
are equal. This assumption is open to question since the
exit channel (y ) kinematics, which are included in
M~d(j), are, as discussed above, quite different for the
two case (ii) reactions. An alternative which would mini-
mize differences in gamma kinematics, would be to com-
pare the reactions at the same gamma energies. Such a
comparison would then suffer from any differences in en-
trance channel distortions and/or kinematics included in
Md,d(j). Nevertheless, a comparison of the case (ii) reac-
tions at the same gamma energy as discussed below re-
veals that again the two cross sections are of similar mag-
nitude.

To illustrate the effect of the kinematic differences, we
can extract from the cross section data the expected E~
(1.=1) kinematic factor for the exit gamma channel and
compare the thus-modified cross sections at the same pro-
ton energy. The modified cross sections are shown in Fig.
6. The solid parallel lines in Fig. 6 are drawn as a guide
to the eye to show the approximate exponential depen-
dence of the two reactions. The lines are drawn parallel
to illustrate the degree to which the cross sections have
the same energy dependence. The ratio of the two modi-
fied cross sections is about 0.4, which shows that the y
kinematic differences have a large effect. If the exit chan-
nel kinematic factors are removed from the cross section,
the OA ratio of the modified cross sections differs

I
0-t3

IG-(0

B (p, y ) C(4.4 MeV)

LLJ

tz

IG
30 40 50 60 70

E~ (MeV)
80

FIG. 7. The same data as in Fig. 6 except plotted as a func-
tion of gamma-ray energy for the two reactions.

FIG. 6. The energy dependence of the cross section for pro-
ton capture into the p»2 orbital in ' C and ' N, with the Ez en-
ergy dependence removed, plotted as a function of center-of-
mass proton energy. The solid curves are drawn to show the ap-
proximately identical exponential energy dependence of the two
reactions.
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markedly from the 0.9 value of Eq. (26). [Perhaps the
gamma-ray kinematic differences are compensated to
some extent by dynamic differences. However, Eq. (26)
does not, of course, have the kinematic factors as explicit
multipliers, so quantitative comparisons here may not be
appropriate. ] Finally, in Fig. 7 we show the modified
cross sections plotted as a function of gamma energy.
Here the ratio of the two cross sections is close to unity
(as would be the case for the unmodified cross sections as
noted above, since here the factor E& removed from each
cross section is the same). A striking feature of this plot
is the identical, exponential decrease of the modified cross
section over the 60 MeV range of gamma energies. A
similar energy dependence may also be present in the case
(i) reactions above the resonance region, but the paucity of
data in this region prevents a more definite conclusion at
this time.

V. CONCLUSIONS

We have shown that, for the reaction pair "B(p,y)' C
and ' C(p, y)' N, there is a remarkable similarity in angu-
lar distribution and analyzing power data for captures
corresponding to the same single-particle transitions in
the closed-shell nucleus (1p-1h excitations) and the
closed-shell-plus-one-proton nucleus (1p excitations). Fur-
ther, the ratios of cross sections for corresponding transi-
tions in the two nuclei are related in a simple fashion de-
pending primarily on the single-partic1e strengths of the
states involved, as expressed in their spectroscopic factors.
These observations are consistent with a simple direct
capture picture of the reactions, but the magnitudes of the
cross sections and the constancy of the cross section ratios
over a wide energy range, including regions where
resonant processes are present, are not compatible with

the direct model. Such observations led us to develop the
generalized reaction picture presented here, which retains
many of the direct-capture model's features while being
less restrictive in the necessary assumptions. The new
model is insensitive to detailed changes in nuclear struc-
ture for proton radiative capture in adjacent closed-shell
and closed-shell-plus-one-proton nuclei. In particular, for
capture to states in closed shell nuclei the transition is
dominated by a single j transfer which can be identified as
the j value of the captured particle inferred from the
direct capture model. These features are sufficient to ac-
count for the equa1ity of both angular distributions and
analyzing powers for the transitions compared, as well as
fol tllc coIlstaIlcy Rlld magn1tudc of t1lc 1Rtlo of t1lc closs
sections over the 60 MeV energy range considered.

Methodology developed here bypasses the question of
precise reaction mechanism and the resulting dynamical
energy dependence of the transition matrix elements,
which determine the absolute magnitude of the cross sec-
tion and its energy dependence. Since the generalized pic-
ture does allow descriptions of some types of transitions
not considered in the conventional direct-semidirect
models (such as to final states built on 1p-1h excitations
of the target's low-lying excited states), studies of capture
reactions to specific states for which the simple direct and
semidirect transitions are expected to be weak would be
highly desirable. For the cases studied in the present
work, we have shown that, even with the less-restrictive
assumptions of our generalized reaction picture, relations
between the capture reaction cross section, angular distri-
bution, and analyzing po~er data can be nicely under-
stood.
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