
Capture reactions with protons, neutrons, ancll al~ha
particles

H. R. Weller and N. R. Roberson

Duke University and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27706

A review of recent capture experiments which discusses polarized proton, polarized neutron, and alpha
particle capture reactions is presented. The giant dipole resonance region is examined chiefly in terms of the
information which can be obtained from angular distribution measurements. Experimental results regarding
the relative transition matrix elements and their phases are shown to be quite well accounted for by the direct-
semidirect reaction theory. Some of the new information obtained from such experiments in the case of the
three and four-body problems is described. The utility of polarized capture for the study of Ml and E2
strength is exhibited by examples. S'everal cases are shown in which the E2 strength observed in light nuclei
via p capture is accounted for by a purely direct E2 mechanism. The virtues of polarized neutron capture
studies are explored, and the results of the first experiments are described. Alpha particle capture is compared
with p and n capture. Fundamental differences in the reaction processes aie described which can account for
the relatively small a, coefficients observed in n versus p capture and lack of El—E2 coherence observed in
several a -capture experiments.

CONTENTS

I. Introduction
A. Proton and neutron capture
B. Alpha capture

II. Angular Distribution Formalism for Particle Cap-
ture-Gamma Reactions
A. Channel spin representation
B. j-j coupling representation

III. Experimental Techniques
IV. Experimental Results

A. The giant dipole resonance and polarized proton
capture

B. Polarized proton capture and Ml and E2 strength
C. Polarized proton capture involving few nucleon

systems
1. The 3H(p, p)4He reaction
2. The 2H(p, y}SHe reaction

D. E2 strength and polarized neutron capture
E. Alpha capture and E2 strength

V. Conclusions
Acknowledgments
Appendix: E2 Energy-Weighted Sum Rules
References

699
699
701

701
701
702
703
704

704
708

713
713
714
715
720
721
722
723
724

I. INTRODUCTION

The giant dipole resonance (GDR) in nuclei has been
a subject of interest for many years. Radiative capture
reactions have been extensively employed as a means
of studying the detailed structure of the GDR. The good
energy resolution of tandem Van de Graaffs has made
such studies especially fruitful. Since a capture re-
action only measures the decay of the GDR through one
channel, the most intensively studied nuclei have been
the light nuclei, where one channel often carries a sig-
nificant fraction of the classical dipole sum rule. Of
course the larger energy spacing between states in the
residual nuclei favors these studies from the experi-
mental side.

The discovery of the compact isoscalar giant quad-
rupole resonance (GQR) (Pitthan and Walcher, 1971;
Fukuda and Torizuka, 1972; Lewis and Bertrand,
1972; Bertrand, 1976) has been largely responsible for
a recent increase in the number of experiments using

the capture- reaction. This interest has been further
stimulateQ by two technical advances. The first is the
availability of large NaI detector assemblies having an
energy resolution of -3% for -20 MeV y rays. The
second is the availability of reasonably intense beams
of polarized particles. These developments have led
to new experimental studies of the GDR region using
polarized proton, polarized neutron, and alpha particle
capture reactions. These studies have been aimed at
increasing our knowledge of both the GDR and the GQR,
as well as the capture reaction process itself. Several
reviews of some aspects of these studies have been
previously written (Hanna, 1972, 1974, 1977, 1979;
Glavish, 1973, 1976; Paul, 1977; Snover, 1979).

This paper will concern itself with a discussion of the
results of three types of capture experiments: (P, y),
(n, y), and (n, y). Both polarized and unpolarized pro-
jectiles will be considered when appropriate. We shall
discuss the energy region which contains the giant di-
pole resonance (E„-80/A'~' MeV) (Hayward, 1970) and
presumably the giant isoscalar quadrupole resonance
(E„-63/A. '~' MeV) [e.g. , Moss et al. (1974); Young-
blood et al. (1976)]. In particular, we shall concern
ourselves with the information which can be obtained
from angular distribution measurements. We begin by
giving a brief discussion of what'is thought to be an
appropriate model for each of the three capture re-
actions to be considered.

A. Proton and neutron capture

It has been shown that proton capture excites the
giant dipole resonance (GDR) predominantly through
direct or semidirect processes. (Brown, 1964; Singh
et al. , 1965; Snover et al. , 1976; Dietrich et al. ,
1977). Indeed, the most widely used reaction model
for fast-nucleon capture is the so-called direct-semi-
direct model (Brown, 1964; Clement et al. , 1965;
Lushnikov and Zaretsky, 1965). In this picture the
transition amplitude is expressed as the sum of two
terms, one of which is called the direct term and rep-
resents the situation in which the incoming nucleon
undergoes a radiative transition from its scattering
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state into a single-particle bound state of the residual
nucleus (Rolfs, 1973). The other term represents the
sernidirect or collective process. In this latter case
the incoming nucleon inelastically excites the target
nucleus into a collective state w/ile occupying the same
single-particle bound state as in the direct process.
The subsequent radiative de-excitation of the excited
target nucleus produces the enhanced gamma ray transi-
tion strength associated with the giant resonance.

An example of the behavior of the two -separate cross
sections (direct and semidirect) can be seen in Clement
et al. (1965) and Cvelbar and Whetstone (1972). The
simple direct-capture mechanism has been discussed
in detail by Rolfs (1973, 1974). This smoothly varying
cross section, characteristically of the order of 1 to
10 pb for proton capture, arises from the overlap of the
single particle strength in the channel wavefunction with
the state formed by the dipole operator acting on the
ground state. It typically accounts for about 10/~ of the
cross section in the region of the GDR. In the context
of the schematic model (Brown, 1967) this strength is
related to the particle-hole strength which does not get
"pushed up" by the residual interactions. Direct cap-
ture is expected to dominate at energies below and
above the giant resonance region and should be a useful
tool for extracting spectroscopic information about the
final states (Rolfs, 1973). At low energies contributions
from compound nucleus states can complicate this pic-
ture.

The two-step semidirect capture amplitude takes ac-
count of most of the sum rule since it represents the
excitation of the collective giant resonance state [e.g. ,
Cvelbar and Whetstone (1974)]. Of course only a small
fraction of this sum rule will, in general, be observed
in the capture channel. According to Brown (1964) the
direct and semidirect (collective) capture amplitudes
are coherent, with the interference being destructive
below and constructive above the peak energy.

In the direct —semidirect (DSD) theory the radial part
of the transition amplitude is usually calculated ac-
cording to [e.g. , Potokar et al. (1977); Likar et al.
(1976)]

In this expression u& is the radial wave function of the
captured nucleon in the bound state, while X

' is the
continuum state calculated from the optical model po-
tential. The quantity d represents the radial part of
the single-particle electromagnetic operator for radia-
tion of multipolarity I.; E~ and I refer to the position
and width of the appropriate giant resonance of the com-
bined target-plus-nucleon system, respectively, while
h~(r) represents the radial part of the incident nucleon-
target nucleus vibration coupling interaction (i.e., the
form factor responsible for the inelastic excitation of
the collective state by the incident nucleon). In this
model the effect of the coupling between the incident
particle and the giant resorfance states is treated as a
perturbation induced by the interaction Hamiltonian
between the incident nucleon and the nucleons in the
target nucleus. Various authors have suggested dif-
ferent expressions for this form factor (Brown, 1964;
Clement et a/. , 1965; Potokar, 1973). However, the

angular distributions do not appear to be extremely
sensitive to the choice of form factor (Likar et al. ,
1977). It will be seen, in fact, that the Brown form
factor [h'(r)nr] (Brown, 1964) provides a reasonable
description of the angular distributions observed in
many P and n capture experiments.

An important point for our purposes is the fact that,
when computing the cross section, the first term in
the above expression, the so-called direct-capture
term, is multiplied by a scaling factor which is the re-
coil effective charge (Hayward, 1970). This factor can
be written for electric multipoles of order I as (Buck
and Pilt, 1977)

(2)

where 1 and 2 refer to the projectile and the target,
respectively. For E1 radiation we see that for protons
c =N, /(I+A, ), while for neutrons e = —Z, /I+A, . In the
case of E, radiation c = (4,'+ Z,)/(I '+A, )' for protons,
and c = Z, /(I+A, ')' for neutrons. Therefore, direct E2
radiation will be significantly reduced in the case of
neutron capture relative to proton capture. This direct
E2 radiation will be coherent with respect to the domi-
nant El radiation and will vary smoothly with energy,
reflecting the broad single-particle resonances of the
optical potential, as well as the momentum matching of
the bound and continuum wave functions. Since a sig-
nificant amount of this direct E2 strength will normally
be present in proton capture, it must be Separated out
before one can relate any observed E2 strength to col-
lective radiation. In the case of neutron capture, how-
ever, the small recoil effective charge for quadrupole
radiation means that direct E2 capture is essentially
negligible (Arthur et al. , 1974). Therefore, within this
model, any E2 radiation observed in a neutron capture
reaction can be attributed to semidirect processes.
Furthermore, as will be discussed in Sec. IV.D, since
this E2 strength is observed by virtue of its interfer-
ence with El amplitudes, the possibility of significant
statistical compound nucleus contributions can be ruled
out, provided that the compound nucleus levels are suf-
ficiently broad and overlapping so that a complete
averaging of any interference terms occurs.

The recent work of Dietrich aud Kerman (1979) has
introduced the pure-resonance model (PRM) for radia-
tive capture, which has shed new light on some aspects
of the DSD model. Their work is based on the Feshbach
reaction formalism (Feshbach, 1962) and projects the
GDR, described using a schematic model, out of the
continuum space. These authors originally derived the
DSD theory (as well as their PRM theory) under the as-
sumption that the entire El strength of the system is in
the GDR. This leads to the result that their formal
semidirect amplitude contains a term which subtracts
the direct amplitude. They point out that when dif-
ferent phenomenological ingredients are used in the
two amplitudes in actual DSD calculations, this exact
cancellation may be lost. Further investigations
(Dietrich, 1979) have shown that the "pygmy'* resonance
strength (the dipole strength not pushed up by the re-
sidual interactions) needs to be included in the PRM,
especially for light nuclei. When this is done, it has
been found that the two models (DSD and PRM) can
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be made to be equivalent (Kerman, 1980). It now ap-
pears as though the PRM model represents a formula-
tion of the capture problem which, in some eases, may
provide a calculational technique which is less sensitive
to certain parameters which appear in the DSD model.

This paper will not deal with the detailed predictions
of the DSD or the PRM models for cross sections as a
function of energy. However, we shall demonstrate
that the DSD model can successfully describe the main
features of the angular distributions observed in cap-
ture reactions. It will also be seen that a pure direct-
capture calculation (no collective enhancement) can ac-
count for the E2 strength observed in several (P, y)
capture experiments —indicating that the E2 giant re-
sonance is not important in the capture channel in these
cases.

B. Alpha capture

The alpha capture reaction employing a spin zero tar-
get nucleus is an attractive means for searching for E2
resonance strength. In this case, if we assume only El
and E2 contributions, the angular distribution can be
written as [e.g. , Meyer-Schiitzmeister et al. (1978)]

v (8) =A. sin'8+B sin'28+ C sin8 sin28,

where

v(E1) = SmA/3; v(E2) = 32vrB/15; cos8» = C/2(AB)' ',

]9 1 2 denoting the phase angle between th e El and the E2
amplitude. The experimental angular distributions,
when fitted to the above expression, often indicate that
(cos8,$ -0 (8»-90 ). This suggests the possibility that
the two amplitudes are adding incoherently. Since
several analyses have shown that u capture into the
GDR is predominantly a statistical process (Meyer-
Schiitzmeister et al. , 1968; Foote et al. , 1976), it
seems reasonable to conclude that this is the reason
for the lack of coherence between the El and E2 ampli-
tudes. That is, the El strength results from a great
number of overlapping resonances which give rise to
so many interference terms with respect to any E2
amplitudes that the average is close to zero —at least
when the experimental energy spread is large com-
pared to the width of the individual resonances. In-
deed, the deviations from 0» =90 are observed to
diminish as the structure in the yield curve disappears
with increasing A [e.g. , Meyer-Schiitzmeister et al. ,
1978; Kuhlmann et al. (1979)]. Since the statistical
nature of the El strength destroys any possible inter-
ference with respect to any E2 strength which might
be present, the angular distribution data cannot be used
to tell us whether the E2 amplitude is itself statistical
or not. We will see, however, that the magnitude of the
E2 strength observed in several (o., y) reactions sug-
gests that there is a nonstatistical component present
in the (o., y) reaction which proceeds through the GQR.
(Meyer-Schiitzmeister et a/. , 1978; Kulmann ef al. ,
1975,' 1979).

II. ANGULAR DISTRIBUTION FORMALISM FOR
PARTICLE CAPTURE-GAIVIIVlA REACTIONS

where a„=a,/a„and A. O= (~~A)'x 'a 'a, . Equation (7) is
the expression normally used in fitting experimental
data. The coefficients Q~ are the usual angular attenua-
tion coefficients which correct for the finite geometry
of the experimental setup (Ferguson, 1965).

When polarized proton or neutr on beams are em-
ployed, the analyzing power

can be measured. In this expression N and N are the
yields obtained for spin-up and spin-down beams (in the
Madison convention), respectively, and P is the beam
polarization. The analyzing power data are expanded
according to

n

v(8)A. (8) g @ h ~,( 8)
0 k=y

(9)

A. Channel spin representation

The a& and b„coefficients obtained from these ex-
pansions of the experimental data can now be related
to the reduced transition matrix-elements. The first
step necessary in order to obtain these relationships
is to choose a coupling scheme and then to choose a
coupling order. For example, we may choose to use

One of this paper's primary interests is to review the
information obtained from angular distributi on measure-
ments of radiation resulting from the capture of neu-
trons, protons, and alpha particles in the giant re-
sonance region. In the case of neutrons and protons we
are considering the situation in which beams of po-
larized particles are also employed. In order to ex-
tract information from the measured angular distribu-
bons, a reaction formalism must be utilized. Al-
though the necessary expressions have been previously
published (Devons and Goldfarb, 1957; Baldin et al. ,
1961; Welton, 1963; Laszewski and Holt, 1977), recent
work has shown that the literature expressions contain
some errors (Seyler and Weller, 1979). A brief sum-
mary of this situation is therefore presented below.

Suppose we consider an x capture-y reaction whose
angular momenta are specified by

a(x, I )c,
where a is the spin of the target, x is the spin of the
projectile carrying angular momentum L, b is the spin
of the y-emitting (intermediate) state, I. is the multi-
polarity, and P the mode (1 electric, 0 magnetic) of
the gamma ray, and c is the spin of the residual state
after the gamma emission.

Now with x —= (2x+ 1)'~', we define a set of Legendre
polynomial coefficients by the equation

v(8) = (—,'W)'x 'a 'Q Q„a~,(cos8) . (
0

An alternative form of this equation is

v(8) =A, 1+g Q,a„P~(cos8)
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the channel spin representation and adopt the coupling
order:

x+a= s,
l+s=b,
L+c=b.

and

T -=&PL(c)»IITII(l(«)sb~&

We now denote the reduced transition matrix elements

B. j-j coupling representation

In j-j coupling we can couple as follows:

l+s= j,
j+a=b.

The results in this scheme are:

= (—)b)R(x a ) g bR~T~

( 1) )2( —R —2)
&u=

(17)

T' =- &P'L'(c)b'~'I~IT ljli'(xa)s'b'~'& . (10)

Expressions for the Legendre coefficients can now be
derived in terms of these (complex) matrix elements.
The expressions for the Legendre coefficients in terms
of the transition matrix elements in LS coupling are

A. = (—)()'x 'a ' g b'~T I'

/ 1 )2 -2 -2
a = '' ' Q (-)' "'[]ll'LI'b'b "(lO l'

Oi
k)OOy

~ g (-)' "' "-'"'-"Iq'I-I'LL'6'b "(lo, I O~ko)
tt'

xW(lfl'j';xk)

x [ ] (I 1,I.' - 1
~

kO) W( j bj
' b'; a k)

x W (L brb'; c h) R.e'(T T ' ")j,

and

x W(lbl'b'; sk)(L1, L' —li k0)

xW(Lhl b'; ch} Re(TT''*)j, (12)

(~) )'(x-'a-') 3Wxxk

[(x + 1)k(k + 1)J
'~'

ff ji /gsLjb2b s2( )a-c+).e l -j
[ ]

(
1 )()2 —2 -2

g [ ]ss'l l'LI. 'b'b"
[(x+1)k(k+ 1)]"' „

x (-1)' *" ' "'(lO, l'
( 0k)O

x W(xsxs'; al)(L 1,I ' —1i k0)

x W(LbI, 'b'; ck)

xX({sh; l s b';his)Re((TT' ')'j.
The sum over t and t' means over PP'LL'bb'll's and s'.
The empty bracket is defined to be

x (lO, l'O~kO)W(jbj 'b'; ak)(L1, I.' —l~kO)

xW(LbL b';ch)jj(ls'j; l xj';his)Re{{T'T'")}. ((9)

Other expressions which exist in the literature also
allow for the evaluation of the b„coefficients in terms
of the transition matrix elements. For example, the
work of Welton (1963) can be used. However, it has
also been observed that for the present case of po-
larized projectiles incident on unpolarized targets the
expression of Welton is in error by a factor of (-)"
(Seyler and Weller, 1979).

In the case of j-j coupling the bj, expressions can be
obtained from the a~ expressions by use of a relatively
simple relationship (Devons and Goldfarb, 1957). If
we have

[]— [1+( )
LP++L +P +js]

2

Tables which permit one to evaluate these relations
exist in the literature (Carr and Baglin, 1971; I aszew-
ski and Holt, 1977). However, as has been pointed out
(Seyler and Weller, 1979), the tables for the b„coef-
ficients, based on the results of Baldin et al. (1961),
must be corrected by an additional phase factor:

a„= C„He T,T', *,
then

3/2
b, = Z C„ f„R (iTe,T', *),x+1

where

j (j + 1) —l (l + 1) —j ' (j ' + 1) + l '(I' + 1)
k(k+ 1)

(20)

(21)

( 1)(L + S )( T
(L J'+ S )seejhRs)+ L

R

In obtaining this expression the connection between
I „'(x) and P„'(x) was taken as defined in Baldin et al.
(1961):

(2)j + 1)

(15)

(16)

Given these expressions, the analysis of experi-
mental data in terms of the transition matrix elements
is rather straightforward. In general, two procedures
have been used. In the first the data are used to obtain
the a& and b& coefficients by performing a least-squares
fit to the expansions given by Eqs. (7) and (9). These
coefficients are then written in terms of the T-matrix
elements and the resulting equations are solved by
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varying the amplitudes and phases of the T-matrix
elements to minimize chi-squar'e. Alternatively, one
can bypass the intermediate step of obtaining the a& and
b„coefficients and fit the data by varying the ampli-
tudes and phases to minimize chi-square directly. Of
course, both procedures yield identical results, al-
though some discrepancies in error estimates can arise
if the proper weight matrix is not propagated in the
two-step procedure (Bussoletti et al. , 1976). In ob-
taining these solutions it has been found necessary, be-
cause of the nonlinear nature of the least-squares fit-
ting procedure, to examine carefully the chi-square
function for multiple minima.

I I I. EXPERIMENTAL TECHNIQUES

Assuming the availability of the appropriate beams,
the essential apparatus necessary for performing radia-
tive capture measurements in the giant resonance reg-
ion is the large NaI detector. A review of large NaI
detectors has been previously published (Paul, 1974).
Much of the data fo be reported in this article were ob-
tained with such a system at the Triangle Universities
Nuclear Laboratory (TUNL) (Weller et a/. , 1976).
Some of the essential operating characteristics of this
particular system will be described here.

A schematic diagram of the experimental setup at
TUNL is shown in Fig. 1. The 25.4x25.4 cm NaI de-
tector is viewed by six HCA 8575 photomultiplier tubes.
The use of a collection of small tubes is now regarded
as essential for achieving the best resolution from such
a system. The NaI detector is surrounded by an NE-
110 plastic annulus, which is viewed by eight XP-1031
photomultiplier tubes. This shield is run in anticoin-
cidence with the NaI detector, as discussed by Paul
(1974). Additional passive shielding, shown in Fig. 1,
is necessary to reduce the count rates in both the NaI
detector and the plastic shield. The present system
uses 10 cm of lead, 20 cm of paraffin doped with
Li, CO, (about 50% by weight), and 0.16 cm thick cad-
mium sheet for this purpose.

The resolution and the gain of this system are count
rate dependent. In the present case it has been found
that if the total Nal count rate is kept below 2X 10' cts/

lllllllllllli
NE- 1 lO Shie

I

BICRON
10' x '10" ~RCA —8575

QX Na& Detector i-pM
I-

x p —1051
pM Tubes (8)

FIG. 1. Schematic diagram of the NaI(Tl) spectrometer sys-
tem at TUNL.

sec, then the gain does not show any apparent varia-
tions and a resolution of about 3% at, F& = 20 MeV can
be achieved. With the shielding arrangement in the
TUNL system, the typical NaI count rate is -10' cts/
sec. Due to the high count rate experienced by the NaI
detector, fast electronics are necessary to reduce the
probability of pulse pileup (Paul, 1974). The technique
used in the TUNL system consists of clipping the direct
anode signal by using a 50-0 cable terminated with a
resistor chosen to obtain the best base-line restora-
tion. This signal is sent through a fast linear gate
(-300 to 400 nsec width), which is opened only if the
clipped pulse (-20 nsec) generating the gate is large
enough to generate an enabling pulse. This procedure
eliminates the pileup of two small" pulses which oc-
cur in a time interval greater than-20 nsec. After the
gate is opened for 400 nsec, it is held closed for the
signal processing time (-10 p sec).

The efficiency of this detector system has been de-
termined by employing the "C(P, yo) reaction, since an
accurate measurement of the number of y rays per
proton has been reported for the 15.07 MeV resonance
in "N (Marrs et a/. , 1975). A "thick" (-50 keV for
14.2 MeV protons) "C target was employed to obtain
the integrated resonance yield. The response function
was summed using a standard line shape obtained from
the T(P, y)'He reaction. This line shape was subse-
quently employed in summing other measured yields.
The results of this calibration yielded an efficiency of
0.17+ 0.012 for the present system. This number was
checked by considering the various factors which con-
tribute to the efficiency. The fraction of the total re-
sponse which appeared in the peak region was obtained
from a spectrum obtained by Hayward et al. (1979), us-
ing monochromatic 15.1 MeV y rays and a 25.4&25.4
cm NaI crystal. This number was corrected for the
rejection due to the plastic anticoincidence shield in
our experiment and the attenuation effects of the shield-
ing material placed in front of our detector. The result
of this analysis was an overall efficiency which agreed
within error with the quoted result.

In order to obtain the efficiency of the detector sys-
tem at other energies, several energy-dependent effects
must be measured and taken into account. A pre-
liminary measurement of the energy dependence of the
NaI detector response function has been obtained by
Hayward et al. (1979). In addition, the energy depen-
dence of the attenuation due to the shielding in front of
the detector as well as the energy dependence of the re-
jection efficiency of the anticoincidence shield can be
measured.

The experimental setup used for most of the fast neu-
tron capture studies to be discussed in this article is
shown in Fig. 2. The neutron source used here was the
'H(d, n)'He reaction with a pulsed (sometimes po-
larized —see below) beam incident on a gas cell. The
deuterium gas cell was 3.0 cm long and was pres-
surized to 3.0 atm. The entrance foil for this cell was
a 4.6 pm thick molybdenum foil. The tungsten shadow
bar, shown in. Fig. 2, was the essential change in
shielding made in the system with respect to the con-
figuration used for proton capture studies. The pulsed
beam is used to generate a time of flight signal. An
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overall time resolution of 3.5 nsec provided effective
discrimination against neutron-induced background. It
has been found that in studying reactions with Q values
-7 MeV this discrimination becomes important only for
neutron energies less than 7 MeV and for angles less
than -50 . A spectrum which illustrates the perfor-
mance of this system and the resolution of our NaI de-
tector is shown in Fig. 3 for the case of "Ca(n, y)"Ca;
several others have been presented in the literature
fe.g., Weller et al. (1976); Cameron et al. (1976);
Turner et al. (1978)] in the ca.se of proton capture.
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1 I
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FIG. 3. Spectrum obtained for the Ca(~, y) ~Ca reaction using
the spectrometer system shown in Fig. 2. The pulsed beam
was used in obtaining this spectrum. An overall time resolu-
tion of 3.5 nsec provided effective discrimination against neu-
tron induced background. The solid curve is a smooth curve
dr'awn through the data points.

FIG. 2. Experimental arrangement used at TUNL for neutron
capture studies. The neutron production facility which employs
the H(g, ~) He reaction is indicated.

1.0 = s', ~, + d ',&, (normalization),

a, = —0.5d', &, + 1.414s,~,d, ~, cos(ft, —Q,),
b, = —0.707s, &,d, ~, sin(Q, —@~) . (23)

The solutions shown in Fig. 4 are from Bussoletti
(1978), and represent recent results obtained from an
analysis which allowed for E2 amplitudes in addition
to the El amplitudes discussed above. The E2 terms
do not have a significant effect on the El terms in this
case. The point here is to notice that there are two so-
lutions. Solution I (solid circles) is characterized by
dominant d, ~, capture while solution II (x's) corresponds
to mainly s,&, capture. The remarkable feature of these
results is the constancy of the relative s,~, and d3/Q

amplitudes across the entire region of the GDH. Simi-
lar studies of the El amplitudes and phases in the giant
dipole resonance region were subsequently performed
on a. number of target nuclei (Weller et a/. , 1976, 1978;
Turner et al. , 1978, 1979; Cameron et a/. , 1976). The
results for targets of "'"C, "Si, "Sr, '4' "' "Fe, and
"Co are shown below in Fig. 5. The procedure used to
obtain the data points shown here was the same as in
Hanna (1972). Namely, measured values of p(8) and

A. (9) were used to obtain A.„ ff„and b„hiwc where

then, assuming pure El radiation, written in terms of
the contributing El T-matrix elements. It is important
to note here that in the last four cases all the final nu-
clei have 7/2 ground-state spins. This means that
there ax'6 three T-matrix elements which can contribute
to the EI strength: d, ~, exp(ip, ,&,), g,~, exp(i@,,&,), and

g,~, exp(i@,,&,). Having to determine three amplitudes
and two relative phaSes means there are more unknowns

IV. EXPERIMENTAL'RESUI TS

A. The giant dipole resonance and polarized proton capture

The results of polarized proton capture measure-
ments in the region of the GDR have been interpreted
in terms of the direct-semidirect (DSD) model (Snover,
1974, 1979) and the doorway-state model (Feshbach-
et al. , 1967; Mavis, 1977). In our presentation of
these studies we shall first conside~ only the giant
dipole (El) resonance and the DSD model. In the next
section we shall consider the extension of the mea-
surements and the calculations to the case when the ef-
fects of E2 radiation are included.

The first report of a polarized proton capture study
in the giant dipole resonance region was for the case of
"B(P,y)"C (Glavish et al. , 1972). These results
demonstrated that rather large analyzing powers could
be observed, thus indicating coherence between the
various T-matrix elements involved in the reaction.
This work was followed by a study of "0via the
"N(p, y,)"0 reaction (Hanna, ef al. , 1972). Again the
asymmetry was observed to be large and "remarkably
constant" over the structure of the giant resonance. An
analysis was performed to determine the two con-
tributing El matrix elements. Writing the complex
matrix elements in terms of a real amplitude and a
phase, we can denote the El terms by the incoming
partial waves in j jcoup-ling as s,~, exp(ig, ) and
d, ~, exp(f'p„) The. n, neglecting all radiations except El,
we can write (see Sec. II.B)
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the property of producing two solutions as a result of
the quadratic nature of the equations for A„a» and b, .
We shall now attempt to show that a model calculation,
the DSD model in its simplest form, appears to be
capable of selecting one of the two solutions as the
correct or physical solution.
. In the direct-semidirect (DSD) reaction model (Cvel-

bar and Whetstone, 1974; Snover et al. , 1976; I'otokar,
1973) the computation of the T-matrix elements for the
capture reaction requires the evaluation of a radial
matrix element having the form given by Eq. (1) in Sec.
I.A. Using the Brown form factor [h (x)nx]indicates that
the semidirect cross section can be treated as a product
of the direct capture cross section and a resonancelike
factor (Cvelbar and%'hetstone, 1974). So, provided
that the resonance parameters are taken to be inde-
pendent of the relevant angular momentum quantum
numbers, a calculation of the relative amplitudes and
phases obtained from a pure direct-capture model can
be regarded as a. DSD calculation with h'(x)or

The direct-capture cross section on spin-zero targets
for electric radiation of multipolarity L is given in the
long-wavelength limit by the expression:

160.0,
X

140.0-

120.0—
X

100,0-
I

gl

s-wove

where

and

197.3289 k~ (2j + 1)
lg&a

L+1 k~

(21 + 1)L [(21 —1)!!]

(26)
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s ~ I I i 1 I s
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FIG. 4. The relative El capture amplitudes and their phase dif-
ference for the ~~N(p, yo) ~60reaction (Bussoletti, 1978). These so-
lutions were obtained from an analysis which included both E&

and E2 amplitudes. Both dominant d-wave solutions (dots) and
dominant s-wave solutions (crosses) are shown for the mini-
mum E2 strength solution obtained by fitting all measurements
at each energy. The solid curves are a result of the DSD cal-
culation (described in the text) which used h~(r) x.

than knowns, so that some simplifying assumption
must be made to extract the T-matrix element informa-
tion. Since the fi-nal single particle state in these cases
is f,~„ the g,~, T-matrix element should be small,
since, if it goes as a single particle transition, it
would be a spin-flip-like transition and hence negligible.
Detailed calculations using the extended DSD theory
(Potokar, 1978) and the continuum shell model (Halder-
son, 1978) support the neglect of this term. The data
of Fig. 5 were obtained by neglecting the g,~, term for
the Fe and Co targets.

The analysis of the capture data described above has

Note that kf and 0, are the outgoing and incident wave
number, respectively, while E, is the incident center
of mass energy. The quantum numbers I,, j refer to the
final (bound) single particle state having a spectroscopic
factor of C'S... while l„j, refer to the incident nucleon.
The percentage of the cross section due to a given T-
matrix element was evaluated using the normalization
condition:

(27)
&i; &aia

Note that the factor b'(j 2) does not appear in the
normalization condition of Eq. (27). This is a result of
the particular coupling order used in the Clebsch-
Gordan coefficient above. The continuum wave function
X",„', is calculated using the optical model potential.
The bound-state single-particle wave function u» is
obtained by integrating the Schrodinger equation and
adjusting the Woods-Saxon potential, which includes a
spin-orbit term, to reproduce the known bound-state
energy.

A straightforward generalization of the DSD theory
to the case of targets with spin follows if it is assumed
that the semidirect process depends only on the final-
state parentage to the target ground state plus a single
nucleon (Snover, 1978). In this case the T-matrix ele-
ment for the case of a target with spin a can be written
in terms of the spin 0 target T-matrix elements:

Rev. Mod. Phys. , Vol. 52, No. 4, October 1980



706 N/eller and Roberson: Capture reactions with protons, neutrons, and alpha particles

I '
I

' I ' I

14C ( p y )15'
I ~ I I

/
l I I I 1

88'» ( p y )89'
I / I I I $ I

13C( p y )14N

~ I I I

30S (p y)31p

0—
CD

m -50-
I

~ -100—

II
X X

I..X
g „" l00

x

0-~
Xx

~+ -50
CL

CI- -100—

D
~O

-150—

IOO—
I ~ I
~ ~

I ~

~ e ~-

0—

100 -'
-R

a I ~

I ' I
I i I

100 -~
I
~ ~

% ~

50-
b

X 50-

IIgl ag C.
g $

50 — X
X

X

Xo~, I, 1 I I ~ i I

4 6 8 10 'l2 14

a( I
6 8

I ~

10 12
a I a

Ep (

II
0 ~

I

e
MeV

l I I I I )

i
12 l4 16

0—
6 8 10 12

I

14

~ I I I I I I I

Fe( p, y } Co
I I ] I

Fe(p, y } Co
I I I I & I I

5 8Fe(py)59Co "Co(p,y,M
100—

QP

~ 50
I

e x
X

X

0 —x

100 —
e

X

I I i I I I

I
~ I I I ~

-e
X

I a I
I T

I ~ I
~ f w I I I f

~O0

50

b . X
Xx" xx

X

0 —
)

8
I I I i }

10 12 14 16

x
I

8 10 12 14 16

Ep(

I I I I I a }

8 10 12 14 16

Mevi
8 10 12 14
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shown for target nuclei of C, C, Sr, Si, * ' Fe, and Co. The amplitudes are presented in terms of the percentage of
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«ct Ilail(«)ja&) = g (Lj "jllTll(lx)joj)cj W(aj"bL; cj).

(28)

The quantity c is the spin of the final state which results
from coupling the single-particle total angular momen-
tum j " to the target spin a. From this it follows that the
equations to be used for the a„and b~ coefficients when
analyzing nonspin-zero target cases to obtain the spin-
zero target T-matrix elements are essentially the spin-
zero target equations where the final state has angular
momentum j ":

A2

A, a~ = ., „,X(spin-zero target expression with
j" residual state),

(29)

C
A, b, = 2.-„, &gspin-zero target expression with

j" residual state).

In addition, the cross section o.
2 for the case with tar-
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get spin a is related to the spin-zero target cross sec-
tion by:

3
err(target spin a) = ~,

Q j
xar(target spin 0, residual j") .

which follows from

C2
Ap 2 x (spin-zero target expression with j" re-

sidual state) .
Note that if only one value of j" is important in the final
state, then the problem can be analyzed entirely as
though it were a spin-zero target case except for the
normalization factor on the absolute cross section.

The results of such calculations are shown as the
solid curves in Figs. 4 and 5. Here it can be seen that
if we concentrate on the results for the amplitudes, the
calculation agrees much better with one of the two so-
lutions obtained from the experiment with the exception
of 'OSi (see below). Hence it appears that these rela-
tively simple calculations provide a straightforward
means for choosing the correct solution (Weller et a/. ,
1978). It should be noted that DSD calculations per-
formed using more sophisticated form factors (real
volume coupling) yield results in the cases of
"N(P, y) "0and "C(P, y) "N, which are essentially iden-
tical to those shown here (Snover, 1979).

The case of "Si(P,y,)"P is clearly special in that the
DSD calculation does not appear to favor either solution.
This case differs from the others in that the two El
amplitudes have the same I, value and therefore a rela-
tively small phase difference, which leads to a small b,
coefficient. This apparently makes the El analysis very
sensitive to the presence of non-El matrix elements,
since, when an analysis is performed which includes
the two possible E2 amplitudes, a solution is obtained
for which the P,t, (EI) amplitude accounts for 60-70%
of the El cross section. This solution is in agreement
with the DSD calculation of Fig. 5 (Weller et a/. , 1978).
This case demonstrates that, under some circum-
stances, the neglect of non-E1 radiation can be serious.

Detailed studies of DSD calculations in the case of
medium and heavy nuclei have revealed some difficul-
ties (Snover, 1979). For example, an attempt has been
made to establish the existence of an isovector GQB
in "Zr (Dietrich et a/ , 1977) by .comparing the energy
dependence of the measured a& coefficients with the pre-
dictions of the DSD model. This effort is complicated
by the sensitivity of the ca.lculations to the rather un-
certain strengths of the form factor. The effects of
possible compound nucleus contributions, as well as
the presence of isobaric analog resonances, further
complicate this situation. However, as shown in Fig. 5
for the case of 88Sr(P, y,)"Y, the DSD calculation with
a form factor of & appears capable of selecting one of
the two possible solutions for the relative amplitudes
which contribute to the reaction at a given energy. This
is especially true if the lower-energy region, where
compound nucleus effects are expected to be more im-
portant, is ignored.

The heavy nuclei (e.g. , "'Bi) exhibit difficulties with
regard to the DSD calculations, especially for capture
to states of high angular momentum (Snover, 1979).
However, El calculations using the pure resonance
model (Dietrich and Kerman, 1979) appear to be able
to account for the cross section data in the case of
'O'Pb(n, y) with a reduced sensitivity to the form factor
parameters. Perhaps these calculations will prove to
be more useful than the DSD calculations in this mass
region, especially if one is trying to account for more
than the angular distribution features of the problem.

In addition to providing insight into the dominant fac-
tors which determine the angular distributions:observed
in proton capture reactions, more detailed measure-
ments with polarized proton capture reactions have pro-
vided new information on the nature of the intermediate
structure observed in the giantdipole resonance of "O
(Calarco et a/. , 1977). In one such study measure-
ments of the analyzing power were made on the re-
action "N(p, y,)"O in 100-keV steps between E„=20
and 24 MeV (Calarco et a/. , 1977). The resulting b,
coefficients were combined with A, and a, obtained
from earlier work (O' Connell and Hanna, 1978; Hanna
et a/. , 1974), and used to extract therelativeamplitudes
and phases of the El T-matrix elements. The results
of this analysis are shown in Fig. 6. The solid and open
circles represent the two possible solutions.

These results indicate that the angular distribution
coefficients display effects which are correlated with
the intermediate structure of the GDR of "O. The
present data were interpreted by introducing a narrow
secondary doorway state which interferes with the pri-
mary GDR of "O. In this case the secondary doorway
was assumed to be an o. particle (4P-4h) state at 21.1
MeV, as observed in the "C(a, y) reaction (Suffert
and Feldman, 1967; Snover et a/. , 1974). Using the
doorway state formalism of Feshbach, Kerman, and
Lemmer (1967) and referring to the primary doorway
by the subscript B and to the secondary doorway by the
subscript A, one can write the T-matrix element for
a given proton channel L, j as

, ~ gs'gk(E-E~+ti'~/2)+g~" IVI exp(-t&')gE
(E E,+/I', /2)-(E E„+/I „/2)-- ~

V)'

where the quantities g" and g& are the square roots of
the particle and y-decay widths (Calarco et a/. , 1977;
Kabachnik and Rayuvaev, 1976). The phases @s' and
'X = &j's —&P„' were treated as free parameters, the pri-
mary doorway energy E~ was fixed at 22.5 MeV, and it
was assumed that resonance A has no intrinsic y decay
width. The observed energy and width of resonance A
were used to constrain the energy, width, and inter-
action strength parameters E» j. » and V.

The assumption of physical contiriuity allows the defi-
nition of two solutions as shown in Fig. 6. Solution I
is dominant d-wave and is represented by the solid dots
in Fig. 6. When the two resonance model is fitted to
the lower s-wave solution (I), a X' is obtained which is
better by more than a factor of 2 than y' for any al-
ternative possibility. Hence it has been concluded
(Calarco et a/. , 1977) that if the two resonance model
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FIG. 6. The integrated cross section is shown (O' Connell and
Hanna, 1978) along with the two solutions for the normalized
g-wave amplitude and the relative phase obtained from the
~~N(p, p)~60 data. The d strength is determined by the condition
(s +d )/%0=1. The solid curves represent the best g fit ob-
tained using the two resonance model described in the text.
The integrated cross section (Ao) was simultaneously fitted.
(Calarco et a/. , 1977).

described above is valid, it'provides a criterion for
choosing the preferred solution. In this case the pre-
ferred solution is consistent with the results obtained
from the DSD calculation previously presented, as well
as with a microscopic calculation based on the doorway
state model (Mavis, 1977).

The values of the best fit parameters are given in
(Calarco et a/. , 1977). It should be noted that the in-
teraction strength parameter V was found to be in the
range of 540-390 keV. Since the interaction strength
due to isospin mixing is expected to be only -150 keV
(Mavis, 1977), the interpretation of this parameter is
not clear. Further investigation of this point is clearly
necessary.

This study emphasizes the utility of polarized proton
capture measurements in unraveling the proton cap-
ture process and demonstrates the sensitivity of this
reaction to the detailed intermediate structure of the
GDR. Furthermore, the success of the above analysis
supports the validity of the doorway state model, es-
pecially with regard to its use in interpreting the in-
termediate structure of "0 in terms of n-particle n-
hole configurations.

FlG. 7. The cross section 0 and analyzing power A obtained at
90 and the reduced g for the angular distribution fits assum-
ing only E1 and E2 radiation for the 5N(p, p) 60 reaction. The
curves are to guide the eye. The vertical solid and dashed
lines indicate ~l and E1 resonances, respectively (Snover et
al . , 1979).

B. Polarized proton capture and Af1 and E2 strength

In addition to the new information regarding El
strength in radiative capture, polarized proton capture
studies done in sufficient detail can be used to study
Ml and/or E2 strength (Snover et a/. , 1976, 1979;
Weller et a/. , 1974.),[ln fact, some evidence indicating
the presence of E3 radiation has been presented
(Dietrich et a/. , 1977).] For the case of Ml we shall
discuss the recent study of magnetic dipole strength in"0 (Snover et a/. , 1979). In this work the "N(p, y,)"0
reaction was measured in the excitation energy region
of 16 to 20 MeV. The results are shown in Fig. 7. The
90 analyzing power clearly deviates from zero, indi-
cating the presence of radiations of opposite parity.
When these data were analyzed assuming an El-E'2
mixture, it was found that acceptable fits could not be
obtained at certain energies. This is demonstrated in
the X' plot at the bottom of Fig. 7. However, when Ml
radiation was included in the analysis, good fits were
obtained. The results of this study are summarized in
Table I. The l6.22-MeV resonance has been previously
assigned 1' (Stroetzel and Goldman, 1970). The total
Ml strength in "O(-0.24 g', ) is a significant fraction of
the known Ml strength in the neighboring A. = 4e nuclei
(e.g. , "C: 0.93 P',). Based on a comparison with the
2p-2h states of "N (Ajzenberg-Selove, 1977), it ap-
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fABLE E. 1+ states. in O.

&„{MeV)

16.22

17.14
18.8

(ke V)

18+ 3

IpI 0/I {eV)

2.65 + 0.22

3.75 ~ 0.50
&1.8 ~0.3

0.73

I'~0 (eV)

3.6
{5.1 + 0.8)

6.5
«3.6

Total

&(~1) & (pp)

0.073
(0.103+ 0.016)

0.110
«0.047

«0.24

From Ajzenberg-Sel. ove (1977).
From Stroetzel and Goldman {1970).' The two values for the 16.22-MeV, state have been averaged.
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FIG. 8. The E2 cross section obtained for the ~60(y, po) N
reaction. The (p, y) cross section scale on the right was ob-
tained using the detailed balance factor at E„=27 MeV (Stewart
et al. , 1969; Frederick et aI, 1969).

pears that the Ml strength being observed in "0is
built on the 2P-2h ground-state correlations.

One of the first experiments which reported a possible
E2 giant resonance in "0was due to Stewart et al.
(1969) [see also Frederick et al. (1969)], who measured
the angular distributions of the "0(y,P,)"N reaction
for photons of 21-32 MeV. These workers extracted
the E2 cross section from these data by making some
assumptions about the relative phases between the con-
tributing T-matrix elements. Their results, shown in
Fig. 8, indicate an E2 cross section which peaks near
26 MeV in "0 and exhausts about 12.5/o of the Gell-
Mann- Telegdi isoscalar-E2 energy-weighted sum rule
(IS-E2-EWSR) [Gell-Mann and Telegdi (1953); see
Appendix A].

Two recent experiments have been performed to in-
vestigate the E2 strength in "0utilizing polarized pro-
ton capture techniques. The advantage of these mea-
surements over the previous work is, of course, the
fact thai the phases can now be determined from the
data. The two experiments on the "N(p, y) "0 reaction
were performed at. Stanford University (Hanna, 1979;
LaCanna et al., 1977) and at the University of Washing-
ton (Snover, 1979; Bussoletti', 1978). Both experi-
ments consisted of obtaining cross section and analyz-
ing power measurements of sufficient accuracy to
enable the extraction of the coefficients A.„a, through
a4 and ~, through b, . Assuming that only El and E2
radiation contributes in the energy region of these ex-
periments means that there are four T-matrix ele-

ments to.consider. Using the j-j c(coupling scheme and
labeling these complex matrix elements by the orbital
angular momentum brought in by the proton, we have

El' ge~@s and Qe zb

and

Z2: Pe"~ and fe"&,
«r the four matrix elements. Equations (17)-(19)of
Sec. II can now be used to write the a„and 5, coeffi-
cients in terms of these matrix elements:

1.0= 0.75s'+ 0.75d'+ 1.25p'+ 1.25f 2 (normalization)

a, = 2.372sp cos(Q, —@~) —0.335dp cos(Q, —0,)
+ 2.465df cos(Q~ —Qz),

a, = 1.061sd cos(Q, —g„) —0.375d'+.0.625p'

—0.437pf cos(Q~ —Q~) + 0.714f

a, = 1.936sfcos(g, —Qz) + 2.012dP cos(@„—Q~)

—1 095df c.os(Q~ —Qz),

a = 3.499Pf cos(g —f ) —0.714f';

b, = 1.186sp sin(Q, —@~) —0.671dp s in(Q~ —p~)

—1.232df sin(P~ —Q&),

b, = -0.530sd si n(@, —&p,) + 0.365pf si n(p~ —@f),
b, = —0.646sf sin(@, —Q&) + 0.671dp sin(p~ —Q~)

+ 0.0913dfsin(Q„—Qz) .
b, = —0.875Pf sin(g~ —@&) . (34)

Efforts have been made to search for M1 effects in both of
the previously mentioned data sets. For example, in the
Stanford work (LaCanna et gl ., 1977) the equations above
were written so that a, and 6, contained a term which rep-
resented El -M 1 interference. This was justified,
since, for Ml small compared to E1,Ml contributes
only to a, and b, . The data were then fitted directly to
the amplitudes and phases, bypassing the extraction of
the a& and bI, coefficients. Fits obtained with the term
representing E1-M1 interference set to zero and set
free were compared, and it was concluded that there
was no evidence for Ml radiation in the region of these
measurements (Z„= 19-28 MeV). As mentioned above,
however, Ml effects are observed justbelow this energy
region. The resulting El and E2 T-matrix elements
obtained by the Stanford group when possible M1 effects
were excluded are shown in Fig. 9 (LaCanna et af. ,
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1977). The result labeled Solution I corresponds to the
case of primarily d, ~, capture for the El strength
which, aspreviously discussed, isthepreferred solution.

The E2 cross section which follows from these re-
sults is shown in Fig. 10. These data suggest a possible
E2 "resonance" at about 25 MeV (E~- 14 MeV) which ex-

FIG. 9. The amplitudes of the El and E2 T-matrix elements
extracted from the N(p, yo) 0 data. Two solutions (labeled I
and II) are found. Solution I is preferred (see text). The
curves are to guide the eye. The error bars represent the sta-
tistical errors (La Canna, 1977).

6 8 30 12
E (MeV)

FIG. 10. The E2 cross section observed in the N(p, po) 0
reaction. The results corresponding to Fig. 9 are shown along
with the results obtained when Ml radiation is included in the
analys is (La Canna, 1977).

)4 )6

hausts more than 20%%uo of the IS—E2-EWSR (I aCanna
et al. , 1977; Hanna, 1979). It can be seen from this
figure that the results are essentially identical with and
without the M 1 radiation term in the a, and b, expres-
sions. A comparison of these results with those of
Frederick et al. (1969) (see Fig. 9) indicates that the
new results show a substantially greater F2 cross sec-
tion (E~ of 14 MeV corresponds to E~ of -25.25 MeV;
v(P, y) of 4.0 pb corresponds

too�

(y, P) of -290 Vb):
Both experiments suggest that the E2 cross section
peaks in the vicinity of E, =25 MeV, significantly
higher than both the predicted location of the isoscalar
GQR in "0 (Krewald et al. , 1974) and the isoscalar E2
strength observed in the (o., u') experiments (Knopfle
et al. , 1978). We will return to a discussion of these
results after describing the second experimental study
of this problem.

An independent study of this experiment has been per-
formed at the University of Washington (Bussoletti,
1978; Snover, 1979). The technique of data taking and
analysis were essentially identical to the Stanford pro-
cedure with one exception: the data were first fitted
to obtain the a„and bl, coefficients, which; in turn, were
used to extract the T-matrix amplitudes and phases.
The important point here is that the two techniques are
identical if the errors are properly propagated.
Snover (1979) and Bussoletti (1978) appear to have done
so. The resulting E2 cross sections obtained in this
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FIG. 11. The E'2 cross section observed in the NQ, y) 0 reaction. All coefficients were included in obtaining these results.
The solutions shown correspond to the E'1 solution which is predominantly dsy~ capture and should be regarded as the lower limjt
on the E'2 strength in this channel. The solid curve is the result of a pure direct-E'2 capture calculation (Snover, 1979; Qusso-
letti, 1978).
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TABLE II. E2 strength in ~60.

Percent of the isoscalar-E2-energy weighted sum rule '
Energy interval Direct capture

in. "O (MeV) prediction(A, A Po)

13.4-29
17.9—27.3

20-30
12-22

Assuming (x ) ~ =2.718 fm (DeJager et al. , 1974).

case are shown in Fig. 11. As in the previous case
these results correspond to the dominant d3/2 El solu-
tion. An analysis in which a, and b, were included and
omitted in the data set indicated once again that Ml
radiation is not necessary at these energies in ' O.
A detailed study of the solutions in X' space revealed
second solutions corresponding to somewhat larger E2
cross sections at many energies. Unfortunately, there
seems to be no simple way to unambiguously choose
one E2 solution over the other. The solutions shown in
Fig. 11 correspond to the smallestE2 results found when

a, and 6, were included in the data set. They should be
regarded as lower limits for the E2 cross sections.

The solid line on the E2 cross section parts of Fig. 11
is the result of a calculation which assumes that the E2
strength is entirely the result of direct capture (no
collective state). This direct calculation describes the
experiment fairly well with the exception of the possible
bump near 25 MeV in "O. If the solutions are inte-
grated over the energy range of the experiment (E„of
13.4 to 29 MeV) it is found that they exhaust 20/0-30%
of the isoscalar E2 energy weighted sum rule. When
these results are integrated over the energy range of
the inelastic hadron experiment (E„of 17.9—27.3 MeV)
(Knopfle et a/. , 1978) it is found that they exhaust
12-22'%%uo of the IS-E2-EWSR. A summary of the E2
strength seen in this experiment is presented in Table
II, where the results obtained from the direct E2 cal-
culation are given along with the E2 strength obtained
in the P, channel from the inelastic hadron experiment.

A detailed comparison of the two polarized proton
capture experiments into "0 indicates that, while there
is qualitative agreement regarding the amount of E2
strength present in this channel, there are apparent
discrepancies when the data are compared on a point
for point basis. The quantity of data obtained by
Bussoletti (1978) and Snover (1979) makes their con-
clusions appear to be more definitive than those of
LaCanna (1977) and Hanna (1979). Therefore their con-
clusion that the (y, P,) cross section accounts for
12-22'%%uo of the IS—E2 —EWSR in the region of 18 to 27,
with some indication of a peak occurring near 25 MeV,
should be accepted as the present result of these ex-
periments.

Recent (o., cy') experiments indicate that the isoscalar
GQR is centered near 21 MeV in "0with a width of
-6 MeV and exhausts -60%%uo of the IS—E2-EWSR
(Knopfle e/ a/. , 1975). Furthermore, coincidence stud-
ies (Knopfle et a/. , 1978) show that only -9/o of the
IS—E2-EWSR is contained in the P, channel between
17.9 and 27.3 MeV, while 36%%uo of the sum rule is in the
a channel going to the first excited state of "C. Hence,

the strength seen in the proton capture experiments
appears to be in excess. It should be noted that Dehesa
et a/. , (1977) have suggested that the compact com-
ponent of the isoscalar GQR in "0is primarily the
(p, ~'2 f,~~) configuration and offer this as a reason for
not seeing this resonance in the "N(P, y,)"0reaction,
since the target is primarily p, /, . Since isovector
strength can be excited in the capture experiment, part
of the strength seen could be of this nature. The iso-
vector GQR is expected to lie at much higher energies,
although it is possible that this strength is quite frag-
mented and makes a considerable contribution to the
energy region being studied in the capture work (Paul,
1977). As previously mentioned, the direct E2 capture
strength over the region of 17.9 to 27.3 MeV accounts
for about 8%%uo of the IS-E2-EWSR (Snover, 1979). Since
the isoscalar and isovector effective charges are equal,
these two components contribute equally to the capture
strength. However, the factor which multiplies the
cross section is proportional to the square of the total
effective charge. Therefore, if a reaction selects only
the isoscalar strength, it will contain only +4 of the
direct E2 strength (Snover, 1979). If we subtract this
direct E2 strength from the (o., n'P, ) strength, we ob-
tain 7% of the IS-E2—EWSR, while if we subtract the
full direct E2 strength from the capture experiment
over the same energy region, we obtain 4%—14% of
the sum rule. Therefore, we can conclude that, to
within experimental uncertainties, the capture experi-
ment, while "suggesting" an excess of strength over
the (o., n'P, ), does not disagree with the result of the
(n, o. 'P,) experiment. However, there is some indica-
tion of an excess of 8'2 strength beyond that predicted
for direct E2 capture in the region of 18-27 MeV. Of
course, interference and mixing effects between the
various E2 amplitudes must be considered in any quan-
titative analysis of these reactions.

Other studies of the region of the isoscalar E2 giant
resonance using polarized proton capture have yielded
results which are similar to those obtained in "O. The
case of "N, studied via the "C(p, y,)"N reaction
(Snover e/ a/. , 1976), was the first case in which it was
pointed out that pure direct E2 capture gave a rea-
sonably good description of the non-El effects in the
data. DSD calculations which employed an E1 form
factor proportional to the real-symmetry term in the
optical-model potential and an E2 form factor propor-
tional to the derivative of the central potential were
performed for this case (Snover et a/. , 1976). These
calculations indicated that the effects of collective E2
strength were small and difficult to establish experi-
mentally. Figure 12 shows the E2 cross section ob-
tained in this work, along with the calculation for pure
direct E2 capture. While the data from E„=19.5 to
27.0 MeV exhaust around 7/0 of the IS-E2-EWSR, the
calculated direct capture cross section exhausts about
4%% of this sum rule. The result of a DSD calculation
which included the IS—GQR is also shown in Fig. 12.
Clearly, the effects of the IS—GQR are predicted to be
quite small in this channel. These E2 results are for
the case of primarily d, /, El capture and were obtained
with a, and 6, included in the data set. Several ener-
gies showed second solutions with acceptable X' cor-
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elusion we must draw from this is that polarized pro-
ton capture, at least in these nuclei, is not a par-
ticularly useful tool for studying the IS-GQR, at least
not at the level of accuracy which has been achieved
to date.

C. Polarized proton capture involving few nucleon systems

Polarized proton capture studies have also been ap-
plied to the three- and four-body problems through
studies of the 'H(P, y)'He and the 'H(p, y)'He reactions
(King, 1978; Skopik et al. , 1979). A discussion of the
results of these experiments follows.

1. The H{j,p}4He reaction

An investigation of the capture of polarized protons
by tritium has been performed at Stanford University
(Hanna, 1972; King, 1978). Angular distributions of
cross section and analyzing power were measured at
7 or 8 angles in -1.0-MeV steps for proton energies
ranging from 6 to 16 MeV. Usin. g the LS coupling
scheme, the T-matrix elements which contribute to
this reaction in the cases of El and E2 radiation can
be labeled by. denoting the incoming partial waves
(' "L~) and the outgoing multipolarity. The four con-
tributing complex T-matrix elements (T~~) are ex-
pressed as

T = 'P e'@'~(EI)

T„='P,e'~3~(E1),

T ='D e'@' (E2)

1.15—

U)

0.1 5-
0.05—

~'5
0.05—

O.l—

-1
CD

0C3
—50-

E ( He) MeV

24 26 28 50 32
l l

— P

D2

and

T» = 'D,e'~'~(E2) .
Note that the two El T-matrix elements correspond to
the singlet (S = 0) and the triplet (S = 1) cases; the same
is true for the two E2 matrix elements.

The coefficients of the expansion of cr(g)/A. , (theIa~
coefficients) and of the expansion of A(8)o(9)/A. , (the 6„
coefficients) can be written in terms of the four T-ma-
trix element amplitudes and the three relative phases
using Eqs. (12) and (13) of Sec. II. The experiment pro-
vides nine measured coefficients: five a's (including',
which will be normalized to 1.0) and four b's, while
there are seven unknowns. Since Ml radiation, if
present, would be most important in the coefficients
a, and b„ these can be left out in extracting the El and
E2 amplitudes and phases, thereby reducing any pos-
sible error due to the neglect of M1 radia, tion. An analy-
sis in which this was done yielded the relative ampli-
tudes and phases shown in Fig. 14. The normalization
was chosen so that:

0.7 5(~P2 ~ 3P2) + 1.25(~D2+ 3D2) = 1.0
at every energy.

The results shown in Fig. 14 indicate that the singlet
P-wave amplitude remains almost constant over the
entire energy range of the experiment, while the trip-
let P-wave amplitude appears to increase slightly with
increasing energy. The D-wave amplitudes suggest a
similar trend. The relative P-wave phase seems to be
constant at about —50, except at three energies which
may be an experimental artifact. While the triplet El

-100 I

6 8 10 12 14 I6
E (lab) MeV

FIG. 14. The relative El and E2 amplitudes and the relative
phases obtained for the 3H(p, p) He reaction (King, 1978). The
error bars represent the statistical errors associated with the
data points.

amplitude accounts for about 1.5% of the total El cross
section, the triplet E2 amplitude appears to be the same
size as the singlet near E„=28 MeV. The large uncer-
tainty in the triplet E2 amplitude indicates that further
experimental confirmation of this surprising result is
necessary.

Knowledge of the relative transition matrix elements
can be combined with the experimentally determined
absolute cross section to evaluate the El and E2 cross
sections of the reaction. The results obtained in the
present study are shown in Fig. 15, where the total
(P, y) cross section was obtained by normalization to
the 90' results of Meyerhof et al. (1970) utilizing the
expression or(P, y) = —,'8m'(90'). These results are in
reasonably good agreement with previous experimental
measurements of the El and E2 cross sections for the
'H(p, y)'He reaction (Gemmell and Jones, 1962; Meyer-
hof et a/. , 1970; Arkatov et a/. , 1971).

A recent continuum shell model calculation (Halder-
son and Philpott, 1979) has been published which appears
to account for the analyzing power due to El radiation
as observed in this experiment. This calculationdemon-
strates that the b, coefficient depends on the spi. n-orbit
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0

would contribute to b, through a product of the S = 0 and
S = 1 E2 T-matrix elements.

2. The 2H(p, p) He reaction

Polarized proton capture has also been investigated
for the case of protons on deuterons (Skopik et al. ,
1979). As in the 'H(p, y)'He case, the measured angu-
lar distributions of cross sections and analyzing powers
were used to extract information on the amplitudes and
phases of the contributing T-matrix elements. In this
case there are two El and two E2 T -matrix elements
for S = 1/2. Denoting the incoming partial waves by' ''I.&, these are

2g +f (0&/2P(E1)

2~ ~i (fi3/2P(EI)

2D +i 63/2D(E2)

' @5/2D(E2) .

M
LLj

b 2.O ——

(lob) MeV

It can be seen that in this case one has two El ampli-
tudes without introducing the spin-flip amplitudes
(S = 3/2 terms). Hence the data were analyzed to de-
termine the four amplitudes and the three relative
phases of the S = 1/2 T-matrix elements listed above.
The results of the analysis of angular distribution data
measured at E~= 5.0, 6.5, and 8.0 MeV are given in
Table III. These results indicate that the two El ma-
trix elements have amplitudes which are equal to within
-5/p, and that the two E2 matrix elements have ampli-
tudes which are equal to within-10%%uo, the differences
being within the statistical uncertainties. Furthermore,
while the relative phase between the two El or the two
E2 matrix elements is only a few degrees with an error
of comparable size, the El-E2 phase is about +80',
indicating that a plane wave approximation —which would
predict 0 —is a.poor one.

FIG. 15. The El and E2 cross sections obtained from the re1-
ative T-matrix e1ements of Fig. 14 but normalized to the 90
measurement of Meyerhof et al. (1970) (King, 1978).

odd component (LSO) of the effective nuclear force
(Bertsch ef a/. , 1977). If one considers only the domi-
nant E1 radiation, then 6, can be written as:

b, = —0.707 'E', 'I', sin(Q, ~ —@,~),
where

(f )'+(V )'=1.0.
These equations indicate that b, can arise from pure El
radiation only if there is a finite contribution from the
'&,(El) T-matrix element. The results of the calcula-
tion, which considered the ground state of 'He to be an un-
cor related S = 0 state, is shown in Fig. 16for E~ (lab) = 6.0
MeV as a function of the (LSO) force strength. The
value of 1.0 corresponds to the value of the LSQ
strength prescribed by Bertsch et al. (1977) and is seen
to predict the observed b, value remarkably well. It
should be noted thai although the effects of E2 contribu-
tions to b, have not been considered in this calculation,
these effects should be extremely small since they

Under the assumptions of the analysis of Skopik et al.
(1979), the results obtained here can, as in the
'H(P, y)'He case, be combined with the measured ab-
solute cross section to obtain the El and the E2 cross
sections. In this case an E2 cross section of 12+ 5%
of the E1 cross section was obtained. This corresponds
to a total E2 cross section near 11 MeV in 'He of
120+ 25 pb, a value considerably larger than the pub-
lished calculated value (Barbour and Hendry, 1972).

These polarized capture measurements have shown
us that the capture of protons by deuteroris proceeds
as though there were one El amplitude and one E2
amplitude with a relative phase of about ~80 . The
ambiguity in the sign of the phase results from the fact
that there are two solutions. The rather large E2 cross
section which results when one assumes only non-spin-
flip El and E2 amplitudes is in disagreement with the
calculated values. Of course, the spin-flip terms as
well as other multipoles could be important here. It
also appears that the calculation may seriously under-
estimate the E2 cross section because the authors did
not include the tensor force (Barbour and Hendry,
1972). This force is necessary in order for the E2
operator to connect the 'He ground state with the large
I = 0 P —d scattering states. Because of the strong
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FIG. 16. The calculated value of the b2 coefficient as a function of the fraction of the prescribed spin-orbit odd component of
the effective nuclear force. The results shown are for E&(lab) =6.0 MeV; the data point is from King (1978) and has been plot-
ted at the prescribed LSO strength (Halderson and Philpott, 1979).

interaction in the scattering states, this omitted transi-
tion may make a substantial contribution to the E2
cross section. An investigation of this point is presently
underway (Gibson, 1979).

D. E2 strength and polarized neutron capt~re

As has been seen in previous examples, the presence
of direct E2 strength presents a serious problem in the
case of polarized proton capture studies since it can
dominate the E2 reaction cross section and obscure any
additional E2 strength which may be present. This
problem, as has been discussed by several authors
(Arthur et al. , 1975; Wender et a/. , 1978), can be cir-
cumvented by studying neutron capture rather than pro-
ton capture. Since the direct capture amplitude is
scaled by the recoil effective charge of the system,
it is essentially eliminated in the case of neutron cap-

ture. For example, if one considers the case of pro-
tons on "N versus neutrons on "N the direct E2 amp-
litude will be down by a factor of about 30 for neutrons
compared to protons.

Several experiments have been reported which show
evidence for the presence of non-El radiation in fast
neutron capture cross sections. The quantity usually
reported is the fore-aft asymmetry:

Y(55 ') —Y(125 ')
Y(55')+ Y(125 )

where the last relationship, which relates the asym-
metry to the coefficients of a Legendre polynomial ex-
pansion, requires the a4 coefficient to be negligible.

One of the first published reports of a nonzero asym-
metry was for the case of "Sr(n, y)89Sr* (Likar et al. ,
1978). In this work the y rays leading to the final 3s,&,

TABLE III. Amplitudes and phases found for the H(p, y) He reaction. The fits were constrained such that ~(0 ) and 0(180 ) are
zero with errors typical of those at other angles.

E„(MeV) 2
&1/2

2
&3/2

2
D3/2 D, / @3/22 @f/2& (deg~ @3/2D @i/2P (d g~ @5/2D @1/2P (d g~

8.83

9.83

3.81 + 0.13
3.87 + 0.07

3.74+ 0.13
3.87+ 0.07

3.97 + 0.10
3.91 + 0.06

3.87+ 0.10
3.81 + 0.03

0.88 ~ 0.14
1.01+0.12

1.04 + 0.12
1.17+ 0.11

0.94 + 0.09
1.29 + 0.07

1.13+ 0.76
1.07 + 0.08

—2+3
-3+1
—3 +2
—3 +.0.5

75+5
-83 +3

81+5
-87+2

82 +3
—83 +3

84+ 3
—86+3

10.83 3.67 + 0.14
3.94 + 0.06

3.91 + 0.10 1.10 + 0.23 1.09 + 0.15
3.78+ 0.07 1.14 + 0.11 1.06 + 0.08

70 +10
—81 +2

77 +3
-74+1
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0.0

Sr(n, y) Qr

results are shown in Fig. 18 (Wender et a/. , 1978).
Note that in this case the calculated asymmetry is zero
if only direct E2 radiation is added to the dominant E1
strength. This is shown by the dashed line in the a,
part of Fig. 18. The other dashed lines in this figure
are the results of a pure direct El calculation. The two
solid curves labeled a and b in the 90' cross section
plot are for two different parameter sets in the com-
plex DSD coupling interaction [see Wender et al. (1978)].
The parameters used for the isoscalar GQR were
E„,= 18.0 (18.2) MeV and I' =4.0 (2.2) MeV for curves

41

I ~ ~
I 1 i --l . ~ )

6 8 10 12
E„(MeV)

FIG. 17. Angular distribution coefficients 8& and 8& (see text)
for p rags leading to the 3g~y2 states fox' the reaction

Sr(~, y) Sr. The solid curves for Qo is the result of a DSD
calculation which includes the isoscalar GQR. The curve shown
for 8& represents a phenomenological fit which allows for the
presence of a GQR (Likar et aI. , 1978).

state in "Sr were not fully resolved, so that the ex-
perimental results remain to be confirmed. The re-
sults are shown in Fig. 1V, where the coefficients

a, =a, and a, -=2-4Y(90 )/[Y(55 )+I (125 )]
are plotted. These data show one point at E„=7 MeV
which suggests a large effect. The solid curve for 8,
is the result of a DSD calculation which includes the
isoscalar GQR. In the case of 8, the solid curve is
the result of a phenomenological fit which assumes the
presence of a, GQR (Likar et al. , 1978).

A more thorough experimental study has been per-
formed for the case of 4'Ca(n, y,)"Ca (Wender et al. ,
1978). This study also consisted of measuring the fore-
aft asymmetry as a function of neutron energy. The p-
ray spectrum obtained in this work was of sufficient
quality to resolve the y-ray leading to the ground state
of "Ca. A typical spectrum was shown in Fig. 3 (Sec.
III). The results of this study are shown in Fig. 18.
The asymmetries are clearly not zero in the region of
E„=10 MeV, the approximate energy (E„-18 MeV) at
whi ch the i soscalar E2 giant res onanc e is expec ted
(Moss et al. , 1974; Youngblood et al. , 1976).

A DSD calculation using a complex form factor for El
(Potokar, 1973) and a surface peaked form factor for
E2 (Snover et a/, , 1976) was performed for the
"Ca(n, y, ) 'Ca reaction. Compound nucleus contribu-
tions, expected to be small in this energy region,
(Bergqvist and Potokar, 1979), have been ignored. The

1 (and 2) of Fig. 18. (Youngblood et a/. , 1977;
T. Yamagata et al. , 1978.) The conclusion which can be
drawn from these calculations is that when reasonable
parameters are used, e.g. , parameters which are con-
sistent with other experimental results, and the iso-
scalar GQR is included, the calculated asymmetries
are in reasonable agreement with the measured asym-
metries. As has been previously argued, it is the vir-
tual elimination of the direct E2 capture amplitude which
increases the sensitivity of this experiment to non-
direct (collective) E2 strength relative to proton cap-
ture studies of comparable precision.

One additional example which demonstrates the effect
of direct E2 radiation rather dramatically is found in
the case of "N(n, y)"N (Wender et al. , 1980). In this
experiment measurements were made to determine the
angular distribution expansion coefficients a, and a~
in the region of the GDR. The results are shown in Fig.
19 along with the a, and a, coefficients obtained from the
"N(P, y,)"0 reaction (Kuan et a/. , 1970) and the
"C(P, y, )"N reaction (Bussoletti, 1978; Weller et al. ,
1976; Harakeh et al. , 1975). Here we see that the
rather large a, coefficient observed in both of the pro-
ton capture experiments has essentially vanished in the
neutron capture reaction. This result is as expected
if the a, coefficient in the proton capture cases arises
primarily from interference of the DSD El radiation
with direct E2 radiation. Note that the magnitude of the
a, coefficient, which is determined primarily by the El
strength, is not so different for the cases of neutron
and proton capture.

Neutron capture studies have recently been greatly
enriched by the production of rather high intensity
beams of highly polarized neutrons (Jensen et al. ,
1979). The polarized neutron beam was produced by
using the 'H(d, n)'He reaction with a polarized deuteron
beam of about 200 nA on target. The deuterium target
consisted of a 3.0 cm long gas cell which was pres-
surized to about 3.0 atm. The neutron polarization was
calculated from the measured incident deuteron beam
polarization (p, and p») using the previously reported
polarization transfer coefficients (IP, ) and the tensor
analyzing power (A„) of Lisowski et al. , (1975). The
neutron polarization at zero degrees is given by

(0)
—,P K', (0)

1 —
~ p„A.„(0) '

With values of P, =P»-0.70, IP, (0)- 0.64, and A„(0)
——0.46 we obtain a value of 0.62 for the neutron po-
larization, A summary of the features which make this
reaction particularly attractive is given below:

(1) The 'H(d, n)'He reaction produces reasonably
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FIG. 18. The oCa(n, yo} Ca reaction. The 90' yield curve data are shown alorg with the a2 and a, coefficients (Mender et al. ,
1978). The open circles in the a, data result from third-order fits while the solid circles are the result of second-order fits.
The solid curves are the results of DSD calculations. The dashed curves for the yield curve data and the a2 coefficients result
from a calculation assuming pure-direct E1 capture. The dashed curve for a, assumes DSD dipole terms and direct E2 capture.
Curves labeled 1 and 2 correspond to two different choices of the GQB parameters (see text).

intense monoenergetic neutron beams in the region of (4) The d beam producing~this reaction can be pulsed
E„of 5 to 18 MeV (Drosg and Drake, 1974). This en- so that a time-of-flight criterion can be used to elimi-
ergy range usually allows one to cover the GDR region. nate many n induced events in the detector.

(2) The neutron beam produced by this reaction is The reaction O'Ca(n, y, )4'Ca has been studied at E„=10
forward peaked (the yield typically falls to the -10% MeV using a dc polarized neutron beam produced as
level at an angle of 20'with respect to the beam) and rea- just described, a 25.4x 25.4 cm NaI spectrometer sys-
sonably intense (a flux of 10 neutrons/sr/sec is typical). tern, and a 3.8x 3.8 cm right circular cylindrical sam

(3) The polarization transfer coefficient is large pie of 4OCa (Jensen et aE., 1979). The results are
(about 90% of the incident beam polarization is trans- shown in Fig. 20. The expansion coefficients a& and 5&

ferred to the neutron) and almost constant over the en- are given in Table IV. These data clearly show non-El
ergy range being discussed, varying from -0.64 to effects in both the cross section (backward peaking) and
-0.62 for neutron energies of 6-3.4 MeV. the analyzing power [A.(90'+ 6) 4-A(90' —6)] measure-
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FIG. 19. The a& and a& coefficients for the C(p, yo) N, [{e)Weller et al. , 1976; (x) Bussoletti, 1978; (~) Harakeh et al. , 1975],
N{p, p) 0 (Kuan et al. , 1970) and N{n, y) N (Wender et al. , 1979) reactions.

ments. Although these data have not been corrected for
multiple scattering and finite geometry effects, it has
been determined that these effects are relatively small.
This was done by use of a Monte-Carlo computation for
the case of the cross section data. In the case of the
analyzing powers, measurements using smaller targets
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FIG. 20. The cross section and analyzing power as a function
of angle for the Ca(pg, , y) Ca reaction at E„=10.0 MeV. The
error bars represent statistical errors. The smooth curves
were generated by fitting the data to the T-matrix amplitudes
and phases described in the text (Jensen et al. , 1979).

and the "C(n, n'y) reaction indicate that the corrections
will be less than. the statistical errors associated with
the data points, although a detailed evaluation of these
effects remains to be performed.

Unfortunately, the final-state spin of "Ca makes a
model-independent analysis in terms of El and E2 T-
matrix elements impossible in this case. However, by
using the DSD model it is possible to choose two El
terms and two E2 terms which should account for all
but a few percent of the strength in each multipole. In
the j-j scheme the important El terms correspond to
g,~, or d, ~, neutron capture, while the relevant E2
terms correspond to f,&, or 0»&, capture if the form
factor is taken to be proportional to ~'. Following
the procedures used in polarized proton capture, the
data were fitted to the four amplitudes and the three
relative phases of these four T-matrix elements. The
resulting fits to the cross section and analyzing power
data are shown as the solid curves in Fig. 20.

The results of this El-E2 analysis for the El terms
are shown in Fig. 21, where the results of analyzing
less extensive measurements at three other neutron
energies are also included. Note that, as in p capture,
there are two solutions: one corresponding to pri-
TABLE IV. Expansion coefficients obtained for the 10 MeV

Ca(pz, y()) Ca data of Fig. 21.

0.13+ 0.03
a2 = 0.11+ 0.03
a3=-0.05 +0.05

13 ~ 0.02
b2 = -0.15 + 0.02
b3 = 0.00 + 0.02
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~O0

OJ

X

Co(&y) Ca—

X

good knowledge of the background which, in general,
will vary with the detector anglej. It is significant that
coherent E2 radiation is observed here. That is, the
E2 T-matrix element clearly has a definite phase re-
lation with respect to the El terms, as evidenced by the
finite a, and b, coefficients. Since this E2 strength is
not direct, this result implies that the GQR is decaying
in a nonstatistical manner into the ground state neutron
channel. So we can conclude that statistical compound
nucleus contributions are relatively unimportant here.
Unfortunately, a positive identification of this E2
strength with the isoscalar GQR is still lacking.

The E2 solutions obtained above indicate a large uncer-
tainty in the f,&, strength, almost overlapping zero. This
is apparently a result of the nonlinear nature of the rele-
vant equations more than the statistical errors in the data.
The DSD calculation performed here indicates that the
h»~, E2 term will account for -85% of the E2 cross
section. If the E„——10 MeV data are fitted with only the

yy/2 E2 T -matrix element and the two E1 terms pr e-
viously discussed, an acceptable fit (X ) is obtained.
This result indicates that the h»~, E2 term accounts for
1.3+ 0.4% of the total cross section. What is interesting
here is that under this situation the b, expression con-
tains only one term:

10
(MeV~

12

FIG. 21. The results of the T-matrix element analysis of the
40Ca(n, y) ~Ca data for the E'1. terms. The two solutions are shown
as the g's and x's. The amplitude results are plotted as the
percent of the cross section which is due to the g&y2 neutron
capture amplitude. The remaining El strength corresponds to
d&y2 neutron capture. Statistical errors are indicated; the er-
rors associated with the phase differences are typically +10 .
The solid l.ines are the result of the DSD calculation described
in the text.

marily g,~, capture, the other to primarily d,~, capture.
The solid curves are the result of a direct capture cal-
culation (or DSD with a form factor nr) Clearly, . this
calculation picks the solution which corresponds to
primarily g,~, capture.

The E2 T-matrix elements for the E„=10 MeV re-
sults are, in terms of percentage contributions to the
total cross section, f,~,. 2.1+ 2.7% and h»~, . 1.2+ 0.4%.
The E2 cross section at E„=10 MgV turns out to be
3.3+2.7%%u ofpthe total cross section. If we use the po-
sition and width of the isoscalar E2 resonance in "Ca
as determined by the (n, n') measurements (Young-
blood et al. , 1977), and assume that the E2 strength
obtained in the present experiment is isoscalar, then
this result implies that -3% of the E2-IS—EWSR would
be present in the ground-state neutron channel of "Ca.

The value of these polarized neutron capture measure-
ments seems evident. The sensitivity of the analyzing
power to the presence of (nondirect) E2 radiation ap-
pears to be much greater than the fore-aft asymmetry,
besides being experimentally more dependable [mea-
suring 5% asymmetries in g(8) requires extremely

b, = —6.65g, g,h»g, sin(@„—P~) .
Furthermore, the solution indicates that sin(&j&„—$~)
= 0.96. Since the phase factor is -1.0, we cannot obtain
the experimental value of b, by having a smaller E2
strength (supposing part of it were incoherent and
therefore not contributing to b, ) and a. compensating
variation in the phase difference. So we see that almost
all of the bye/g strength must be coherent. Of course,
it is important to remember that although the DSD cal-
culation supports the interpretation of the non-El
strength as E2-strength, the observations alone (finite
a, and b,) do not rule out the possibility of Ml strength,
which has been ignored here.

Some of the conclusions which can be drawn from this
polarized neutron capture experiment are listed below:

(1) The El cross section for the 4PCa(n, yp)~'Ca re-
action is dominated (70-85%) by g,~, neutron capture in
the region of the GDR.

(2) There is non-El radiation present in the fast neu-
tron capture reaction on ' Ca.

(3) If this ra.diation is assumed to be E2, the data
can be fitted if the E2 strength is 1—3% of the total.

(4) If we apply the isoscalar GQR parameters for "Ca
from the (n, n') experiments to the present case, the
E2 strength seen here would correspond to about 1—3%
of IS—E2 —EWSB, ~n the ~o channel for "Ca

(5) The E2 strength appears to be almost entirely
coherent with respect to the El strength and therefore
"semidirect. "

The study of polarized neutron capture has just be-
gun. Clearly, many important questions can be ad-
dressed with this technique. Future experiments where
the spin situation is more favorable (e.g. , a spin-zero
final state) should provide more model independent re-
sults and allow for a more thorough examination of the
role of Ml radiation in these reactions.
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E. Alpha capture and E2 strength

f I I

200—
c(&,y )' o
cr„(&~ )

Perhaps the most convincing observation of the GQR
in an alpha capture experimentis the case of "'C(n, y, )"0
(Snover et a/. , 1974), where 17% of the IS-E2-EWSR
was observed between E„of 12 to 28 MeV. In this case
qualitative agreement was obtained between the shape
of the E2 strength seen in this reaction and the results
of the coincidence decay study of the isoscalar GQR
via the "0(o,, e'n, ) reaction (Knopfle et a/. , 1978), as
illustrated in Fig. 22. However, detailed comparisons
of the absolute strengths seen in these two experiments
[(o!,y) and (n, u'o. ,)] have indicated that the E2 strength
seen in the capture experiment is about a factor of 2 to
4 smaller than that seen in the (o., n'o. ,) experiment
(Snover, 1979). It has been suggested that isospin
impurities in the GQR and subsequent destructive in-
terference between the IS and IV electromagnetic transi-
tion amplitudes in the (o., y) reaction may be responsible
for this result (Knopfle, 1979).

A number of (o. , y) experiments have been performed
on heavier target nuclei. These include '~'"Mg
(Meyer-Schiitzmeister et a/ , 1968)., "'"Ne (Kulmann
et a/. , 1975), "Si (Meyer-Schiitzmeister et a/. , 1968;
Kulmann et a/. , 1979), "' 'Ca (Peschel et a/. , 19'74),
"'OAr (Foote et a/. , 1976), "Ti (Foote e/ a/. , 1976),
"Ar (Watson et a/. , 1973), and '4Fe (Meyer-Schiitz-
meister e/ a/. , 1978). In this paper we shall concen-
trate on two recent papers which directly address the
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FIG. 23. The total E2 cross section extracted from the
Ne(&, p) Mg reaction and converted by detailed balance to

that for the Mg(y, &0) Ne reaction. (Kuhlmann et al. , 19'75.)

question of the F2 strength seen in this reaction.
The giant resonance regions of "Mg and "Mg were

studied by measuring the (o. , y) reaction on targets of
"Ne and "Ne as a function of energy and angle (Kulmann
et a/. , 1975). The E2 cross section was extracted from
the angular distributions with the assumption that only
E1 and E2 radiation are present. The result for "Mg
is shown in Fig. 23. About 12% of the IS—E2-EWSR
is contained in these data. Figure 24 displays the E2
strength given as the percentage of the IS-E2-EWSR
integrated over 2-MeV intervals for both ~Mg and Mg.
Bound states and low-lying resonances are included
along with the strength observed in the n, decay chan-
nel. (Endt and Van der Leun, 1973; Lees et a/. , 1974.)
The arrows .indicate the position of 63 A ' ' MeV, i.e.,
the expected position of the isoscalar GQR (Bertrand
1976). It can be seen that almost 50% of the IS-E2—

C/)

2 IOO—

CD
O

0
0

47 o/o

V3

200—D

16O (g (y~(y )12C

6I,, =~4

8, =-87~
0

45 /o

100—
O,
/0
I
I

O

I

l4
0 — I I I I I ~

i8 22 2| SO

E „(MeV)
FIG. 22. The E2 cross section obtained from the C(m, yo) ex-
periment is shown at the top (Snover et al. , 1974). The bottom
shows the 0(o.', &'o'0) spectrum transformed to the (G. + C)-
cm system (Knopfle et al. , 1978). The dashed parts denote non
L =2 strength as determined by the analysis of Knopfle et al.
(1978).
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FIG. 24. Top: The E2 strength integrated over 2-Me V inter-
vals (in percentage of the energy-weighted sum rule) in the
bound states and low lying resonances and in the +0 decay
channel (stippled region) for 4Mg. Bottom: Same for ~6Mg.
The arrows indicate the expected position of the IS-GQR (Kuhl-
mann et al. , 1975).
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EWSR strength is accounted for below 63 A ' ' MeV.
Although no evidence for a narrow GQR was found in

these experiments, a significant conclusion concerning
the (a, y, ) reaction mechanism was deduced. If it is
assumed that the a capture reaction excites quadrupole
strength only through a compound nucleus mechanism
and that this strength subsequently decays in a purely
statistical manner, then it is possible to derive the
total absorption cross section for isoscalar E2 radia-
tion oc" (E2) from the measured cr(y, a,) cross section
(Hauser and Feshbach, 1952; Foote e/ a/. , 1974):

c@7 CX p
Tor(E2)

~ L T ~

g(y, o)z, ,

where T; denotes the transmission coefficient for decay
into channel i. If this is done for the case of "Mg, it is
found that the assumption of a purely compound process
leads to -300%%u~ of the sum rule strength. Hence it was
concluded that there is a significant noncompound com-
ponent in the (y, a,) E2 cross section for the case of
"Mg. A similar analysis for the case of "Mg gave an
integrated strength which was only slightly in excess
of the sum rule. Therefore in this case it was con-
cluded there was no convincing positive evidence for a.

noncompound component in v(a, y,)~, (Kuhlmann et a/. ,
1975).

The question can now be raised as to whether the
angular distribution information is consistent with this
conclusion. In both of these cases, it is observed that
the relative El-E2 phase remains close to 90 . In-
deed, as we go to heavier nuclei where the fluctuations
in the cross section disappear (e.g. , "Ni, see below),
this phase factor gets even closer to being equal to 90 .
It ha.s been pointed out (Watson et a/. , 1973) that if at
least one of the multipoles excited in the capture re-
action consists of a great number of overlapping re-
sonances, then a phase averaging will occur, so that
the interference term will vanish. Since statistical
analyses have indicated that n capture into the isovector
GDR proceeds predominantly through a statistical com-
pound process (Meyer-Schutzmeister et a/. , 1968;
Kuhlmann e/ a/. , 1975), the above results are consis-
tent with the 90 phase (i.e., cos90 = 0 and so the in-
terference term is zero). Namely, the E2 radiation
which results from n capture could be nonstatistical,
and one would not observe coherence with respect to the
El radiation if the El strength is itself statistical. in
nature.

The final a capture measu'rement which we shall dis-
cuss is probably, with the exception of "C(a, y, )"0,
the most positive result to date. In the case of
"Fe(a, y,)"Ni the angular distributions were used to
extract the E2 strength under the assumption that only
El and E2 radiation are present (Meyer-Schutzmeister
et a/. , 1978). The resulting E2 cross section is shown
as a function of excitation energy in Fig. 25. The E2
cross section appears to display a resonancelike be-
havior with a peak position near 63 A ' ' MeV. It
should be noted, however, that this behavior is in-
fluenced by the accidental proximity of the GQR to the
a nucleus Coulomb barrier in this case. The GQR of
"Ni has been previously observed in an (a, a') reaction
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„60/A
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FIG. 25. The angle integrated E2 cross section deduced from
the Fe(n, y) Ni reaction is shown as a function of excitation
energy in Ni. It is plotted as ~BNi(p, ~o)~ Fe cross section by
the method of detailed balancing (Meyer-Schutzmeister et ~$. ,
1978).

V. CONCLUSlONS

This review of some recent proton, neutron, and
alpha capture measurements has attempted to show how
these studies have revealed new insight into the nature
of capture reactions, particularly on the basis of the
angular distribution measurements. The polarized pro-
ton and neutron capture studies have shown us that the
principle factor responsible for the energy dependence
of the angular distributions (i.e., of the a, coefficient)
is the relative phase between the two El transition
matrix elements. The relative El amplitudes appear
to be remarkably constant as we cross the GDR region.
In the case of spin-zero targets, where the GDR has
more than one possible J value, these results suggest

study and found to exhaust -55/o of the E2 —IS—EWSR
(Youngblood et a/. , 1976). The measured E2 strength
shown here corresponds to about 4%%uo of the E2 —IS—EWSR.
In this case, as previously mentioned, the phase dif-
ference between the E1 and E2 amplitude is close to
being 90 over the entire range of the experiment.

For'this case, as in the case of Mg, it is possible to
calculate the total E2 absorption cross section from
v(y, a,)~, and the transmission coefficients. The result
of this calculation implies that 150%%uo of the E2-IS—EWSR
would be exhausted in the measured energy region of
"Ni (Meyer-Schiitzmeister e/ a/. , 1978). Hence it is
concluded that significant direct or semidirect com-
ponents contribute to the o. capture process into the
GQR. Due to the rather large uncertainty in the capture
experiment, this result remains somewhat uncertain.
It should be noted that the results of a recent (a, a', )
coincidence experiment (Collins e/ a/. (1979)) indicate a.

somewhat smaller a, decay strength (&3%%u& of the E2-IS-
EWSR). However, together with the results obtained
from the "Ne(a, y)"Mg reaction, as well as similar re-
sults obtained in "S and ' S (Kuhlmann e/ a/. , 1979),
these capture experiments provide strong evidence for
the fact that the E2 strength in the region of the IS-GQR
does not decay into the ap channel in a purely statistical
manner.
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that there is no gross J splitting of the GDR. We have
also seen that at least for light nuclei much of the ob-
served behavior of the amplitudes and phases for both
protons and neutrons can be predicted by a direct-
semidirect calculation using a form factor proportional
to x. This calculation appears to provide a dependable
means for choosing between the two solutions which re-
sult from the analysis of the data. .

Although the gross features which result from mea-
suring the capture reactions with polarized beams do
not appear to be sensitive to the structure of the GDR,
we have seen that detailed measurements (e.g. , the case
of "N+p) are sensitive to this structure and can be
used to test our models. In the case of 'H(p, y)'He we
have seen that the b, coefficient appears to be quite
sensitive to the spin-orbit odd component of the ef-
fective nuclear force. This is a case in which the vir-
tues of polarized capture measurements are especially
evident. The study of p+ d has shown us that the ap-
proximation that this reaction proceeds as though there
is a single El and a single E2 amplitude is a good one.
However, the neglect of S = 3/2 El and E2 a.mplitudes,
as well as the neglect of higher multipoles, remains to
be justified.

The comparison of proton and neutron capture studies
seems to confirm the idea that the direct E2 amplitude
is playing a, significant role in the proton capture re-
action. While the E2 strength observed in "0via pro-
ton capture appears to be somewhat in excess- of that,
which is calculated assuming the presence of only direct
E2 capture, other studies of nuclei near "0 (e.g. ,
~'N and "N) do not necessarily require additional
amplitudes in order to account for the observed E2
strength. Higher precision measurements at more en-
ergies could change this conclusion. While these stud-
ies have shown no evidence which indicates the pres-
ence of Ml radiation in the energy region of the GQR,
polarized proton capture studies at somewhat lower
energies have been able to identify M1 strength in the
case of "Q. Further investigations along these lines
should be quite interestirig.

The neutron capture study of "Ca seems to establish the
presence of E2 strength which is not direct. The DSD mod-
el appears able to account for the observed total cross
section and the angular distributions. These ca,lcu-
lations used a complex form factor for the El strength

and a surface peaked form factor for the E2 strength.
The success of these calculations supports the assump-
tion of little or no M1 radiation made in the analysis of
the data. Since the E2 strength observed here is being
seen by virtue of its interference with the dominant E1
amplitudes, this observation verifies the presence of
nonstatistical processes in the E2 transition strength
other than direct capture. The experiment does not,
however, distinguish between isoscalar and isovector
E2 strength.

The o. capture experiments also reveal E2 strength.
However, in experiments performed to date the no
channel appears to be an important decay channel for
the IS-GQR only in the case of "O. In cases where
isolated resonance structure is not observed, the El
and E2 amplitudes appear to be incoherent as evidenced
by the fact that the angular distributions do not display
a finite interference term. Since the IV-GDR is ex-
pected to be populated via statistical processes in the
cy capture reactions, this result does not tell us any-
thing about the nature of the E2 component. However,
in several cases it is found that Hauser —Feshbach
calculations indicate that the amount of E2 strength
observed in the experiments is too large to be accounted
for by a purely statistical compound process.

It is hoped that further studies of n capture and es-
pecially polarized neutron capture will substantiate
these initial results. It should be important to deter-
mine more quantitatively the fraction of the reaction
which proceeds via nonstatistical processes. Clearly
the study of intermediate structure, the study of giant
resonances built on excited states, and a thorough in-
vestigation in the region of the isovector GQR are areas
which should receive increased attention in the near
future.
Note added i' pr. oof: The direct E2 calculation shown in
I ig. 13 assumed a value of C'S =1.7 (not S = 0.85 as re-
ported in Turner et al. , 1980). If a value of C'S = 0.85 is
used, the possibility of excess E2 strength near 20-22
MeV becomes somewhat more likely.
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r ~(E2)~m
E)

(~,'&
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4Z2
=GMT&& 2 fm /MeV
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APPEND IX A: E2 ENERGY-WE IQ HTED SUM RUI ES

Appendix A is presented in Table Al.
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