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Fore-Aft Anisotropy in the Radiative Capture of 14-MeV Neutrons~

E. D. Arthur and D. M. Drake
Los Alamos Scientific Laboratory, Unicersity of California, Los Alamos, ¹ggMexico 87545

I. Halpern
Los Alamos Scientific Laboratory, University of California, Los Alamos, ¹mMexico 87545, and

Unicersity of Washington, Seattle, Washington 98195
(Received 15 October 1974)

Relative yields of capture photons have been observed for four nuclei at angles of 55',
90', and 125' in bombardments with 14-MeV neutrons. The yields from 10B, 29Si, and

Ca show smaller fore-aft anisotropies than those observed in corresponding proton cap-
tures. This suggests that the forward peaking in (p, p) reactions is due mainly to direct
rather than collective capture amplitudes. Photons from '2C(n, yo)'3C peak backward, but
this peaking cannot be straightforwardly accounted for in terms of the interference be-
tween the collective excitations dominant in this energy region.

A great variety of measurements reported in
recent years have examined nuclear excitations
from about 10 to 30 MeV in order to locate and
characterize the collective excitations which lie
in this energy region. ' These measurements
mainly involved inelastic scatterings (of elec-
trons, ' protons, s and helions') and radiative cap-
tures (of protons' and a particles' ). We report
here a related study of the angular distributions
observed in the radiative capture of fast neutrons.
Although measurements with neutrons lack the
precision available with charged particles, they
happen to be particularly sensitive (as we argue
below) to the collective character of higher mul-
tipole excitations.

The spectra observed in inelastic scatterings
tend to involve many multipoles and their analy-
sis into multipole components is generally not
very straightforward. ' On the other hand, nu-
clear-capture spectra for excitations between 10
and 30 MeV can be assumed to be limited solely
to E 1 and E 2 excitations. ' Thus the radiative-
capture amplitude to a given state can be written
as the sum, A~'I'+A~ +A@'I'+A@', where D and

Q stand for electric dipole and quadrupole and
where sp and c stand for single particle and col-
lective. Single particle" refers to radiative
transitions of the incident nucleon in the potential
provided by the target, while collective" refers
to radiation from excitations induced in the target
through its residual interactions with the incident
nucleon.

In the energy range of interest the dipole terms
are larger than the quadrupole terms and are
therefore better known and better understood. At
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FIG. 1. A section through the apparatus taken in the
plane perpendicular to the triton beam. The angle 8„&
is varied by displacing the capture target left or right
in this plane.

the giant dipole resonance (GDR), for example,
the magnitude of the collective dipole amplitude
is about 3 times the magnitude of the single-par-
ticle or direct dipole amplitude. ' Because the
quadrupole terms tend to be small they are best
investigated through their interference with the
dipole terms. Through the study of such interfer-
ence as a function of the spin orientation of the
incident nucleon, it is possible to determine the
sum A~'P+A~', uniquely, "but one cannot distin-
guish betweenAq'I' andA@'. In the capture of
protons one expects the amplitude of primary in-
terest in these experiments, A~', to be dominat-
ed by the direct quadrupole amplitude, A~'P. "
The advantage of using neutrons rather than pro-
tons in capture studies is that Ac'~ is a factor 2/
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A' smaller for neutrons incident on a target
(Z,A) than it is for protons. For neutrons, a
determination of the quadrupole amplitude, Az'I'
+A', is consequently a determination of the col-
lective amplitude alone. In particular, a finding
that A~ for neutrons is very small at an energy
where Az for protons is large implies that the
Z 2 strength observed in the proton capture does
not involve appreciable collective excitation.

With these considerations in mind, we have
studied the angular distributions of photons from
several targets bombarded with 14-MeV neutrons
produced by stopping a pulsed triton beam in a
deuterium-gas target at the Los Alamos Labora-
tory's Van de Graaff accelerator. The capture
target was placed in the plane perpendicular to
the triton beam and the angle, 8„~, between neu-
trons and photons was varied by displacing this
target along the line of sight of the photon detec-
tor, ' a 150-mm& 250-mm NaI crystal surrounded
by an anti-Compton annulus (see Fig. l). With
this experimental arrangement it was not neces-
sary to move the shielding that was placed be-
tween the neutron source and detector and there-
fore the background was nearly the same for 311
angles. In Fig. 2 we show the high-energy por-
tions of pulse-height spectra for each of the tar-
gets studied ("B, "C, "Si, and ~'Ca). The data
have been averaged over three adjacent channels
to reduce statistical fluctuations. For aQ but the
~Si spectra, it was possible to identify and iso-
late the peak corresponding to the ground-state
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transition. For 'Si, it was easier to study the
transition to the first excited state which was
more intense than that to the ground state.

Photon spectra from each target were observed
at 55', 90', and 125 to the neutron beam and the
relative yields for the transitions of interest are
shown in Fig. 3. The angular distributions for
these transitions were fitted with the customary
expression

W(8„y)-1+ Q a„P„.
n= 1

The interference of any quadrupole radiation
which may be present with the dominant dipole
radiation leads to nonzero values for the odd-n
coefficients in W(8„&), i.e. , to a fore-aft asym-
metry. In terms of the data this asymmetry is
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FIG. 2. Typical pulse-height spectra observed for
the four targets that were studied. The energy scales
are given in terms of the excitations reached in the re-
sidual nucleus as a result of the photon emission.

FIG. 3. Angular distributions obtained for 14-MeV
neutron capture leading to the designated final states.
The horizontal bars show the mgular widths subtended
by the capture targets.
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TABLE I. Angular distribution coefficients.

Reaction (MeV) a„=0.57a, —0.39a,

fog(~ y ) 11+

"c(n q)"e
"si(n, q, ) 30si

40Ca(n y )4iCa

'Ref. 13.

25
18
24
22

—0.44+ 0.28
—0.08+ 0.18

0.2 + 0.24
0.03 + 0.20

0.05+ 0.08
—0.15+ 0.06

0.02+ 0.1
—0.06+ 0.08

"Ref. 14.

~OB(P y )~~1:-0.3
~2C(P q )~3N 0 3b

38K(p ) 40C 0 2c

Ref. 15.

most simply expressed as the ratio between the
difference and the sum of the yieMs measured
at 55' and 125', i.e. , in terms of R = (Y» —Y»,)/
(Y»+ Y»,). Since I', = 0 at both these angles and
since a4P~ at 55' can be assumed to be small
compared with unity (as it is in proton captures)
R is very nearly 0.57a, —0.39a,.

In Table I we have listed the values of R and of
a, determined from the data of Fig. 3. Also list-
ed are typical values, R~, observed in proton-
capture studies on comparable targets at com-
parable excitation energies. The proton entries
have been smoothed over incident-energy inter-
vals of about 0.5 MeV in order to remove effects
of fluctuations. Similar smoothing occurs auto-
matically in the case of the neutron data because
of the kinematic energy spread of the incident
neutrons over the area subtended by the capture
target. Proton-capture angular distribution coef-
ficients, smoothed as described, are generally
found"'~" to change very slowly with bombarding
energy. Thus, although our measurements are
limited to the single incident energy, 14 MeV,
one can meaningfully compare them with proton
measurements at nearby energies.

It is seen from Table I that, with the exception

of the entry for "C (to which we shall return be-
low), the fore-aft asymmetry ratios are about 2

to 4 times smaller for neutrons than they are for
the corresponding proton bombardments. We in-
terpret this fact and the observation" that proton
ratios, R~, increase gradually with energy above
the GDR to values much larger than those in the
table to mean that the E 2 radiation amplitudes in

(p, y) reactions come mainly from direct capture
and not from induced collective excitations. A

large direct E2 component which gives a forward
asymmetry that grows with energy is expected on
elementary kinematic grounds. " In order to dis-
cern any collective Z 2 radiation in (P,y) studies
above the GDR, it is necessary to develop a way
to subtract this sizable direct E 2 contribution. '

The remaining entry in Table I, "C(n,y,)"C,
shows definite backward peaking in its angular
distribution, and it is of interest to see whether
such peaking can be accounted for in terms of the
interference between the collective dipole and

quadrupole amplitudes since these two amplitudes
are expected to dominate at the excitation ener-
gies involved here. If one assumes that each of
these collective amplitudes is associated with a
single broad resonance, it is easy to show that
their sum can be written as

+z) . EOq

where a~ is positive and aq is positive for isovector (and negative for isoscalar) neutron capture.
The quantity that corresponds most directly to the fore-aft ratio R is the crossterm of the capture

intensity,

2 sin'0 cos0 Re ianna"'"' -" "e- .— .i2)~ — .. .~2))

Now one would expect the isoscalar quadrupole
resonance (which generally lies slightly below the
GDR) to be the quadrupole resonance involved
here. The sign of the last factor at the right of
Eq. (1) leads, however, to forward rather than

the observed backward peaking, if one assumes
a reasonable value, I'&~I'D, for the width of the
quadrupole resonance. In short, one cannot ac-
count for the "C(n,y) angular distribution in
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terms. of an interference between single dipole
and quadrupole isoscalar resonances. But it may
be unreasonable to expect the collectivity, in a
nucleus as light as "C, to be represented by sin-
gle broad resonances. The isoscalar and isovec-
tor quadrupole strengths are very likely spread
broadly and unevenly enough, in excitation ener-
gy, to produce considerable Quctuation in the sign
of the interference term.

On the basis of the foregoing discussion one
would expect forward enhancement in (n, y) as
well as in (P,y) reactions in the region of the iso-
vector quadrupole resonance, which presumably
lies about half again as high as the GDR. In this
higher energy region, especially for heavier nu-
clei, the model of two broad interfering reso-
nances might be expected to be reasonably vabd.
There is, in fact, some evidence' for the expect-
ed forward enhancement in the reaction "'Pb(P, y)
and in preliminary studies' with neutrons of tar-
gets heavier than those of Table I. Hopefully it
will be possible to continue to improve the preci-
sion of the (n, y) measurements in this energy
region, since neutrons appear to provide a unique
tool for characterizing higher-lying collective ex-
citations of nuclei.
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The transverse polarization transfer coefficient, Z ", has been measured for the re-
action 2H(p, n)pp at 18' for E&=20.4 MeV as a function of neutron energy. Although pre-
dictions based on a three-body separable-potential model with S-wave N-N interactions
are in reasonable agreement with the data, the need for a three-body theory with more
realistic N-N forces is indicated.

Recently there has been extensive interest in
the calculation and measurement of medium-ener-
gy three-body polarization observables, particu-

larly for elastic N-d scattering. ' 3 Calculations
based on increasingly realistic N-N forces now
give predictions which are in fairly good quantita-


