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The neutx"on-capture cross section of the 41-keV resonance in I'b has been measured~ 207

with improved resolution. Resonance asymmetrY is not observed within the accuracy of
the measurement and consequently there is no evidence for a significant nonresonant
capture cross section.

In the interaction of an incident neutron with a
target nucleus the excited compound state can ex-
ist for a finite time in any of a large number of
possible configurations. The study of the y-ray
decay of the compound system caQ lead to a de-
scription of its excited states, and eventually to
an understanding of the neutron-capture mech-
anism. In recent years evidence has been pre-
sented w'lHch 1ndlcates the slgnlflcance of 81ngle-
particle transitions and three quasiparticle door-
wRy stRtes (so cRlled dll'e'ct Rnd seIIlldll'ect cRp-
tlll'e) Rs well Rs the long-lived statistical llltel'Rc-
tion in which all nucleons contribute to the excit-
ed-state wave functloQ.

The compound nucleus '08Pb Iepresents an
ideal case for the investigation of the neutron-
captuxe mechanism in a doubly closed-shell nu-
cleus. ID particular it fi.lls the prescription for
direct capture as formulated by Lane and Lynn. '
The ground state of 'O'Pb is considered to be
mainly a (p», ) ' configuration based on the dou-
ble closed shell of 'O'Pb. Conversely, the ground
state of 'o'Pb can be considered to be a nearly
pure configuration of a single p», neutron in the
fieM of the 'O'Pb ground state. Consequently,
after s-wave neutron capture in "'Pb, an E1
transition to the ground state of "'Pb is expected
and is observed in thermal capture' and at the
41-keV (l =0) resonance. ' The ground-state tran-
sition i.s also expected to be stIongly favored as
1t 18 the only E1 trans1tlo11 possible up to an ex-
citation energy of 5.3 MeV. An order-of-magni-
tude calculation of the dixect-capture cross Sec-
tion was made by Lane and Lynn at thermal ener-
gy, but the estimate obtained [cr~(th) = 54 mb] was
much less than the measured cross section [v(th)
=709 mb]. '

The first attempt to measure the direct-cap-
tUI'e cI'o88 sectloD directly was reported by

Broomhall and Bird. ' Measurements weI e made
with a pulsed Van de Graaff accelerator using a
biased NaI detector to observe the 41-keg reso-
nance shape. The observation of asymmetry in
this resonance would lndlcate the pl esence of
resonance-direct interference as formulated by
Lovas' md permit an estimate of a~ at 41 keV to
be obtained. The analysis of the time-of-flight
data was complicated by the pxesence of a nearby
P-wave resonance at 3V keV and inadequate time-
of-flight resolution. Nevertheless an asymmetry
wa8 x'epoI'ted, aDd the direct-captul e cx'oss Sec-
tion determined to be II~(41 keV) =0.2 mb and
gD(th) =250 mb (assuming a 1jv dependence).

A later measurement' by Bowman, Baglan,
and BiId at the Liverrnore linac employed the in-
verse reaction "'Pb(y, n). This is an equivalent
reaction as I'& = I

&
for the 41-keV resonance,

and ls related by the reclproclty relat1on

Il(~, ~) = II(~, ~)(I,'S.j&.'r„),
where 4 and g are the wave numbers and statisti-
cal spin factors for the y-ray and neutron chan-
Qels.

The result is shown in the inset of Fig. 1, and
the stxong asymmetry observed was again inter-
preted in terms of resonance interference with a
nonresonant background capture cross section.
The direct-capture cross section was found to be
0.8&era&1.2 mbjsr, i.e., aD(41 keV) =12.5 mb.
This result is more than 200 times the I.ane and
Lynn estimate when extrapolated to 41 keV. It
was therefore necessary to include an additional
nonxesonant texm to explain the gross disagree-
ment. An uppeI bmit to the semidirect capture
at 41 keV was obtained by fitting the giant dipole
resonance of "'Pb into the formalism of I.ongo
and Saporetti. ' Thus the captuxe cross section
was expressed in terms of dll ect aJld SeIQldlI'ect
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FIG. 1. The neutron-capture yield in a 0.0282-atom/
b sample of Pb is shown in the energy range 25-50
keV. Energy per channel is 10 eV. The multiple-scat-
tering correction accounts for the hi, gh-energy asym-
metry of the 41.5-keV resonance and interference ef-
fects are not observed. The Livermore result (Ref. 7)
is shown in the inset. The broad bump near 27 keV is
attributed to capture of sample-scattered neutrons in

the fluorocarbon scintillator. No background has been
subtracted.

effects, a Breit-Wigner resonance term, and an

interference term. However the unlikely as-
sumption that the giant dipole resonance decays
exclusively by neutron emission to the ground
state of ' 'Pb was required. The nonresonant
cross section at the 41-keV resonance was cal-
culated to be approximately 3.4 mb/sr, i.e.,
o»(41 keV) =43 mb, and could therefore account
for the observed asymmetry.

While the experimental result was confirmed
by Haake and McNeill' in a second (y, n) experi-
ment at Toronto, Lane" claimed that interfer-
ence between the direct- and semidirect-capture
cross sections would result in a reduced nonres-
onant cross section. Shakin and Weiss" attempt-
ed to bridge the widening gap between experi-
ment and theory by accounting for a lower limit
of 2.5 mb for the background cross section after
a new fit to the Livermore data. These authors
calculated the contribution of the tails of the
highest subthreshold resonance and of the giant
resonance to the nonresonant-capture cross sec-
tion at 41 keV. The thermal-capture cross sec-
tion was used to set a limit on the bound-level
contribution. These authors found that direct
(optical) processes were small compared with

the effects of interference from these resonance
tails.

Because of the considerable importance of this
problem to our understanding of the neutron-cap-

ture mechanism, the capture cross section has
been remeasured using the Oak Ridge linear elec-
tron accelerator (ORELA). The resolution of
this experiment is approximately forty times
sharper than the early Van de Graaff measure-
ment and seven times the Livermore experiment.

The capture-cross-section facility has been de-
scribed elsewhere" and only a brief summary is
given here. Two total-energy detectors at 40 m
were used to observe capture y rays in 142.7 g
of separated "'Pb (95%). Timing resolution was
approximately 6 nsec, the major contribution be-
ing from the linac pulse itself. The ' 'Pb cross
section was measured from 3 keV up to 200 keV
using the iodine-capture cross section as a sec-
ondary standard, and will be reported in detail
at a later date.

The capture cross section in the region of the
41-keV s-wave resonance is shown in Fig. 1.
The gross asymmetry observed at Livermore is
absent in this result. Asymmetry is observed,
however, but at the high-energy side of the reso-
nance, and is accounted for by a multiple-scat-
tering correction obtained from a Monte Carlo
code" as shown in Fig. 1. Resonance parame-
ters used in the calculation are those of Macklin,
Pasma, and Gibbons. "

There is no need to invoke any nonresonant cap-
ture cross section as asymmetry is not observed
within the accuracy of the measurement. Alter-
natively, an upper limit of about cr~ =2 mb at 41
keV can be set for the nonresonant cross section.
Greatly improved statistics and a thinner sample
are required to reduce this upper limit. It is un-

fortunate that the interference asymmetry as in-
dicated by Lovas' is in the same direction as the
multiple- scattering correction.

How then to explain the anomalous (y, n) re-
sults? In both (y, n) measurements a natural Pb
sample was used. At the 41-keV resonance the
transmission of emerging neutrons in the 'cBPb(y,

n) reaction is reduced substantially on resonance
elastic scattering in the 22.6% "'Pb in the natu-
ral sample. Thus multiple scattering can occur
and many resonance neutrons would lose energy
before emerging from the sample. Multiple scat-
tering would have the opposite effect to that in
neutron capture and may well account for the ob-
served asymmetry on the low-energy side of the
resonance. This effect is not apparent in the
37.5-keV resonance as the recoil energy loss of
the emitted neutron is an order of magnitude
greater than the resonance width.

The authors are grateful to A. M. Lane and
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The reactions tA1( He, t) TSi and Na(3He, t) Mg have been studied at a. bombarding en-
ergy of 18 MeV. Within each nucleus angular distributions leading to states of the same
spin and parity have been found to show a pronounced dependence on the configuration of
the final state, contrary to previous suggestions. Such a dependence is consistent with
the results of microscopic distorted-wave Born-approximation calculations.

It has recently been suggested' that, fox' transi-
tions in which there is no parity change, the
('He, t) reaction on odd-mass targets proceeds
via the lowest value of orbital angular-momentum
transfer permitted by the condition that the in-
trinsic-spin txansfer be zero. Transitions be-
tween states of the same angular momentum
would thus be charactex'i. zed by I =0; those be-
tween states whose anguler momenta diffex by
one oI two units by L =2. TI1ls implies that angu-
lar distributions from ('He, &) reactions are gen-
erally not sensitive to the detailed configurations
of the nucleax' states involved. A test of this sug-
gestion consists of studying transi. tions to states
(in a given nucleus) having the same spin and
parity but dlffeI'ent conf lgux'atlons.

It should be noted that in Ref. 1 all the tx'ansi-
tions in which the final-state spin is equal to the
target spin are transitions between isobax ic ana-
log states (analog transitions). Since the analog
state has neax'ly the same space-spin wave func-
tion as the tex get state, almost any model of the
('He, t) process would predict zero orbital angu-
lar-momentum transfer for analog transitions.
It is not obvious, then, that this selectivity holds

for nonanalog tx'ansitions.
Targets in the 2s-1d shell were selected for in-

vestlgatlon of conf lgux'Btlon dependence. The
('He, t) reaction on "Na, and "Al was studied us-
ing an 18-MeV He beam fx'om the Univexsity of
Pennsylvania's Model EN tandem Van de Graaff
accelerator. Tritons were detected in a system
of solid-state detector telescopes, using digital
particle identification. The energy resolution
was 40 keV in both experiments. Angular distri-
butions wex'e measured for many low-lying states.

Angular distributions for the reaction "Al('He,
f)"Si leading to the two 7"= 2' states at 0 and
2.65 MeV in "Si and for the reaction "Na('He,
&)"Mg leading to the two &"= 2' states at 0 and
2.90 MeV in. "Mg are displayed in Fig. 1. In both
cases the angular distribution for the excited-
state tr ansition is quite different from that of the
cox'I'espondlng analog tl ansitlon, despite the fact
that the final-state angular momentum 2nd parity
are equal to those of the target, Specifically, the
sharp I =0 structure is seen to be missing.

The breakdown of the simple prescription of
Ref. 1 can be fux'ther illustrated by compnring
two nonanalog transitions. The ('He, t) angular


