
PHYSICAL REVIEW C JULY 1996VOLUME 54, NUMBER 1

0

Measurement of 7Li „n,g0…
8Li cross sections atEn51.5–1340 eV
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The 7Li( n,g) 8Li cross section is important in inhomogeneous big bang models, and as a constraint on
model parameters used to determine the solar7Be(p,g) 8B reaction rate. Values of the7Li( n,g0)

8Li reaction
cross section were measured for neutron energies between 1.5 and 1340 eV at the Oak Ridge Electron Linear
Accelerator. The normalization of the cross section was determined by measuring the gamma-ray yield from
the 7Li( n,g0)

8Li reaction relative to that from the10B(n,ag) 7Li reaction. The cross section was found to
have the inverse neutron-velocity relationship (1/v) indicative ofs-wave capture. These results help resolve
ambiguities in previous measurements.@S0556-2813~96!04307-5#

PACS number~s!: 26.35.1c, 26.65.1t, 25.40.Lw, 28.20.Fc
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I. INTRODUCTION

The neutron-capture cross section of7Li at low energies
is important in nuclear astrophysics for two reasons. First,
inhomogeneous big bang can produce significantly differe
primordial isotopic abundances than are produced in a st
dard big bang. In particular, nucleosynthesis in the low
density, neutron-rich regions may produce
greater abundance of CNO nuclei. Th
7Li( n,g) 8Li( a,n) 11B(n,g) 12B(b2n) 12C sequence of reac-
tions bridges the mass gap atA58. The 7Li( n,g) 8Li reac-
tion initiates the process, and its rate is crucial in determini
the amount of heavier elements produced in an inhomo
neous big bang@1#.

Second, the7Li( n,g) 8Li reaction is the mirror reaction to
the 7Be(p,g) 8B reaction, which is responsible for the pro
duction of high-energy solar neutrinos. Most of the neutrin
detected by the Homestake and Kamiokande experiments
produced by this reaction@2–4#. Measurement of the
7Be(p,g) 8B reaction at low energies is difficult, and so th
cross section at solar energies (Ep'20 keV! is determined
by an extrapolation from measured cross sections
Ep.140 keV. The extrapolation is performed using a mod
such as the direct-capture model@5,6# or the microscopic
model @7,8#. The 7Li( n,g) 8Li reaction is relevant because
its cross section constrains the model parameters used in
extrapolation.

Despite several measurements, the7Li( n,g) 8Li cross
section is uncertain at neutron energies below 1 MeV. Valu
of the cross section with a 20% uncertainty were first r
ported by Imhofet al. @9# in the energy rangeEn5 40–1000
keV. Cross sections approximately a factor of 2 smaller th
those of Imhofet al. were reported in the energy rang
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En5 25–420 keV by Wiescher, Steininger, and Ka¨ppeler
@10#. Nagai et al. @11# measured the cross section a
En530 keV as 39.366.0 mb. In a reactor-based measure
ment, the thermal neutron capture cross section was de
mined to be 45.463.0 mb by Lynn, Jurney, and Raman@12#.
Both of these later measurements agree with the original n
malization of Imhofet al. assuming that the cross section
follows the inverse neutron-velocity relationship (1/v) in-
dicative ofs-wave capture.

A recent measurement of large analyzing powers in t
7Li( pW ,g0)

8Be reaction indicates that there is substanti
p-wave capture strength in that reaction at low energies@13#.
The mechanism responsible for this anomalous result is n
known@14#. If the physical origin lies in a direct mechanism
it would impact other low-energy capture reactions on ligh
mass isotopes. In particular, there could bep-wave capture
strength in the7Li( n,g) 8Li reaction, which has the same
target nucleus.

We have measured absolute7Li( n,g0)
8Li cross sections

for neutron energies in the range 1.5–1340 eV. The expe
mental procedure is discussed in the following section, a
the results are presented in Sec. III. The implications of the
results are discussed in Sec. IV.

II. EXPERIMENTAL PROCEDURE

This experiment was conducted at the Oak Ridge Electr
Linear Accelerator~ORELA! @15,16#. A pulsed 140-MeV
electron beam is stopped in a water-cooled tantalum targ
and the resulting bremsstrahlung acts as a white source
neutrons. The neutrons travel down evacuated flight tubes
experimental stations and their energies are determined
measuring their time of flight. A schematic representation
the experimental setup is shown in Fig. 1. This experime
was conducted at the 20-m station, with a neutron flight pa
of 18.89 m. The electron beam was pulsed at rates of 4
and 530 Hz with pulse widths from 8 to 30 ns. Neutrons wit
energies less than 0.4 eV were absorbed from the beam w
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a 1.6-mm-thick piece of cadmium. The size of the neutr
beam was defined by a 0.6-m-long copper collimator. T
collimator is cylindrical in shape, but slightly tapered with a
inside diameter between 8.1 and 8.3 cm.

The 7Li sample was manufactured at Oak Ridge Nation
Laboratory and consisted of 78.77 g of 99.993%-enrich
7Li. The lithium was sealed between two thin pieces
stainless steel and covered an area of 232 cm2. The target
thickness was specified to be uniform to better than 5
giving an areal target density of 0.34060.017 g/cm2. The
capture gamma rays from the7Li( n,g0)

8Li reaction were
detected with a 132-cm3 high-purity n-type germanium de-
tector. The detector was placed 30 cm from the center of
target atu590°. The 2033-keV gamma ray from capture t
the ground state in8Li was observed in this measuremen
Capture also proceeds in a cascade through the first-exc
state atEx5981 keV, producing gamma rays with energie
of 981 and 1052 keV with equal intensity. However, th
branch was too weak to be observed~branching ratio of
0.10660.010 with thermal neutrons@12#!.

To determine the overall normalization of the cross se
tion, it was necessary to determine the neutron flux, detec
efficiency, and number of sample atoms. We affixed a th
10B sample to the downstream side of the7Li sample and
determined the neutron flux by concurrently measuring t
yield of the 478-keV gamma ray arising from th
10B(n,ag) 7Li reaction along with the7Li( n,g0)

8Li gamma
ray of interest. The cross section for the10B reaction is
known to high accuracy. Because of its large magnitude a
1/v neutron energy dependence, it is commonly used a
calibration standard in neutron experiments@17,18#. The
cross section for the7Li( n,g0)

8Li reaction,sLi , is then re-
lated to the cross section for the10B(n,ag) 7Li reaction,
sB , by

sLi5
CLi

CB

«B
«Li

NB

NLi
sB , ~1!

FIG. 1. Schematic diagram of the experimental setup.
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whereCB is the number of gamma rays observed from th
10B(n,ag) 7Li reaction andCLi is the number of counts ob-
served from the7Li( n,g0)

8Li reaction. The total number of
10B and 7Li target atoms is denoted byNB andNLi , and
«B and «Li are the photopeak efficiencies of the detector
478 keV and 2033 keV, respectively.

The thin 10B sample was produced by dispersin
0.3960.03 g of an enriched powder over an area of 46 cm2

between two pieces of adhesive tape. The powder was sp
fied to be 92% enriched, and its chemical composition w
believed to be B4C. A neutron transmission measuremen
was performed at ORELA to determine the mass fraction
10B in the powder, and hence determine the number of10B
target atoms. A thick sample~0.277 g/cm2) was prepared
from the same powder, and the transmission through t
thick sample was measured with a6Li-glass scintillation de-
tector for neutron energies ofEn5 1–105 eV. The 10B con-
tent was determined by fitting the transmissionT with a
function of the form

T5e2p1e2p2 /AE, ~2!

wherepi are the fit parameters. The first exponential is a
energy-independent term, and the second accounts for
1/v cross section of the10B(n,a) 7Li reaction. The results
are shown in Fig. 2 along with the fit to the data. The amou
of 10B in the thick sample was found to be
0.15060.003stat60.003sys g/cm

2. Therefore, the powder is
54% 10B by mass. The remaining fraction of the mass of th
sample is11B, carbon, and water. This was confirmed in
separate experiment, performed at the University of Nor
Carolina at Chapel Hill, by pressing a sample of the powd
and measuring the scattering yield of 2-MeV alpha particl
observed at 165°. The total number of10B atoms in the thin
sample used in the 7Li( n,g) 8Li measurement is
0.021160.0017 mol, where the uncertainty results from ad
ing the uncertainty in the mass of the sample and the unc
tainties from the transmission measurement in quadrature

The boron sample was smaller in size than the neutr
beam, and so the ratio of target atoms depends upon
beam profile. The size and location of the beam were me

FIG. 2. Neutron transmission through 0.277 g/cm2 of the boron
powder. The solid curve is the result of a fit to the data assumi
the functional form given in Eq.~2!.
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sured at the sample position with photographic film. The fi
shows a uniformly irradiated area with a 8.7-cm diame
consistent with the projection from the tantalum targ
through the copper beam collimator and onto the sam
The film also shows a beam halo extending to a diamete
9.3 cm. Since the film is exposed by electromagnetic ra
tion, it does not necessarily provide an accurate represe
tion of the intensity of the neutron flux. However, previo
experiments which mapped the neutron flux from ORE
using a small scintillator detector found the flux to be co
sistent with photographic measurements. These flux m
pings also showed the neutron flux to be uniform over
central~90–95!% of the beam spot. To test the uniformity o
the neutron flux in this experiment, we measured the yi
from a 1-cm-diam10B test sample as a function of samp
position. After correcting for the change in detector ef
ciency with position, the counting rate was found to be co
stant within the 5% counting statistics over the cent
8.7-cm diameter of the beam. The counting rate decrease
the halo, but the size of the test sample was too large
accurately map the intensity of the flux in the halo.

We take the neutron flux to be uniform in position. Th
number of7Li target atoms is determined by scaling the to
mass of the sample by the ratio of the beam size on targe
the total area of the sample. We take the beam diamete
include half the halo, and adopt an uncertainty on the res
ing area such that62s covers the entire halo area of th
beam. The sample was oriented at 45° with respect to
beam axis, and the illuminated area of the target w
(9163) cm2. This gives the number of7Li target atoms to
be (4.460.3) mol, where the uncertainty in the number
atoms results from adding the uncertainty in the size of
neutron beam in quadrature with the possible 5% variatio
the thickness.

Because of the small cross section for the7Li( n,g0)
8Li

reaction, particular attention was given to reducing ba
ground. To attenuate the flux of neutrons and gamma r
scattered from beam collimators and other external sour
the detector was surrounded by an approximately 10-
thick layer of lead and by paraffin blocks. A 100-cm2 open-
ing was left where the detector faced the sample. With
shielding in place, the primary sources of background w
neutrons and low-energy gamma rays scattered by
sample. The gamma-ray background was reduced by pla
a 12.7-mm-thick lead filter directly in the beam and by p
ting a 2.4-mm-thick lead sheet in front of the detector. T
background induced by scattered neutrons from the sam
was minimized by placing an 8-cm-thick layer of6LiH in
front of the detector as a neutron absorber. Although
6LiH was found to significantly reduce the neutron flux in
the detector, scattered neutrons were still the domin
source of background in this experiment.

The efficiency of the detector system was determinedin
situ by measuring the yield from nine calibrated sourc
(60Co, 85Kr, 94Nb, 133Ba, 137Cs, 152Eu, 207Bi, 226Ra, and
249Cf! placed at the sample location. These sources prov
a measurement of the detector efficiency at 43 different
ergies between 242 keV and 2448 keV. The efficiency of
detector at the energies of interest was determined by in
polation. The photopeak efficiency of the detector was fou
m
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to be (1.8260.02)31024 at 478 keV and
(8.8660.01)31025 at 2033 keV.

III. RESULTS

A total of 266 h of data was collected at an averag
ORELA beam power of about 6 kW. Events were sorted int
neutron energy bins in software using the neutron time
flight converted with an EG&G TD 100 time digitizer. Data
were stored for neutron energies from 1.5 eV to 1.0 MeV
The 2033-keV peak from the7Li( n,g0)

8Li reaction was ob-
served in the ten lowest neutron energy bins, which rang
from 1.5 eV to 1340 eV. The energy region of the gamma
ray spectrum around 2033 keV is shown for two of these te
spectra in Fig. 3.

As mentioned previously, the background arises primari
from neutrons scattered by the sample and interacting w
the detector. This source presents added difficulty becau
the 70Ge(n,g) 71Ge reaction also gives rise to a 2033-keV
gamma ray@19,20# which contributes to the peak of interest.
To estimate this contribution, we collected background da
using a sample which was constructed to model neutron sc
tering from the7Li sample. This scattering sample consiste
of 30 g of 9Be together with two thin pieces of stainless stee

FIG. 3. Gamma-ray energy spectrum showing the region arou
Eg52033 keV. The heavy line is the raw spectrum taken with th
7Li target. The light line is the background data collected with th
scattering sample, which have been normalized to the7Li data out-
side the region of the 2033-keV peak.
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386 54J. C. BLACKMON et al.
and the thin boron target. The9Be isotope was chosen be
cause it has a negligible cross section for the production
gamma rays and a neutron scattering cross section com
rable to that of 7Li. Spectra collected with this scatterin
sample exhibited the same shape for neutron energies
tween 1 eV and 1340 eV, and so the counts were integr
over this wide neutron energy range to give better statist
The resulting spectrum was used as a background spec
for the 7Li( n,g0)

8Li measurement.
The number of counts from the7Li( n,g0)

8Li reaction
was determined by two methods. First, the background s
trum was normalized to each of the spectra taken with
7Li sample by fitting featureless regions. Normalized ba
ground spectra are also shown in Fig. 3. The normali
background spectrum was then subtracted from the co
sponding7Li spectrum, and the remaining counts in the r
gion of the 2033-keV peak were integrated. Second,
7Li spectra were fit with the background spectrum plus
Gaussian. TheMINUIT parameter optimization package@21#
was used to perform ax2 minimization with a four-
parameter function of the form

CLi~Eg!5p1Cscat~Eg!1p2expS 2
~Eg22033 keV2p3!

2

2p4
2 D ,

~3!

wherepi are the fitting parameters, and Cscat(Eg) is the spec-
trum taken with the neutron scattering sample. The num
of counts and uncertainties were determined from the bes
parameter values. Correlations among the parameters
accounted for in computing the uncertainties by using
covariance matrix estimates supplied byMINUIT . The value
of the reducedx2, xn

2 , depends upon the region of the spe
trum that is fit, but all reasonable fitting regions were fou
to converge to the same set of parameters withxn

2 values
typically in the 1.1–1.3 range. The number of counts de
mined from the fits agreed within one standard deviat
with the number of counts determined from the straight s
traction. The uncertainty in the number of counts from t
MINUIT covariance matrix was typically~10–20!% higher
than obtained by taking the square root of the number
counts in the region of the peak. We adopt both the num
of counts and the more conservative uncertainties from
MINUIT fits.

There were more than 23105 counts from the
10B(n,ag) 7Li reaction in each of the7Li spectra, and so
determination of the number of counts in this peak w
straightforward. The10B(n,ag) 7Li cross section for each
energy bin was calculated from theENDF/B-VI evaluated
cross section@17# using the average energy of the bin. T
average energyEave was determined from

Eave5
*En~E!s~E!dE

*n~E!s~E!dE
, ~4!

where the cross sections was assumed to have a 1/v energy
dependence and the ORELA neutron fluxn is

n~E!5AE20.8, ~5!
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whereA is a constant@22#. As a check, the neutron flux was
calculated from the gamma-ray yield of the10B(n,ag) 7Li
reaction and found to be consistent with that assumed in E
~5!.

The number of gamma rays observed, detector efficien
cies, and number of target atoms were combined with th
10B(n,ag) 7Li cross section to give the7Li( n,g0)

8Li cross
section using Eq.~1!. The results are given in Table I. The
range of the neutron energy bins and the weighted avera
energy for each bin are also given. The 2033-keV peak wa
not observed forEn.1340 keV, but we also include an up-
per limit for the 11th bin, which ranges in energy from 1340
to 2870 eV.

A correction has been made to account for the attenuatio
of the neutron flux in the samples. The largest attenuation
caused by neutron capture in the10B sample. This reduces
the number of counts observed from the10B(n,ag) 7Li re-
action in theEn51.78 eV spectrum by 9% over that ex-
pected if there was no flux attenuation. The correction re
duces with increasing neutron energy due to the 1/v energy
dependence of the cross section. There is also a small c
rection required due to neutron scattering in the7Li sample.
This correction is about 2% and is constant with neutro
energy. There is no significant attenuation (,1%! in either
of the sample holders, the stainless steel holding the7Li, or
the tape holding the boron. The total correction made to th
data ranges from 11% for the lowest neutron-energy bin t
2% for the highest neutron-energy bin.

IV. CONCLUSIONS

We have measured the7Li( n,g0)
8Li cross section at en-

ergies in the 1.5–1340 eV range. Capture by emission of
1052-keV gamma ray to the first-excited state in8Li was not
observed. This is expected given the sensitivity of this mea
surement and the small branching ratio. If we take th
branching to the first-excited state to be the same as at the
mal energies, then the total neutron-capture cross section
given by dividing the ground-state capture cross section b
the 0.894 branching ratio@12#. Our results were scaled by
this factor, and they are plotted in Fig. 4 along with the
results of previous measurements. Also shown in Fig. 4 is

TABLE I. Measured values of the7Li( n,g0)
8Li cross section.

En range Eave sLi

~eV! ~eV! ~mb!

1.48–2.14 1.78 4.260.6
2.14–3.07 2.56 3.060.6
3.07–4.78 3.84 3.060.4
4.78–7.20 5.88 2.060.4
7.20–11.5 9.14 2.460.4
11.5–23.1 16.4 1.460.2
23.1–48.7 33.9 0.9460.16
48.7–134 82.2 0.7460.12
134–367 226 0.3160.09
367–1340 721 0.2160.06
1340–2870 1980 ,0.26
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FIG. 4. Measurements of cross sections fo
the 7Li( n,g) 8Li capture reaction. The solid line
is a 1/v fit to the data from the current measure
ment.
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parametrization of the present data using the form

sLi5
a

AE
. ~6!

No deviation from 1/v s-wave capture is observed, and th
best-fit value ofa is (6.360.3)31023 b ~eV! 1/2. The data
were also fit by adding additional terms, such as an ene
independent term, but the best-fit values for each of th
terms were consistent with zero.

The uncertainties shown in the figure are statistical on
The primary source of systematic uncertainty in this me
surement is the ratio of7Li to 10B target atoms. The uncer
tainty in the number of7Li target atoms is 7%, while the
uncertainty in the number of10B atoms is 8%. Uncertainties
from the detector efficiency and10B cross section are 1%
Thus, we estimate the systematic uncertainty in this meas
ment to be 11%.

Extrapolating the fit to our data gives a thermal cro
section of 4062stat64sysmb. This is consistent with the di
rectly measured value of 45.463.0 mb@12#. The extrapola-
tion of our fit to higher energies is in agreement with t
results of the original measurement of Imhofet al. @9# and
with the results of a recent measurement by Igashiraet al.
@23# at neutron energies between 20 and 50 keV. The res
of these recent measurements support using the larger v
of the 7Li( n,g) 8Li reaction rate quoted by Malaney an
Fowler @24# ~based upon the measurement of Imhofet al.!
rather than the smaller rate of Wiescher, Steininger, a
Käppeler@10#.
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With approximately 1 month of additional running, we
could extend this measurement up toEn'10 keV. However,
such an effort does not appear warranted. Given the res
of this measurement and that of Igashiraet al. @23#, it seems
unlikely that the7Li( n,g) 8Li cross section exhibits an en-
ergy dependence significantly different from 1/v. The
mechanism which results in the largep-wave component
seen in proton capture on7Li must not play a significant role
in neutron capture on the same nucleus. This fact could
evidence that thep-wave capture arises from an isospin
dependent compound-nucleus interaction. However, it is a
possible that thep-wave strength could be the result of
direct reaction mechanism which is suppressed in neut
capture on7Li. This might occur if thep-wave capture is
associated with the7Li wave function at large radii, because
neutrons are more sensitive to the interior portion of th
wave function. Clearly, more theoretical work is needed
determine the origin of this interesting effect.
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