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The “Li(n,y) 8Li cross section is important in inhomogeneous big bang models, and as a constraint on
model parameters used to determine the stBa(p, y) 8B reaction rate. Values of théLi( n, y,) 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 “Li(n, y,) 8Li reaction relative to that from thé®8(n,ay) ’Li reaction. The cross section was found to
have the inverse neutron-velocity relationshipv(lindicative ofs-wave capture. These results help resolve
ambiguities in previous measuremern80556-28136)04307-5

PACS numbgs): 26.35:+c, 26.65:+t, 25.40.Lw, 28.20.Fc

[. INTRODUCTION E,= 25-420 keV by Wiescher, Steininger, and ggaler
[10]. Nagai etal. [11] measured the cross section at
The neutron-capture cross section‘af at low energies E,=30 keV as 39.36.0 ub. In a reactor-based measure-
is important in nuclear astrophysics for two reasons. First, ament, the thermal neutron capture cross section was deter-
inhomogeneous big bang can produce significantly differentnined to be 45.4 3.0 mb by Lynn, Jurney, and Rampt2].
primordial isotopic abundances than are produced in a starfBoth of these later measurements agree with the original nor-
dard big bang. In particular, nucleosynthesis in the low-malization of Imhofet al. assuming that the cross section
density, neutron-rich  regions may produce afqllovys the inverse neutron-velocity relationship «)L/in-
greater  abundance of CNO  nuclei.  The dicative ofs-wave capture. . _
7Li(n,y) BLi( a,n) “B(n, y) 12B(8~ ») °C sequence of reac- Aarecent measurement of large analyzing powers in the
tions bridges the mass gap At 8. The “Li(n, y) 8Li reac- Li(p,yo) ®Be reaction indicates that there is substantial
tion initiates the process, and its rate is crucial in determinin#‘waVe capture strength in that reaction at low energiés
the amount of heavier elements produced in an inhomogeln& mechanism responsible for this anomalous result is not
neous big bangd]. known[14]. If the physical origin lies in a direct mechanism,
Second, the'Li( n, y) 8Li reaction is the mirror reaction to it would impact other low-energy capture reactions on light-

the "Be(p, y) ®B reaction, which is responsible for the pro- mass isotopes. In particular, there couldg@vave capture

. 7 . 8 . . .
duction of high-energy solar neutrinos. Most of the neutrinosStrength in the’Li(n, ) "Li reaction, which has the same

X . target nucleus.
detected by the Homestake and Kamiokande experiments are\, "\ © "2 absolutei( n, o) °Li cross sections

eg)ducedgé)y th;_s rea;\(lztlor[2—4]._ M_ea(sjgf;_emlfnt gf thtf] for neutron energies in the range 1.5-1340 eV. The experi-
e(p. ) °B reaction at low energies is difficult, and so the mental procedure is discussed in the following section, and

cross section at solar energieS,(=20 keV) is determined e regylts are presented in Sec. Iil. The implications of these
by an extrapolation from measured cross sections glogits are discussed in Sec. IV.
E,>140 keV. The extrapolation is performed using a model
such as the direct-capture mod&,6] or the microscopic
model[7,8]. The “Li(n, ) 8Li reaction is relevant because
its cross section constrains the model parameters used in the This experiment was conducted at the Oak Ridge Electron
extrapolation. Linear AcceleratorlORELA) [15,16. A pulsed 140-MeV
Despite several measurements, thei(n,y)8Li cross electron beam is stopped in a water-cooled tantalum target,
section is uncertain at neutron energies below 1 MeV. Valueand the resulting bremsstrahlung acts as a white source of
of the cross section with a 20% uncertainty were first re-neutrons. The neutrons travel down evacuated flight tubes to
ported by Imhofet al.[9] in the energy rangE,= 40—1000 experimental stations and their energies are determined by
keV. Cross sections approximately a factor of 2 smaller thameasuring their time of flight. A schematic representation of
those of Imhofet al. were reported in the energy range the experimental setup is shown in Fig. 1. This experiment
was conducted at the 20-m station, with a neutron flight path
of 18.89 m. The electron beam was pulsed at rates of 400
“Present address: Colorado School of Mines, Golden, CO 80401and 530 Hz with pulse widths from 8 to 30 ns. Neutrons with
1887. energies less than 0.4 eV were absorbed from the beam with

Il. EXPERIMENTAL PROCEDURE
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To Beam Dump whereCyg is t_he nu_mber of gamma rays observed from the
150 m 10B(n,ay) "Li reaction andCy; is the number of counts ob-

served from the’Li(n, y,) 8Li reaction. The total number of
FIG. 1. Schematic diagram of the experimental setup. 108 and ’Li target atoms is denoted byg and N,;, and
eg andg; are the photopeak efficiencies of the detector at

a 1.6-mm-thick piece of cadmium. The size of the neutrori*/8 K&V a.nd 120033 kev, respectively. . .
beam was defined by a 0.6-m-long copper collimator. The The thin ™B sam_ple was produced by dispersing
collimator is cylindrical in shape, but slightly tapered with an 0-390.03 g of an enriched powder over an area of 48 cm
inside diameter between 8.1 and 8.3 cm. between two pieces of adhesive tape. The powder was speci-
The “Li sample was manufactured at Oak Ridge Nationalfied to be 92% enriched, and its chemical composition was
Laboratory and consisted of 78.77 g of 99.993%-enrichedelieved to be BC. A neutron transmission measurement
“Li. The lithium was sealed between two thin pieces ofwas performed at ORELA to determine the mass fraction of
stainless steel and covered an area of 232.cfine target B in the powder, and hence determine the numbet%Bf
thickness was specified to be uniform to better than 5%target atoms. A thick samplé0.277 g/cnf) was prepared
giving an areal target density of 0.320.017 g/cnt. The from the same powder, and the transmission through the
capture gamma rays from théLi( n,y,) 8Li reaction were thick sample was measured with®hi-glass scintillation de-
detected with a 132-cfhigh-purity n-type germanium de- tector for neutron energies &,= 1-10° eV. The 1% con-
tector. The detector was placed 30 cm from the center of théent was determined by fitting the transmissidnwith a
target atd=90°. The 2033-keV gamma ray from capture to function of the form
the ground state irfLi was observed in this measurement.
Capture also proceeds in a cascade through the first-excited T=e Pig P2/\E 2)
state atE,=981 keV, producing gamma rays with energies
of 981 and 1052 keV with equal intensity. However, thiswherep; are the fit parameters. The first exponential is an
branch was too weak to be observéatanching ratio of energy-independent term, and the second accounts for the
0.106+0.010 with thermal neutrons.2)). 1/ cross section of thé’B(n,«) "Li reaction. The results

_ To determine the overall normalization of the cross secyya shown in Fig. 2 along with the fit to the data. The amount
tion, it was necessary to determine the neutron flux, detectqys 105 in the thick sample was found to be

efficiency, and number of sample atoms. We affixed a thirb.lSOtO.OO%tatiO.OO%yS g/cm?. Therefore, the powder is

10 . .
B sample to the downstream side of thei sample and o 10p by mass. The remaining fraction of the mass of the

determined the neutron flux by concurrently measuring thesam le isi!B. carbon. and water. This was confirmed in a

yield of the 478-keV gamma ray arising from the pie 1 ’ ' water. 'his w ' '

108(n, a) "Li reaction along with the Li( n, o) °Li gamma separate experiment,. performed_ at the University of North
ray of interest. The cross section for tH&B reaction is Carolina at Qhapel Hill by'pres.slng a sample of the pov_vder
known to high accuracy. Because of its large magnitude angnd measuring the scattering yield of 2-MeV alpha particles
1k neutron energy dependence, it is commonly used as @bserved at 165°. The total.number.’@B atoms in the thin
calibration standard in neutron experimeits7,1§. The sample used in the ’Li(n,y)®Li measurement is
cross section for théLi(n, y,) &Li reaction,a;, is then re-  0.0211+0.0017 mol, where the uncertainty results from add-
lated to the cross section for th€B(n,ay) Li reaction, ing the uncertainty in the mass of the sample and the uncer-
og, by tainties from the transmission measurement in quadrature.
The boron sample was smaller in size than the neutron
_Cuies Ng beam, and so the ratio of target atoms depends upon the

U“_C_B 8_|_| N_UUB’ D beam profile. The size and location of the beam were mea-
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sured at the sample position with photographic film. The film 700 — : S , ,
shows a uniformly irradiated area with a 8.7-cm diameter, i ]
consistent with the projection from the tantalum target 600 [ .
through the copper beam collimator and onto the sample. [

The film also shows a beam halo extending to a diameter of  _, 500 1 ]
9.3 cm. Since the film is exposed by electromagnetic radia- g 400 - ]
tion, it does not necessarily provide an accurate representa- .5 ; ]
tion of the intensity of the neutron flux. However, previous g 300 [

experiments which mapped the neutron flux from ORELA 2 _

using a small scintillator detector found the flux to be con- © 200 L

sistent with photographic measurements. These flux map- . ]
pings also showed the neutron flux to be uniform over the 100 | @E =3.07-478 eV .
central(90—-95% of the beam spot. To test the uniformity of [ ]
the neutron flux in this experiment, we measured the yield [T T

from a 1-cm-diam°B test sample as a function of sample i
position. After correcting for the change in detector effi-
ciency with position, the counting rate was found to be con-

600 | .

500 |

stant within the 5% counting statistics over the central = i

8.7-cm diameter of the beam. The counting rate decreased in g 400 [

the halo, but the size of the test sample was too large to 5 I ]

accurately map the intensity of the flux in the halo. £ 300 | .
We take the neutron flux to be uniform in position. The é i ]

number ofLi target atoms is determined by scaling the total 200 | 1
mass of the sample by the ratio of the beam size on target to

the total area of the sample. We take the beam diameter to 100 a (b E, = 134367 eV ]

include half the halo, and adopt an uncertainty on the result- 1) A T I I I

ing area such that-2¢ covers the entire halo area of the 1975 2000 2025 2050 2075 2100

beam. The sample was oriented at 45° with respect to the E (keV)

beam axis, and the illuminated area of the target was !

(91+3) cm?. This gives the number ofLi target atoms to FIG. 3. Gamma-ray energy spectrum showing the region around

be (4.4-0.3) mol, where the uncertainty in the number of E,=2033 keV. The heavy line is the raw spectrum taken with the
atoms results from adding the uncertainty in the size of theLi target. The light line is the background data collected with the
neutron beam in quadrature with the possible 5% variation irscattering sample, which have been normalized to’thelata out-
the thickness. side the region of the 2033-keV peak.

Because of the small cross section for the(n, y,) 8Li
reaction, particular attention was given to reducing back-
ground. To attenuate the flux of neutrons and gamma rayt®9 be  (1.82-0.02)x 104 at 478 keV and
scattered from beam collimators and other external source§8.86=0.01)x 10™° at 2033 keV.
the detector was surrounded by an approximately 10-cm-
thick layer of lead and by paraffin blocks. A 100-érapen-
ing was left where the detector faced the sample. With this
shielding in place, the primary sources of background were A total of 266 h of data was collected at an average
neutrons and low-energy gamma rays scattered by th®RELA beam power of about 6 kW. Events were sorted into
sample. The gamma-ray background was reduced by placingeutron energy bins in software using the neutron time of
a 12.7-mm-thick lead filter directly in the beam and by put-flight converted with an EG&G TD 100 time digitizer. Data
ting a 2.4-mm-thick lead sheet in front of the detector. Thewere stored for neutron energies from 1.5 eV to 1.0 MeV.
background induced by scattered neutrons from the samplhe 2033-keV peak from thé&li( n, y,) 8Li reaction was ob-
was minimized by placing an 8-cm-thick layer 8EiH in served in the ten lowest neutron energy bins, which ranged
front of the detector as a neutron absorber. Although thdrom 1.5 eV to 1340 eV. The energy region of the gamma-
SLiH was found to significantly reduce the neutron flux into ray spectrum around 2033 keV is shown for two of these ten
the detector, scattered neutrons were still the dominargpectra in Fig. 3.
source of background in this experiment. As mentioned previously, the background arises primarily

The efficiency of the detector system was determiimed from neutrons scattered by the sample and interacting with
situ by measuring the yield from nine calibrated sourcesthe detector. This source presents added difficulty because
(5%Co, Kr, %Nb, ¥Ba, ¥Cs, %Eu, °Bi, ?*Ra, and the "%Ge(n,y) "'Ge reaction also gives rise to a 2033-keV
249Cf) placed at the sample location. These sources providegamma ray 19,20 which contributes to the peak of interest.
a measurement of the detector efficiency at 43 different enfo estimate this contribution, we collected background data
ergies between 242 keV and 2448 keV. The efficiency of theusing a sample which was constructed to model neutron scat-
detector at the energies of interest was determined by intetering from the’Li sample. This scattering sample consisted
polation. The photopeak efficiency of the detector was foundf 30 g of °Be together with two thin pieces of stainless steel

lIl. RESULTS
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and the thin boron target. Th¥Be isotope was chosen be- TABLE I. Measured values of théLi(n, y,) ®Li cross section.
cause it has a negligible cross section for the production of

gamma rays and a neutron scattering cross section compa-  En range Eave oL
rable to that of ‘Li. Spectra collected with this scattering (eV) (ev) (mb)
sample exhibited the same shape for neutron energies be- 148-214 178 4906
tween 1 eV and 1340 eV, and so the counts were integrated 5 14-3.07 256 3606
over this wide neutron energy range to give better statistics. 3'07—4.78 3.84 3130'4
The resulting spectrum was used as a background spectrum ' ' ' '
for the “Li(n, y,) 8Li measurement. 4.78-7.20 5.88 2604
The number of counts from théLi(n,y,) 8Li reaction 7.20-11.5 9.14 2404
was determined by two methods. First, the background spec- 115-23.1 16.4 1402
trum was normalized to each of the spectra taken with the —~ 23-1-48.7 33.9 0.940.16
"Li sample by fitting featureless regions. Normalized back- ~ 48.7-134 82.2 0.740.12
ground spectra are also shown in Fig. 3. The normalized ~ 134-367 226 0.310.09
background spectrum was then subtracted from the corre-  367-1340 721 0.2£0.06
sponding ‘Li spectrum, and the remaining counts in the re- 1340-2870 1980 <0.26

gion of the 2033-keV peak were integrated. Second, thé
’Li spectra were fit with the background spectrum plus a
Gaussian. ThemINUIT parameter optimization packa§2l]

was used to perform a? minimization with a four- \yhereA is a constanf22]. As a check, the neutron flux was
parameter function of the form calculated from the gamma-ray yield of tH&88(n,ay) "Li
reaction and found to be consistent with that assumed in Eq.
(E,—2033 keV- p3)2) .
2 ' The number of gamma rays observed, detector efficien-
2p, . ; -
cies, and number of target atoms were combined with the
3 10B8(n,ay) "Li cross section to give théLi(n,y,) 8Li cross
section using Eq(1). The results are given in Table I. The

wherep; are the fitting parameters, and&{E,) is the spec- range of the neutron energy bins and the weighted average

of counts andl Uncertaintios were detormined rom he besLf1€19Y for each bin are also given. The 2033-keV peak was
ot observed foE,,>1340 keV, but we also include an up-

parameter valu.es. Correl'atlons among t_he_ parametgrs WEGer limit for the 11th bin, which ranges in energy from 1340
accounted for in computing the uncertainties by using th 0 2870 eV

covariance matrix estimates supplied tawuiT. The value A ion has b d for th .

f the reducedc?, y2, depends upon the region of the spec- correction has been made to account for the attenuation
? that is fit b )t(v ’” ble fitt . ¢ dof the neutron flux in the samples. The largest attenuation is
rum that 1s fit, but all reasonablé Titing regions were tounde g ;ge by neutron capture in theB sample. This reduces

to converge to the same set of parameters vxiihvalues the number of counts observed from thB(n, ay) "Li re-

typically in the 1.1-1.3 range. The number of counts deteryiion in theE,=1.78 eV spectrum by 9% over that ex-

mined from the fits agreed within one standard deviatiohyected if there was no flux attenuation. The correction re-
with the number of counts determined from the straight suby,,ces with increasing neutron energy due to the erfergy
traction. The uncertainty in the number of counts from theyenendence of the cross section. There is also a small cor-
MINUIT covariance matrix was typically10-20% higher ection required due to neutron scattering in thé sample.

than obtained by taking the square root of the number ofrpis correction is about 2% and is constant with neutron

counts in the region of the peak. We adopt both the numbeénergy. There is no significant attenuation %) in either

of counts and the more conservative uncertainties from thgf the sample holders, the stainless steel holding’trigor
MINUIT fits. the tape holding the boron. The total correction made to the

Lorhere were more than 210° counts from the  ya13 ranges from 11% for the lowest neutron-energy bin to
B(n,a7) ‘Li reaction in each of the'Li spectra, and so 29% for the highest neutron-energy bin

determination of the number of counts in this peak was
straightforward. The'%B(n,ay) “Li cross section for each
energy bin was calculated from thenDF/B-vI evaluated IV. CONCLUSIONS

cross sectiori17] using the average energy of the bin. The \ye have measured thii( n, y,) 8Li cross section at en-

CLi(Ey) =P1Coscal Ey) + pZeXF{ -

average energf,,. was determined from ergies in the 1.5-1340 eV range. Capture by emission of a
1052-keV gamma ray to the first-excited statéin was not

JEN(E)o(E)dE observed. This is expected given the sensitivity of this mea-

ave:W: 4 surement and the small branching ratio. If we take the

branching to the first-excited state to be the same as at ther-
. mal energies, then the total neutron-capture cross section is
where the cross sectianwas assumed to have a1¢nergy  given by dividing the ground-state capture cross section by
dependence and the ORELA neutron fluxs the 0.894 branching ratipl2]. Our results were scaled by
this factor, and they are plotted in Fig. 4 along with the
n(E)=AE %8 (5) results of previous measurements. Also shown in Fig. 4 is a
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parametrization of the present data using the form With approximately 1 month of additional running, we
could extend this measurement upEg~ 10 keV. However,
a such an effort does not appear warranted. Given the results
oL=—=. (6)  of this measurement and that of Igashétaal. [23], it seems
VE unlikely that the ’Li(n,y) 8Li cross section exhibits an en-

ergy dependence significantly different fromv 1/ The

No deviation from 1 s-wave capture is observed, and the mechanism which results in the largewave component
best-fit value ofa is (6.3+0.3)x 10%b (eV)' The data seen in proton capture ofiLi must not play a significant role
were also fit by adding additional terms, such as an energyin neutron capture on the same nucleus. This fact could be
Independent tel’m, but the best-fit values for each of theSévidence that thep_wave Capture arises from an isospin_
terms were consistent with zero. o dependent compound-nucleus interaction. However, it is also

The uncertainties shown in the figure are statistical Onlypossible that thep-wave strength could be the result of a
The primary source of systematic uncertainty in this meagjirect reaction mechanism which is suppressed in neutron
surement is the ratio ofLi to 1°B target atoms. The uncer- capture on’Li. This might occur if thep-wave capture is

. . 7 - . 0 .
Li:ggrt:inttheinntlrjwneq?sjrmot:el;l ;Ségzzo?;zr?ssé; 76’&";2":\?”;22 associated with théLi wave function at large radii, because
y o neutrons are more sensitive to the interior portion of the

from the detector efficiency an’B cross section are 1%. . . )
Thus, we estimate the systematic uncertainty in this measurd:2ve fgnctlon. ngarly, more theorgtlcal work is needed to
ment to be 11%. determine the origin of this interesting effect.

Extrapolating the fit to our data gives a thermal cross
section of 4@ 24, 4y mb. This is consistent with the di-
rectly measured value of 453.0 mb[12]. The extrapola-

tion of our fit to higher energies is in agreement with the ACKNOWLEDGMENTS
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