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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Series presents results of studies
in the field of microscopic nuclear data. The primary objective is the
disscmination of information in the comprehensive form required for nuclear

technolopy applications.  This Series is devoted to:  a) measured microscopic

nuclear parameters, b) experimental techniques and facilities cmployed in
measurements, c¢) the analysis, correlation and interpretation of nuclear
data, and d) the evaluation of nuclear data. Contributions to this Series
are reviewed to assure technical competence and, unless otherwise stated,
the contents can be formally referenced. This Series does not supplant
formal journal publication but it does provide the more extensive informa—-
tion required for technological applications (e.g., tabulated numerical
data) in a timely manner.
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NEUTRON TOTAL AND SCATTERING CROSS SECTLONS OF
6Li IN THE FEW MeV REGION®

by

P. Guenther, A. Smith and J. Whalen
Argonne National Laboratory
Argonne, Illinois 60439

ABSTRACT

Neutron total cross sections of ®Li are measured from ~0.5 to
~4.8 MeV at intervals of S10 keV. Neutron differential elastic-
scattering cross sections are measured from 1.5 to 4.0 MeV at 210
scattering angles and at incident-neutron intervals of £100 keV.
Neutron differential inelastic—scattering cross sections are
measured in the incident—-energy range 3.5 to 4.0 MeV. The experi-
mental results are extended to lower energies using measured neu-
tron total cross sections recently reported elsewhere by the authors.
The composite experimental data (total cross sections from 0.1-%4.8 MeV
and scattering cross sections from 0.22-4.0 MeV) are interpreted in
terms of a simple two-level R-matrix model which describes the observed
cross sections and implies the reaction cross section in unobserved
channels; notably the (nja)t reaction (Q = 4.783 MeV). The experi-
mental and calculational results are compared with previously reported
results as summarized in the ENDF/B~V evaluated nuclear data file.

*This work supported by the U. S. Department of Energy.
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I. Introduction

Desplte its probable simplicity, the nuclear structure underlying the
n + °Li reaction in the fewMeV region is not well known (1) and the under-~
standing of the corresponding cross sectious is only Yragmentary (2).
Neutron and alpha—particle channels are open #t thermal energies and the
respective cross sections imply a large £ = 0 component. Yet, no correspond-
ing 2 = 0 resonance has been explicitly identified at relevant energies.
A large 5/2 ~ resonance dominates reactions in the few-hundred keV region.
At higher energies the contributing resonance structure is broad and ill-
defined and a number of channels are open at an incident neutron energy of
4 to 5 MeV. The (nj;a) cross section follows an essentially 1/v behavior
from thermal to ~100 keV and is w1dely used as a reference standard in experi-~
mental fast—-neutron studies (3). The Ll(n a)t reaction plays a prominent
part in tritium production in many fusion-energv concepts. Thus, from the
point of view of nuclear structure, neutron standards and nuclear applications
the n + ®Li reaction in the few—MeV region is of interest. Despite this wide
relevance, the reaction is not well known.

A joint Bureau Central de Mesures Nuclaires (BCMN) and Argonne National
Laboratory (ANL) study has address the n + °Li reaction over a several vear
period. Two, lower—energy, experimental portions of this work have been
reported (4,5). The final higher-energy portion, extending to ~4.8 MeV, and
an interpretation of the whole is presented in this paper. Sections II and
IIT address the higher energy portions of the experimental measurements.
Section IV presents the composite experimental results extending from ~0.1
to 4.8 MeV with emphasis on the higher—energy region. Section V discusses
the interpretation of the entire experimental data base and its implications.
The remarks of Section VI summarize the experimental and calculational aspects

of the program.

II. Samples

The samples employed in the ANL neutron total cross section measurements
(0.5 to 4.75 MeV) and the ANL differential neutron scattering measurements
(1.5 to 4.0 MeV) are defined below. Samples employed in other aspects of
the measurement program are defined in Refs. 4 and 5.

The two samples fabricated at Argonne National Laboratory (AVL— s ANL-2)
were cast of metallic lithium enriched to 95.4 atom—percent in b1i. The
assay of the stock material indicated no significant chemical impurities. The
molten—lithium metal was poured, under an argon atmosphere, into =0.025 cn.
thick cylindrical stainless steel containers 2 cm. in diameter and 2 cm. long.
The containers were sealed using electron-beam~welding techniques. Identical
empty containers were concurrently fabricated. After fabrication the samples
were inspected using radiographic procedures. No voids were detected but a
small miniscus was noted apparently as a result of the casting procedures.
Mean atomic densities were calculated from the weights of empty and filled
containers and the respective dimensions. The resulting densities differed
by about 3 percent, possibly reflecting some porosity or simply slight varia-
tions in casting procedures.
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The ANL—1 and -2 samples were primarily designed for scattering measure-
ments. Uncertainties, such as those due to porosity and miniscuses, would
have little effect on scattering-cross—section results; they were a concern
in total cross section measurements which were sensitive to precise determina-
tions of sample thickness. Both ANL samples were too thin for good total cross
section results in the MeV range so they were used in tandem for such measure-
ments. The single thicknesses were suitable for measurements near the peak
of the 250 keV resonance and they were used singly in measurements of total
cross sections in this region as outlined in Ref. 5.

Few-MeV total-cross—section measurements obtained with the ANL-l1 and -2
samples were compared with those obtained with a larger (&5 cm. thick)
sample fabricated at ANL. The agreement was with RZ percent but this
larger sample was also cast into a container and thus subject to some of the
same uncertainties as ANL-1 and -2. A precisely machined 5.538 cm. thick
sample was obtained on loan from BCMN. This reference sample was enriched
to 95.63 atom—percent in 5Li and the atonic density was reported to preci-
sions of better than 0.1 percent. The fabrication of the BCMN sample and
the parameter determinations were completely independent of those of the ANL
samples. Total cross sections obtained with the BCMN and two ANL samples
were carefully compared throughout the region of the 250 keV resonance,as out—
lined in Ref. 5, where the respective transmissions weire optimized for best
statistical accuracies. The results obtained with the ANL~1 sample were
indistinguishable, Yo within Yhe statistical uncertainties of S| percent,
from those obtained with the BCMN sample. The results obtained with the ANL-2
sample were about 3 percent different from the above common value. Very
careful and highly redundant measurements in the MeV region tended to show the
same discrepancy though the ANL samples were too thin when used singly in this
energy region to give very precise total cross section results. In view of
the above comparisons, the BCMN and ANL-1 samples were designated as the
"prinary"” samples and total cross section results were corrected to their
densities. The corrections applied only to results involving ANL-2. 1In the
total-cross—section results, the corrections were straight-forward and small
(~2 percent). The total~cross—section corrections for ANL-2 may reflect
porosities or the miniscus rather than differences in sample masses. Thus
the same corrections are not, a priori, applicable to the scattering results.
The scattering corrections were obtained from detailed comparisons of scatter-
ing results in the few MeV range obtained using ANL-1 and -2 samples. Such
comparisons are difficult and the resulting correction factors (~2 percent)
were generally a small part of the overall random uncertainties in the measured
scattering cross sections, thus they need not be very accurately known.

As noted above, all samples contained x4.5 atom—percent of TLi. ALl
measured values were corrected for this 'Li contaminant using the 7Li cross
sections as given in ENDF/B-IV (6).

Ill. Experimental Methods

In this Section the methods applicable to the determination of neutron
total cross sections from 0.5 to 4.75 MeV and scattering cross sections
from 1.5 to 4.0 MeV are outlined. The methods employed at lower energies

are outlined in Ref. 5.
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A. Broad-Resolution Total Cross Section Measurements in the MeV Region

The broad=resolution total cross scection measurements in the MeV region

wore made using the computer-controlled apparatus at the Argonne Fast Neutron,
Generator (7). Nanosccond hursts of approximately monoenergetic neutrons were
obtained using the “Li{pin)’Be reaction (8). The tarpets were prepared hy

vacuum cvaporation of lithium metal on to a tantalum backing to a thickness
giving the desired incident-neutron energy spreads of =30 to 50 keV. The
neutron scurce was surrounded by a massive water filled shield. A 1 m long
copper collimator was arranged in this shield so as to provide an =1 cm
diameter neutron beam at a zero-degree reaction angle. A sample holder was
placed =10 cm from the collimator exit. This sample holder consisted of
a wheel that "stepped" the samples, voids and empty containers through the
beam. Neutrons were incident upon the bases of the cylindrical samples.
Each sanple was in the beam for 500 msec and data storage was correlated with
sample position in an on~line digital computer. The sample cycle times were
sufficiently fast to avoid independent monitoring of socurce intensity. The
detector consisted of a hydrogeneous scintillator placed =3 m from the
sanple wheel on the beanm axis. Conventional pulsed-beam time~of-flight tech-
niques were used to record the velocity spectrum of neutrons arriving at the
detector. The prominent peak in the spectra corresponding to the primary
7Li(p;n)7Be neutron group was integrated and corrected for background effects
as deduced from regions on either side of the peak. The observed velocity
rebolutlon was sufficient to resolve this primary group from the secondary
"Li(p;n)’ Be* neutron group and from energy-degraded neutrons that might
have scattered in the collimator—-shield materials. Sample transmissions and
associated uncertainties were continuously calculated in real-time and
measurements were continued until pre—determined statistical accuracies were
achieveds Total neutron cross sections were then deduced from the observed
neutron transmissions in a straight-forward manner (9).

Attention was given to pcssible experimental perturbations. A real-
time clock was inserted in the detection system in order to precisely deter-
mine small dead-time corrections and these were further verified by changing
source intensities by factors of four. Calculational estimates showed in-
scattering corrections to be negligible and this was supportgd by the con-—
sistency of cross—-section results obtained with approximately a factor of
two different transmissions.

The sample wheel contained the oLi samples, corresponding empty con-
tainers, samples of carbon, silicon and sulphur and a void. The energy
scale was determined to within * 8 keV by the control of the proton beam
and verified by using rhe well-known energies of prominent carbon, silicon
and sulphur resonances (10). In addition, the carbon total cross sections
were determined. Away from carbon resonances they were in good agreement
( 1 percent) with previously reported values and thus verified the fidel-
1ty of the apparatus (I1l). The ANL ©Li samples were too thin to obtaia
statistically good cross sections in this energy range when used singly;
therefore they were arranged in tandem (excepting sample and instrument-—
verification tests) to obtain a total sample thickness of =4 cm. The BCMN
sample was used singly, providing a sample thickness of 5.5 cm.
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B. Differential Neutron Scattering Measurements

The 7Li(p;n)7Be reaction was employed as a neutron source throughout
the scattering measurements. The incident—neutron energy scale was known
to =10 keV. The incident neutron energy spread was 15 to 30 keV depeuding
upon the particular measurement. Generally, the energy spread was smaller
at the higher incident energies. The use of the Li source reaction was
idertical to that outlined above in the context of the total cross section
measurements. The primary monitor for neutron—source intensity was an inde-
pendent. time-of-flight system arranged so as to be insensitive to neutrons
other than those directly from the primary 7Li(p;n)7Be source. Uncertainties
associated with monitoring the source intensity were generally small; less
that 1 percent.

All the differential scattering measurements were made using the fast
time-of-flight technique and the Argonne 10~angle time-of-flight system (12).
lleasurements were made at ten or more scattering angles distributed between
~20 and 160 deg. The relative angular placement of the detectors was opti-
cally determined to within €0.5 deg. The zero—angle calibration of the
angular system was determined to within <l.0 deg. by observing the energy
loss in the H(nj;n) scattering process at a number of scattering angles both
left and right of the zero-scattering—angle center line.

The neutron detectors were hydrogeneous scintillators placed at a
flight path of =5 m within a large shield system. The relative energy-
dependent efficiency of each detector was determined by the observation
of neutrons scattered at various angles from hydrogen at a fixed incident
energy or by observation of neutrons emitted following the spontaneous
fission of 252Cf; or by both methods. The normalization of these relative
sensitivity distributions was determined using to the well-known H(n;n)
cross section at each incident energy (13). These detector calibration
procedures provided a good knowledge of detector sensitivities over the
rather wide energy range encountered in scattering from the light nucleus
bLi. The uncertainties associated with the detector sensitivities varied
with the particular measurements and energy range but were generally 3 to
5 percent. These uncertainties were a major contribution to the overall
cross—section uncertainties. Further details of the detector calibration
procedures are given in Refs. 12, 14 and 15.

Thg scattering samples, outlined above, were placed at the focus of
the ten time—of-flight collimators approximately 14 cm. from the neutron
source. 1In addition to the °Li samples and associated empty containers,
polyethylene and carbon samples were used at each incident energy. All
samples were of the same cylindrical geometry and size as the 611 samples.
The polyethylene sample was employed in the detector sensitivity determina-
tions as outlined above. Cross sections were routinely deduced from the
observed scattering from carbon in order to test the fidelity of the
instrument. The differential carbon clastic scattering cross sections
are well known away fFrom sharp resonance structure and the angle~integral
is essenLially Lhe well-known Lotal neutron cross section at the cenergies
of the present measurements (l1).
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Data acquisition was via an on~line digital computer using an 1l x
512 x 16 matrix consisting of; 10 detectors plus monitor, 512 time—channels
each, and 16 energy-recoil channels each. Data reduction to cross section
proceeded through an integrated data-handling system which include correc-
tions for angular resolution, incident particle attenunation and multiple
events.  These correction procedures eaployed both analytical and monte—~
carlo techniques and were pursued to accuracies ol 21 percent with respect
to the cross section result. Details of the data processing and correction
procedures are to be found in Ref. 12.

IV. Experimental Results

A. Broad~resolution Neutron Total Cross Sections

The broad—-resolution neutron total cross sections were measured from
~0.5 to 4.8 MeV during two widely separated measurment periods. The first
set employed the two Argonne samples in a tandem arrangement. The second
set employed the same tandem arrangement of Argonne samples plus the thicker
reference sample obtained from BCMN. The statistizal accuracies associated
with the cross sections varied from 1 to 4 percent depending upoun the par-
ticular measurement. The results were generally consistent within the
statistical uncertainties with no recognizable dependence on the sample con-
figuration or measurement period. There remained possible systematic uncer-
tainties associated with the samples as outlined above and further discussed
in Ref. 5. These were estimated to be 1.0 to 2.0 percent for measurements
involving the ANL samples and less for those employing the BCMN sample.

The experimental results are compared with the previously reported BCMN
values in Fig. 1 (4). Over the comparable energy range of 0.5 to 3.0 MeV
the results from the two laboratories are in very pood agreement. An “eye-
guide” with * 3 percent uncertainty limits was constructed through the results
from the two laboratories as illustrated in Fig. l. A large majority of the
measured values lie within the %* 3 percent "eye-guide” band and more than 66
percent of the values fall within a narrower * 2 percent band. The present
results can be combined with previously reported values from ANL (5) and from
BCMN (4) to obtain a comprehensive knowledge of the neutron total cross sec—
tion of ®Li from 0.1 to nearly 5.0 MeV as illustrated in Fig. 2. Again,
these results appear consistent to within better than the 3 percent band of
the "eye—guide"” excepting a small energy shift at lower incident energies as
discussed in Ref. 5.

The present results can be compared with other previously reported
measured and evaluated neutron total cross sections as illustrated in Figs. 3
and 4. The results of Harvey and Hill (16) are in very good agreement with
the present results; only one Harvey and Hill point falls beyond the present
"eye—guide" * 3 percent and that point appears anomolous. The present
results are in reasonable agreement with the values of Uttley et al. (3)
excepting regions near l.5 and 3.0 eV where the latter values appear to lie
lower than the present results. The results of Goulding et al. (17) at
energies below approximately 3.0 MeV are larger than the present values but
in agreement at higher energies. The same general comparative trends are
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Fig.

Yleasured neutron total cross sections of ®Li from 0.1 to 4.8 MeV.
The present results and those of Ref. 5 are indicated by (x),
those of Ref. 4 by (0). The curves denote an "eye-guide” *3X%.
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Fig. 3. The “"eye-guide" *3% deduced from the present results (solid curves)
compared with the results of Harvey and Hill (0) (16), Uttley et al.
(+) (3), and the ENDF/B-V evaluation (dashed curve) (6),



E,,MeV

Fig. 4.

Foster and Glasgow (0) (18).

Wl

The "eye-guide" *37% deduced from the-present results
compared with the measured values of Goulding et al.

(solid curves)
(+) (17) and

ol

_6.-.



-10-

true with respect to the results of Foster and Glasgow (18). Results re-
ported by Johnson et al. (19) disagree with the present values by 5-10 per-
cent below several MeV. Results of Meadows and Whalen (20) tend to be =5
percent higher than the present values near 1.0 MeV. Other available in-
formation tends to be too fragmentary to permit a comprehensive comparison.

B. Differential Neutron Scattering Cross Sections

The differential neutron scattering measurenents were made at £100 keV
intervals from 1.5 to 4.0 MeV and at ten or more scattering angles dis—
tributed between x20 and 160 deg. Incident neutron energy resolutions
were 15-30 keV and scattered-neutron velocity resolutions were ample to
resolve descrete inelastically-scattered neutron groups resulting from
excitations of known states in ®Li. The measurements were made during
several experimental periods. When results were obtained at approximately

the same incident energy they were averaged.

The elastic-scattering results are outlined in Fig. 5. The accuraciles
of the individual data values variad from 5-10 percent as discussed in Sec—
tion III, above. The measured values in the center-of-mass system were
fitted with a Legendre polynomial expansion of the form

n
d .
?.'15':2_" (1+ ) wp,l (Iv-1)
=1
(n =2 for E; £ 2.0, n=4 for E; > 2.0 MeV)

using least-square fitting procedures. The resulting polynomial fits gen-—
erally agreed with the measured values to within the experimental uncer-
tainties. Exceptions were confined to a few isolated experimental values
or distributions where the fitting procedures were unduly influenced by
values near the extremity of the measured-angular range.

The angle-~integrated elastic scattering cross sections follow directly
from the above fitting prccedures. The results are illustrated and compared
with previously reported BCMN results (4) and those cf Lane et al. (21) in
Fig. 6. The uncertainties attributed to the present angle-integrated values
were generally 3-5 percent. There were a few exceptions associated with more
uncartain measurenents (e.g. at l.5 MeV). These uncertainty estimates were
inclusive of systematic effects particularly those associated with the samples
as discusuz? above. An "eye—guide" with a * 4 percent uncertainty band encom-
passed nearly all of the present results as well as those of Refs. 4 and 21,
as illustrated in Fig. 6.

The present differential neutron elastic-scattering measurements are in
agreement with those by Lane et al. (21) though the latter extend to only
~1.8 MeV. Batchelor and Towle have reported elastic scattering measurements
at 3.35 and 4.0 MeV (22). Llane et al. have reported elastic-scattering meas—
urements extending from ~4.0 MeV upward in energy (23). The results of Refs.
4, 22 and 23 are reasonably consistent with the present values as illustrated

in Fig. 7 and 8.
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Summary of the Present Differential-elastic-scattering Measurements.
Measured values are indicated by data points and the results of a
Legendre polynomial fit to the measured values by the curves. The
dimensionality is differential cross section in b/sr and scattering
angle in center—-of-mass degrees.
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Fig. 6.

Angle~integrated elastic neutron scattering crcss sections of 611,

Present results are indicated by[d, Ref. 4 by O and Ref. 21 by A.
Curves denote an "eye guide", *4%.
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Measured Neutron Total, Elastic— and Inelastic-Scattering Cross Sec-
tions. Present results are indicated by (O), those of Ref. 4 by ),

those of Ref. 2 by (A) and those of Ref. 22 by (x). Solid curves

indicate “"eye-guides" with * uncertainty bands including those for

the neutron total cross section as defined in the text. The dotted
lines denote comparable values as given in ENDF/B-IV.
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Inelastically—-scattered neutrons corresponding to the descrete excita-
tion of the 2.184 MeV state in ®Li were resolved in the present measurements
at higher incident energies and forward scattering angles. The corresponding
angle—integprated inclastie scattering cross sections were deduced from the
measured values assuming that the neutron emission wits isotropic in the cenler—
of-mass system. The resulting angle—-integrated cross sections are shown in
Fig. 7. The illustrated uncertainties are subjective estimates based upon
the quality of the data. The only comparable measurements appear to be those
of Batchelor and Towle (22). Those results tend to be somewhat smaller than
the values of the present work but not beyond the respective uncertainties.

V. Interpretation and Discussion

A. Qualitative Observations

Over the energy range of the present experiments the n + ®Li reaction
has several prominent features. Below ~1.7 MeV the neutron channels and a
single alpha-particle chanmnel (®°Li(nja)t, Q = 4.783 MeV) are open and the
cross sections are dominated by a large and well isolated 5/2 - resonance
at ~0,25 MeV (1), The neutron and alpha—particle widths of this resonance
are of the same order of magnitude. At very low energies the (nja) cross
section is relatively large and follows the 1/v energy dependence charac—
teristic of a strong £ = O contribution. Nuclear~reaction studies have not
explicitly identified the corresponding 1/2 + or 3/2 + resonance in relevant
bound or unbound energy regions. The neutron-reaction evidence for the £ =
0 component is unequivocal but the detailed character remains ambiguous. As
incident energies increase above ~1.7 MeV a number of channels rapidly open.
The first of these is due to the (nj;n”,d)o reaction (Q = -1.421 MeV) and the
next to the (njn”) reaction (Q = -2.185 MeV). The residual 3+ level of ®Li
may decay by n-d breakup or descrete gamma-ray emission. The latter process
was observed in the present measurements and has a relatively large cross
section. The contribution from other high—energy open channels is probably
relatively small in the context of the present measurements. Throughout the
higher-energy region of the present experiments the relevant ’Li resonance
structure is very broad, ill-defined and uncertain. Contemporary understand-
ing of the various channels and their respective neutron cross sections is
reasonably summarized in Ref. 6. The present measurements bear upon the n +
SLi reaction in the context of neutron total and scattering cross sections
and the present interpretation is based only upon the present experimental
values. It was the objective of the interpretation to quanitatively describe
the measurements with a simple model employing as few parameters as possible.
It was hope that the model would be a suitable vehicle for interpolation
within the present experimental context and for extrapolation to channels not
measured in the present experiments; in particular the (n;o)t reaction fre-
quently employed as a reference standard at low neutron energies.

Be Basic Concepts

The present interpretation is based upon the nuclear-reaction concepts
of Blatt and Biedenharn (24). The nuclear cross sections are expressed in
terms of the collision matrix, U..-; where ¢ and ¢” are coventional channel
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indexes. The Ucc~ elements are formulated in the context of the R-matrix
theory of Wigner and Eisenbud (25); discussed in detail by Lane and Thomas
(26). 1In this formulation

Uee” = Q¢ Weer 8¢ ’ (v-1)

where

1/2 _1/2 -1 .
Wee” = 8¢ + 21 Pc/ Pcl {(1 - Ric Lge)  Re Sce”
+ E (a)‘c auc')AAu} (v-2)
Al

Qe = e_iq)c
¢o = hard-sphere phase shift
P. = penetrability
Réc = background matrix, assumed real and diagonal
L = S¢ = be + iP.
Sc = shift factor
be = boundary conditions assumed equal to S, at resonance
axe = Yac/(l = Rge L)
YAc = reduced width of level A
In the present application a 2-level formulation was assumed. With that
assumption (26)
Ay = e2/D, A1z = A1 = {12/D, A2z = €1 /D

g = E)y - E - }AA where E and E, are energy and resonance energy,
respectively.

2
D=¢; € ‘212
é)‘“ = 202 v, e (- REe L),
m

the indexes A and u running through 1 and 2.
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In the present case the above can be reduced to the single-level form with
little detriment but the more general 2-level form was used in the present

calculations.

The differential neutron cross section is given by

do .
cc _
& "G 1)(21 .y Z Z B, P, (cos 0) (v-3)

ss” L=0

where P, is the conventional Legendre pclynomial and s and s” the channel
spins (In this case the target spin (I) = 1, the neutron spin (i) = 1/2 and
thus the two channel spins are s = 1/2, s = 3/2). The BL are given in terms
of geometrical factors and Ug.~ in Ref. 24. The neutron polarizations can be
expressed in a manner anolagous to that of Eq. V-3 (27). The angle-integrated
neutron cross section is simply proportional to the By term of Eq. V-3. The
cross sections for the non—neutron channels are given by

2 (V-4)

L

T
Unx T2 ng wnx

where gJ is the conventional statistical factor (28).

C. Implementation

The practical calculations used the above concepts assuming neutron
orbital angular moments of $2. This was not believed to be a stringent
limitation in the present case. Four reaction channels were considered; two
neutron channels (channel spins 1/2 and 3/2), an alpha-particle ~hannel asso~
ciated with the (nja)t reaction (Q = 4.783 MeV) and a second alpha-particle
channel (Q = — 1.421 MeV). The latter was assumed to represent the interme-
diate step in the n-d breakup process; i.e. (nja)t * (njn”,d)a. Other chan-
nels with higher—energy thresholds were ignored. Their inclusion would have
led to a rapid proliferation in the number of parameters involved and the
corresponding cross sections are believed to be relatively small (6). An
exception is the (njn') reaction (Q = — 2.184 MeV), the cross sections of
which were observed in the present experiments to be appreciable. The By,
values of Eq. V-3 are proportional to multiple sums over angular momenta

B, ~ E E z Z(21J)%2J2L) Z(217J1227J2L) x

I)\J2 2Ry 217827

J1 * 2 -
(6219,1 2121) (62222 2222) * (v=5)
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A large number of Ug.” elements are generally involved in Eq. V-5 with cor-
responding parameters. Thus Ug,” was assumed diagonal in 2; i.e. ) = 2;".

A detailed study by Gupta and Shastry support the validity of this assumption
in the present context (29) and similar assumptions have been successfully
employed elsewhere, e.g. Ref. 30. The assumption was further supported by a
simplified version of the present calculations including all U..” elements

in the context of only neutron channels. No significant improvement in the
description of the present measured values was achieved at the expense of

the introduction of additional parameters.

Initial estimates of resonance properties were taken from the compila-
tion of Ref. l. A number of modifications and/or alternatives were pursued
in the course of the calculations always keeping in mind the objective of
simplicity. The calculations were carried out with a relatively small digi-~
tal computer (32 k of 24 bit words) using various versions of a FORTRAN-IV
program developed from a formulation of R. Lane et al. (31). One version
was a Xi-square fitting procedure optimizing parameters to best describe the
observed neutron total and/or elastic-scattering cross sections. This (and
all) versions of the program used, as an additional input, the thermal cross
section value for the (nja)t reaction. The Xi-square fitting was carried
out to incident energies of ~1.7 MeV. The resonance widths and energies and
the elements of the background matrix were taken as varliable parameters.

The parameter set obtained from the fitting procedure was "tuned” using a
graphical version of the program and subjective judgment to improve the
description of measured values, particularly at higher energies where the
procedures were certainly only approximations. The finally accepted "gen—
eral” parameters of Table I constitute very nearly a single~level interpreta-
tion. The present parameter set is similar to that of Ref. 30 though some-
what simplier. It does include the fourth (pseudo) (njn,”d)a channel (Q =
-1.421) but the latter contribution is very small and the corresponding

parameters uncertain.

D. Comparisons of Calculated, Measured and Evaluated Cross Sections

Calculated and measured angle-integrated cross sections are compared
in Figs. 9 and 10. The present experimental values are represented by uncer-
tainty bands derived as outlined in the preceding section. The calculated
neutron total cross section is within the *3% experimental uncertainty
throughout the energy range 4 keV to 1,0 MeV (see Fig. 9). The calculated
elastic scattering values are within the *4% experimental band from 0.4 to
1.0 MeV. Below 0.4 MeV the calculated and measured neutron elastic-scattering
cross sections are of similar shape but differ in energy scale by 4 to 5 keV.
Differential elastic scattering measurements in this area are difficult and
small uncertainties in energy scale and/or resolution can easily result in
systematic differences of the size observed. The energy scale of the neutron
total cross section measurements was believed more reliable and was used in
the model calculations. The model parameters, based upon the present neutron
total and scattering cross section measurcments imply the illustrated (nja)t

cross section.
Figure 10 extends the above comparisons of measured and calculated angle-

integrated cross sections to 24.5 MeV. The elastic scattering cross sec~
tions are in very good agreement to the upper limit of the measurements (i.e.




Table I, R-Matrix Parameters?@

§%=1/2 s%=3/2
L Im Eig rd, =%, ¢
Jxs af o @ o
r R® r R® ! !
np nj ny ny
0 1/2+ -— —  0.125  —- -— — — e e
0 3/2+ 2.25 _— = 3,000 === 0,770 ===  =m=  ——e
1 1/2- - -—— -—- -—— —- - — e e
1 3/2- 4,00 0.300 0.500 4,50 0.200 - - 1.50 0.200
0,248  =—- --= 0,090 0.100 0,035 ===  =e= ==
16 5/2-
-0.752  --- ——— 0,002  =—= 0,215 ===  =e= e
a L ceo 1/3 1/3
All energies in laboratory MeV, radii r = l.4 (A] + A" 7);F.
bTwo levels
CNeutron channel spins S =1 * 1/2.
dao = (nja) reaction (Q = 4.78 MeV), a; = pseudo (n;n~d) reaction (Q = -1.42 MeV).
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Comparison of the present measured and calculated neutron total and
elstic-scattering cross sections of 6Li over the energy range 4 keV

to 1 MeV. Calculated results are noted by solid curves. Dashed lines
indicate the experimental results with associated uncertainties as
described in the text. The implied (nju)t cross section is also shown.
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Fig. 10. Comparison of present measured and calculated neutron total and
elastic-scattering cross sections of °Li over the energy range 4 keV
to 4-5 MeV. Calculated results are indicated by solid curves and
experimental values with estimated uncertainties by dotted bands.
The implied (njay) and (n3n,d,) are also indicated.
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4,0 MeV). There is similar good agreement between measured and calculated
neutron total cross sections to ~2.5 MeV. At higher energies the measured
neutron total cross sections become progressively larger than the calculated
values by amounts that are consistent with the contributions from higher-
energy channels not considered in the calculations. Most notable of the
latter is the (nj;n”,Y) channel (Q = -2,184 MeV) whose cross sections were
observed in the present experiments to be of significant size.

Figure 11 illustrates comparisons oi measured and calculated differential
neutron elastic-scattering cross sections. For these comparisons regions of
relatively slow energy dependence were chosen and the experimental data from
either BCMN or ANL averaged over energy increments of *530 to 100 keV in order
to smooth experimental fluctuations. At energies of £2.0 MeV the calculations
are qualitatively descriptive of the measurements but, quamtitatively, the
calcualted values tend to be the somewhat larger at large scattering angles.
From ~2,0 to 2.5 MeV the agreement is quite good while above 2.5 MeV the cal-
culations tend to be lower than the measurements at large scattering angles.
Furthermore, from ~l.3 to 2.0 MeV the observed distributions tend to be convex
with angle while those calculated are concave. Similar contrast is evident
in previous measurements and calculations; e.g. Refs. 6, 29, 30 and 32. This
local situation can be alleviated by parameter adjustment, e.g. by the intro-
duction of a background matrix in the 1/27channel, as illustrated by the "mod”
curve in Fig. 11, but to the detriment of agreement at higher energies. The
latter may not be a serious concern in view of the approximations involved
at higher energies. However, the parameters of Table 1 were a “"general”
compromise over the full measured energy range. It is noted that the above
problem area is related to the speculative £ = Q resonance contribution. It

is possible that the model is an over simplification of the actual 2 =0
situation.

Previous measurements and interpretations are reasonably represented
by the Evaluated Nuclear Data File-B (ENDF/B), version V (6). This File
makes extensive use of the R-matrix formalism to interpolate between measured
values at energies of <2.0 MeV (33). Thus the File is a good summary vehicle
for comparing the present results with a wide spectrum of previous work. The
angle integrated cross sections of the File are compared with those calculated
in the present work in Figs. 12 and 13. The present calculated neutron total
cross section is in very good agreement with that of the File for energies of
£2.5 MeV. The only significant differences are at the very peak and on the
low-energy side of the ~250 keV resonance. These differences can be entirely
attributed to small differences between the present experimental neutron total
cross sections and the data base underlying the File. Above ~2.5 MeV the File
neutron total cross sections remain in good agreement with the present measure-—
ments but systematically exceed the present calculated values by an amount con-
sistent with the contributions from higher-energy channels not included in the

calculations.

The neutron clastic-scattering cross scections of the File are similarly
in pood agreement with the present measurements and calculations over the full
energy range of the present work excepting only the region below ~0.4 MeV, as
discussed above. The present work implies a (nja)t cross section (Q = +4.783
MeV) in remarkably good agreement with that of the File despite the fact that
the present work is essentially entirely based upon the present measurements
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Fig. 11. Comparison of measured, calculated and evaluated neutron elastic-

scattering distributions of 5Li. The present experimental results
are indicated byo data points, those of Ref. 4 tyDO. Solid curves
indicate the results of the present calculations with alternate
parameter sets as discussed in the text. Dotted curves indicate
the respective values taken from ENDF/B-V (6). Incident energies
are numerically noted in MeV. Differential cross section is given
in units of b/sr as a function of scattering angle in degrees in
the center~of-mass system.
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Fig. 12. Comparison of crhe present calculated cross sections (solid curves)
with corresponding values given in ENDF/B-V (dotted lines) over
the energy range 4 keV to 1.0 MeV (6).
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Fig. 13. Comparison of the present and calculated cross sections (solid
curves) with values given in ENDF/B-V (dotted lines) over the
energy range 4 keV to 4-5 MeV (6).
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Fig. l4. Comparison of the present measured differential elastic—scattering
distributions with those given in ENDF/B-V. The present measured
values are noted by data points and corresponding solid curves ob-
tained by fitting the measured quantities with Legendre Polynomial
expansions. The corresponding ENDF/B-V (6) distributions are noted
by dashed curves. Differential cross sections are expressed as
b/sr as a function of center-of-mass scattering angle in degrees.
Incident energies are numerically given in MeV.
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of neutorn total and elastic-scattering cross sections. The present calcula-
tions imply an (njg)t peak energy ~1.5 keV lower than given by the File and a
peal: magnitude 0.7% lower. These are very small differences easily attributed
to variations in the data bases underlying the two calculations.

Selected portions of Fig. 1l compare the present calculated results at
energies of 52.0 MeV with the neutron differential elastic-scattering
cross sections of the File. In this energ, range both sets of results are
directly based upon R-matrix interpretations. The two sets of calculated
results are very similar despite their independence and, indeed, different
calculational formalisms. Both interpretations appear more representative
of the measured values than other similar attempts; e.g. see Refs. 29 and 30.

Figure 14 compares the present measured differential neutron elastic-
scattering cross sections with those of the File at energies >2.0 MeV where
the latter is apparently an emperical construction from available experi-~
mental information. The agreement is only qualitative with the File tending
toward greater anisotropy. This is not surprising in view of the linited
extent of the previously available data base in this higher energy range.

Neutron polarizations were not a consideration in the present work.
However, they were calculated at selected energies using the parameters of
Table I. the results were reasonably consistent with the experimental values
reported in Ref. 30. This is not surprising as the present parameters and
model are qualitatively similar to those of Ref. 30.

VI. Sunmary

The results of the present experiments provide new knowledge in a here-
to—-fore uncertain region and suggest some changes in the data base widely
used in technological applications (particularly in the area of differential-
neutron elastic—scattering cross sections). A simple R-matrix interpretation
of the present work and that previously reported by the authors is descrip-
tive of the measured values over wide energy regions and implies an (nja)t
reaction cross section similar to that recommended as a neutron standard (6).
However, there remain some outstanding questions. The low-energy (nj;a)
channel is dominated by an g = O component. The present interpretation,
like others (33), associates this component with a positive-energy resonance
with a 3/2 channel spin. No such § = O resonance with channel spins 1/2 or
3/2 or positive or negative energies has been explicitly identified in the
7Li system or in the mirror 7Be system. Moreover, the 3/2 channel spin is
not consistent with the results of low-energy polarization measurements which
suggest that the primary strength is in the channel spin 1/2 chanrel (34,35).
Even the qualitative features of the reaction mechanisms are uncertain as
Weigmann and Manakos (36) have recently suggested that the low-energy ’Li(nja)
reaction is governed by a direct deuteron-exchange mechanism rather than the
resonance processes assumed above. Other areas of uncertainty are associated
with excitations in the few—MeV region. Numerous channels are energetically
open but their respective cross sections are uncertain and difficult to
measure partly due to the breakup nature of the processes. Throughout this
higher-energy region the underlying resonance structure remains broad, ill-
defined and with uncertain parameters.
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