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ABSTRACT

Final differential elastic neutron scattering cross sections have been

obtained for a large number of energies and angles for 6Li, 7Li, 1OB and 11B

for energies 4 MeV < E <.8 MeV. These results are compared with ENDF/B values
and indicaté fér 7Li, at 1ea$t; a need for revision of that evaluation. The
tritiu@—breeding cross sections for 7Li(n,n')at is deduced from these déta on
the total cross section for 7Li and the result is compared to other results.

The differential neﬁtron inelastic scattering from the 0.478 MeV state in

7Li has been measured for the first time for these energies and was separated

from the elastic by an analytical procedure and compared to ENDF/B. The ex-

tensivé'differehtial cross sections for 11B have been analyzed by an improved

: 12
R-matrix program and new properties of states in the compound nucleus B

i

were derived. These cross sections are of value to the fusion reactor pro-

gram in tritium breeding and shielding considerations.

LEGAL NOTICE

This report was prepared as an account of Government-sponsored work. Néither
the United States, nor the Energy Research and Development Administration, nor
any person acting on behalf of the Commission: - '

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the information
contained in this report, or that the use of any information, appara-
tus, method, or process disclosed in this report may not infringe
privately owned rights; " or

B. Assumes any liabilities with respect to the use of, or for damages re-
sulting from the use of, any information, apparatus, method, or pro-
cess disclosed in this report. :

As used in the above, 'person acting on behalf of the Commission' includes any
employee or contractor of the Administration or employee of such contractor, to
the extent that such employee or contractor of the Administration or employee of
such contractor prepares, disseminates, or provides access to, any information

pursuant to his employment or contract with the Administration or his employment
with such contractor.




I. INTRODUCTION

In-the course of this”thirdvyear of the contract a considerable effért
was given to the extensive analysis and calculations necesséry both to provide
final differential-cross‘Sections to the nuclear community and data centers,
and fo obtain mé#imum»analysis'and theoretical.interpretation value fro¢ these
data. Recent experiments and those scheduled for the remaining quartef of
the contract yeafvhavevbeen designed to complete & series of low energy mea-
surements with improved techniques for pulse shape discriminétidn. This is
necessary . for maximum effectiveness in the measurement of neutron inelastic
and emissiéﬁ spectra down to low energies for the emitted neutrons, and in
the remaining low_energy elastic scattering measurements. |

The final ﬁumerical.differential elastic écéttering cross sections for
10B for 4 MeV_f E# S 8 MeV were published and widely disfributed in the form
of an Ohio University Report C00—2490-5,1) and a_condepsation of this has been
accepted for publication in.Nchear Seience and Engineering.z)

A very comprehensive study of differential elastic scattering cross
sections has been made for llB ip the same energy range culminating in a Ph.D.
dissertation'that-developed a new expanded R—mafrix program_and.yielded, from

the'fitting of data at these energies, several new assignments for the compound

2 > .
nucleus l_B as well as one consistent set of parameters fitting the entire

eﬁergy range 0.1 MevV 2 E < 8.0 MeV. These experimental and theoretical results

were also published in a comprehensive Ohio University Report C00—2490-63)

and'circuiated'to the nuclear community with emphasis on evaluators and groups
working on fusion reactor shielding designs, some of which employ boron as a

major constituent. Comparison of these integrated elastic_cross sections
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the elastic and inelastic peaks for

for 113 with new high-accuracy total cross sections indicated'that the inelas-

tic cross section may, in certain energy interﬁals, be considerably higher'

llB)

as.a éhielding material. Since hardly any data exist for direct inelastic

than pfeviously-known,'which would increase thé Qalue of boron (= 80%

: | 1
measurements'in this region, these inelastic measurements (along with the 103)» ;
aré high on_our prioritiés for the months aﬂéad. :
‘The data on 7Li were obtained on natural lithium with minor isotope
corrections made from simultaneous 6Li (96%) measurements. While the 6Li
elastic data. are free of any further corrections, the first inelastic (0.478)
group was not completely separated from the elastic for 7Li. This was caused
not 6n1y by tﬁe_flight—path resolution (which can and will be improved) but
to a large measure byvthé pfesence of the 6Li (7.5%).elastic peak which at
most energies and angles appears, most unfoftunatelj?'in the valley between
7Li. After long paper.processing and
procurement delays at ORNL, highly enriched 6Li and 7Li samples have finally
been reqeived and resolved differential elastic and inelastic measurements
on 6Li and 7Li arevplannéd for the months ahead._
The sum of the eléstic and first inelastic groups for 7Li are of good
accuracy and are in excéllent agreement with the Qery few other measurements

available (which also measufe only the sum). Subtraction of our integrated

cross sections (for the sum) from known total cross sections can give an

alternative check on the important but little-measured 7Li(n,n')at tritium

breeding reaction for fusion reactors. 1In the course of_pursuihg this it
became apparent that the total cross section for 7Li in ENDF-B/IV was prob-
ably low by as much as 2% between 5 MeV and 7 MeV. We have prevailed upon

Jack Harvey at ORNL to run 7Li at ORELA again for high absolute accuracy and

-2 -



better'energy resolutions for use in a combined consistent analysis of total,

. elastic and inelastic scattering for 7Li.

II1. DiFFERENTIAL SCATTERING CROSS SECTIONS AND ANALYSES

A. Experimental and Data Reduction Systems

Thevexperiméntal_abparatus and data reduction éystems were de-
scribed thpfoughly in our previous Progress Report C00-2490-3 and in our
Ohio hnivefsity Report C00—2490—63) and webrefer the reader té.thét for a
full description. The oh-line data reduction program»hés been improved and
we are‘currenfiy looking into metﬁods to improve our pulée shape discriminator
system at low neutron energies to be able to better detect low energy neutrons
in the emission spectrum.and dq some needed low energy elastic scattering,

R . 1 .
especially on 3C and some other cases where data are sparse or need recheck-

ing.

B.  6Li+n_Differentia1 Cross Sections (H. Knox, R. White)

Final analysis of the 6Li+n differential elastic cross section

4)

data reported earlier ° has been completed. A comparison of our integrated
elastic cross sections with the ENDF/B-IV evaluated elastic cross section is
shown in Figure 1, along with the data of Hopkins EE.EL'S) This ENDF evalu-

ation in this region is based on the earlier evaluation of Hopkins et al. and

-appeérs to be quite satisfaétory up to about 6.9 MeV where the present data

3

lie 6% to 107% below the evaluated curve.
With the elastic measurements completed in this energy region, we

plan next to undertake a series of measurements of neutron inelastic (2.18 MeV
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) level) differential cross sections on 6Li. In order to obtain the best in-

elastic data free from 7Li contaminant, we ordered a high enrichment 6Li
sample from ORNL. After several months of delayé the samples were finally

fabricated. We have now received this highly enriched (99.30%) 6Li scattering

'sample,_and will-Be using it in these upcoming experiménts.

C. 7Li+n Differential Cross Sections (H. Knox, R. White)

The final analysis of the 7Li+n differential scattering data repor-

4,6)

ted earlier has been completed. A plot of the integrated cross sections

for elastic plus inelastic (0.478 MeV level) scattering is shown in Figure 2

along with the earlier work of Hopkins_gg_gl.s) and the current ENDF/B-IV

evaluation. The present measurements are in agreement with those of Hopkins

et al. and indicate that some revisions in the present evaluation should be

made.

| In principlé, the integrated cross sections shown in Figure 2 can
be used to thain values for the 7Li(n,n')at reaction or tritium breeding
créss sectién by subtraction from values for the 7Li total neutron cross
section. Below about 8:MeV, all neutron reactions on 7Li other than elastic
scatteringvand inelastic scattering to the 0.478 MeV level reéult in the
production of a triton. By subtracting the sum of the integrated elastic
and this inelastic cfoss section_from the total cross section, the tritium
breeding cross section can be obtained. A problém iﬁherent in this method,
ﬁbwever;‘is that in fegions of sharp resonances, the'difference cross section
could show false sfructure if .the resolutions of the total cross section
measurements and thé integrated cross section measurements are different.
The total c?oss‘section measurements on 7Li to date have shown only very

.

-5 -
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broad resonance structure in the 4 MeV to 8 MeV energy region. A very narrow
state in 8Li has, however, been observed in charged particle experiments

9 7)

Be(t;a)SLi reaction. This state lies at an excitation energy

using the
of 6.53 MeV and should be oBsérved at about 5;1_MeV incident energy in neutron
experiﬁents. This state has not been observed in neutron total cross sectioﬁ
méésureﬁents buc_thisiis possibly due to inSufficiéﬁfveﬁergy resdiution;

Figures 3 and 4 show the results of two measurements of the 7Li
total cross section, one by Goulding_gg_gl{s) at RPI and the other by Jack
Harveyg) af Oak Ridge. The latter are preliminary and unpublished data.

The agreement between these two data sets is'remarkabiy good. The sélid curve
is the current ENDF evaluation of the total cross section and is 1% — 2%

lower thaﬁ both sets of data at some energies. Figure 5 shows again the.data
of Goulding et al., but the curve here is a hand drawn curve which fits both
sets of data better than the ENDF evaluation.

Uéing values from this curve for the total cross section and the
integrated cross sections from the present measurements, values of the 7Li
tritium breeding cross section have been obtained._ These are sden in Figurev
6 along with the data of Rosen and Stewartio) and the ENDF evaluation of this
cross section. From 4 MeV to 5 MeV, the present»data agree well with the
ENDF evéluation. The two points at 5.05 MeV and 5.29 MeV are exceptionally
- low. These_low valdes are ﬁrobébly‘caused by theJdifferent rgsqlutions of
the total crosé section measﬁrements and ihe:present différential cross sec-
tion data 6ver the regioﬁ of the narrowbresonance at 5.1 MeV. In the region
from-5.69’MeV to 6;94 MeV, the present rgsults.ére lower than the ENDF evalu-

ation, but arevgeneraliy within the errors of the data of Rosen and Stewart.

Finally, between 7 MeV and 7.5 MeV, the present data are higher than ENDF,
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but this is also the trend of the data of Rosen and Stewart.
' These final results are the first values of the 7-Li(n,nv')czt cross
section to'Be obtained uéing this method. The method requires a high degree
of consistency between several different types of data aﬁd consequently pro-
vides a close check on existing data and evaluations. The present work Has
shown three results. First, the existing ENDF evaluation of the_tbtal neutron
cross section is low by as much as 27 in regions between 5 ﬁeV and 7 MeV.
Second, there is definite resonance structure in this energy region that can
be observed only with measurements having better resolution than those done
gokdate. Toward that end, higher resolution total cross section measurements
will bebmade af Oak Ridge in the next few months by Jack Harvey. Third, in
tﬁe energy region between 7 MeV and 7.5 MeV, the true cross section for the
7Li(n,n')at reaction is_probably higber than the current ENDF evaluation and
in ag;eemeﬁt with the eariier measurements of Rosen and Stewart.

In our previous progress report, workyon obtaining cross sections
for neutrons inelastically scattered to the 478 keV level in 7Li was described.
Though complete separation of fhe elastic gfoup and the inelastic group was
not possible in these ﬁeashrements, these-cross sections ﬁere extracted by
curve fitting proéedures.. The resultiné differential cross sections were
found to be nearlyvisotropic,at energies near 4 MeV and wére charactérized by
increasingly more negative B2'Legendre expansion coefficients as the incident
neutron energy incréasesrto 7.5 MeV, A'comparison of the present integrated
inelastic cross section with the current ENDF/B-IV evéluatiqn for this cross
section‘is shown in Figurg 7. Counting statistics and experimental uncer-
taintieé_acéounﬁ for about half of the large error bars (up to 20%) on the

present data, while uncertainties in the parameters dbtained from the

- 12 -
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non-linear fitting procedure account for the remainder. A great deal of the
difficulty‘encountered in thé‘fitting was due to the 6Li minor isotope con- |
tamination in»the 7Li sample; since fhe 6Li eléséic grodpvfalis between the
7Li elastic and»inelastic groups as shown in Figure 8.

: ?Ih tﬁe‘next féw months we plan to bégin ekﬁerimeﬁts to re-measure
this inelastic cross.sectibn. We have obtained a new highly enriéhedk(>99.99%)
7Li séatfering sample from Oak Ridge. This, coupléd with longer flight path,
better neutron detecfors, and better pulse shape discrimination, will greatly

aid the improvement of our present measurement of this cross section.

D. . 10B+n Differential Cross Sections = (H. Knox, R. White)

All the datavon differential elastic scattering cross sections for
10B at‘30 energies gnd 9 angles each between 4 MeV and 8 MeV measured at this
laboratory have been published in final numerical foém as aﬁ Ohio University
Report COO—2490—5; "Differential Elastic Cross Sections for Neutrons Scat-
ﬁered from 10B for 4 MeV ﬁ.En S 8 MeV," March 1977 (Ref.l)). This report
contains a detailed discuséion of the corrections, errérs, and comparisons of
data with those of other groups at the very few poinﬁs availaBle for compari-
son. Previous to our work,vscattering data in this fegion of energy have been
very sparse. Figurés 9 and 10 show the comparison of our results with the

11,12) The agree-

only.other two reliable sets of data in this energy region.
ment is very good. Comparison of the integrated elastic cross section with
the ENDF/B-IV evaluatibn is shown ih Figure 11. In the interést of economy,
the extensive numerical daﬁa and graphs are not repréducéd here, and the

reader is referred to C00-2490-5 for the full data set. These results have

been distributed widely to other workers who may have use for them, e.g.

- 14 -
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G. Hale and P. Young qf,LASL (evaluators for ~ B ENDF, R-matrix analysis for
standards), F.0. Purser and C.E. Nelson of Duke (doinglOB from 8 MeV up),
Bruce Twining of DMFE, M. Abdou 6f ANL-DMFE and éSIC Sﬁielding Center (for
calculatioﬁé of désigns for fusion reactors using 10B.for shielding). A
condensafion ovaepdft COO—2490—5lwas accepte& for'publicétion.by Nuclear
Seience and E%ginéering'(in press).z) - It was decided that the best interests
of the nuclear'tommunity would be served by release of these data at this
time for general use, even though ;nVR—matrix analysis of these data has not
yvet been made by our group. We plan to use our newly purchésed high-purity,
high-enrichment 10B sample to measure differential cross sections for inelas-
tic groups and include this with any R-matrix analysis, but since this would
causé éubstantial delay we decided upon the more timely release of the data
last March in C00-2490-5. G. Hale (LASL) concurredliﬁ thig decision and in-
v ited us to participate iﬁ any R-matrix analysis thét might be done on our
data at LASL if that is undertaken before we complete the inelastic measure-
ments and begin the R-matrix analysis pf both elastic and inelastic scattering

data.

These results completed from 4 MeV to 8 MeV,. together with those

previously obtained at this laboratory11’13)

, provide a complete data base
for elastic scattering from 0.1 MeV to 8.0 MeV for use in evaluated nuclear

files, standards applications, and shielding designs for fusion reactors.

E. llB+ﬁ Differential Cross Sections (R. White, H. Knox)

. 12 . . o
The nucleus B is of interest to those who study nuclear structure
strictly for the interest in fundamental physics as well as to those who are

interested in nuclear measurements for applied purposes. Previous measurements

- 19 -




.at this laboratory and elsewherel4’15)'of neutron differential cross sections

on llB from 0.1 MeV to 4.4.MeV were completed some time égo., Extensive
measurements extending neutron energies from 4.0 MeV to 8.0 MeV were completed
on llB last year and the results were feported'in progress report C00-2490-3,
covering the periéd frbm September 1, 1975 to August 30, 1976.

,The nﬁc1eus 12B in its various excited states is one of the bettef
of the light nUciei to study from the point of nuclear models when one is
using neutrons as probes. States in 12B*Ithat are not too highly excited can
be formed with neutrons of'energies in the range of this experiment. Thus,
reasonable shell—model_calculations can be made which, for various assumptions
of igteractions between nucleons, can predict neutron cross sections from some
reaction formalism such as coupled chanﬁels for sheil—model states in the
continuum. The results of some calculations of this nature are shown below
and the comparison to our scattering data are surpriéingly encouraging. While
~ the comparisons.show only qualitative similarities;-this much agreement from
relatively:few and simple assumptions indicates that a diligént effort to
obtain high quality resonance scattering data and a subsequent R-matrix
analysis for J7, y?, E), etc., for states in 12B* hold good promise of assis-
ting in the development_of thése important extensions éf the‘shell—mbdel.'

In this light, a good portion of this past year has been devoted .
to developing a practical computer program utilizing the‘R-matrix theory of
nuclear reactioné in an attempt to make definitive aséignments of angular
momentum.and parity (as well as width, level engrgies, etc.) of the various
resonances wg;have observed in thé data. In the process, we have used this
prograﬁ to reanalyze thg previously measufed differential cross sections to

verify both the validity of the program and to verify previously assigned

- 20 -




states in the coﬁpound nucleus 12B. This effort has resulted in what amounts
to an évaluation of all knowﬁ néutron differential elastic scattering data

on llB, and is reported in considerable detail in our recent laboratory repoft
C00~2490-6, the gesults éf which will oﬁly bé summarized here. The value of
these data for fusion reactor shielding designs has been pointédIOut in

7), and these authors recommend that

reports by B. Tﬁinihgl6) and D. Dudziak1
new evaluations for 11B be made. These data and the comprehensive R-matrix
analysis essentially provide to the evaluators a ready-made evaluation which

113. All these

incorporates practically all known elastic data to date on
results have been sent to the data centers and evaluators P. Young and G. Hale

of LASL for use in their new evaluation on 11B,scheduled for this fall.

E. (1) R-Matrix Analysis Program

Tﬁe Ohio University R-matrix analysis p*ogram, ORMAP, was written
and programmed on the Léborator&'s IBM 1800‘computer.‘ It is a multichannel,
multilevel progfam which.allows the uée of eithef L-S or j-j coupling schemes.
The general approach used on the 11B data was to formulate the R-matrix in
j=j coupling, form the scattering mafrix in.j—j coupling f;om the R-matrix, -
and'then to transform the scéttering maffix from j-j to L-S coupling and to

18)

use the Blatt énd Biédenharm expression to formulate the Legendre expansion
coefficients of the_differential cross sections. Thése calculations of
Legendre expansion coefficients were com@ared to the Legendre expansion coef-
ficients qf thé experimgntal datavand assignments of angulér momentum, parity,
etc. were made on the basis of these comparisons. This work represents the

. . 1 ’ e s .
first time data on 1B+n have been analyzed in j-j coupling and with a change

allowed for the f2-values between entrance and exit channels.

- 21 -



"Considefing the ground stéte.spin of 11B and the’féct thaf experi-
mentally only‘Legendre cbgfficients thrqggh L=4 were necessary to fit the data,
thus iﬁpiying tha; partial waves of & X 3 are negligible in the incident beam,
nine poSSible valuves of angular momentum and parity ééh be formed fbr compound

o 12 SR
states in * B from neutron elastic scattering.

Ef(Z) R-Matrix Results

Analysis of the Region from 0.1 MeV to 2.3 MeV

Figure 12 shows a plot of the R-matrix fit to the data of Lane
gg_él.14).from 0.1 MeV to 2.3 MeV neutron enérgy. The 2% state at 0.43 MeV
neutron enérgy is well fitted in both shapé and magnitude and its pfeviqus
assignmept is confirmed. The Broad 2" state at 1.1 MeV and the 4~ state at
1.26 MeV neutron energy are fitted well in shape and,reaéonably well iﬁ
magnitude. The 1% state at_1.77vMeV is well fitted in shapé and slightly low
in magnitude in the Ba and B2 terms. However, the fit to the data is certaimnly
sufficiént to confirm the assignments of Lane et al. beiow 2.3 MeV neutron

energy.

Ahalysis of the Region from 2.3 MeV to 4.0 MeV

Figufe.iB éhows a.plot of the R-matrix fit to the déta of Nelson
et al. from 2.0 MeVrfo 410 MeV neutron énergy. The two well-defined resonances
at 2.45vMéV‘énd 2.75 MeV neufron.éﬁefgy have been pre&iouslj éssigﬁed 3+rand
3, respectively, énd those assignments are éonfifmed‘by the present‘R—matrix
fit which is in agreemenf»with tHe data in both éhape»and magnitude; However,
in the presenf R-matrix anaiysis, thevbroad state reporteduaf 2.65 MeV neutroﬁ

energy by Nelson et al. could not be fitted assuming a 17 state as previously
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(ténfatively) assigned. ‘A 2 aséignment to this broad fesoﬁance éroduced the
solid curve shown in Figure 13 while a 17 assignment produced the dashed line.
It seems cleaf that the 2~ assignment fits.the data better, particularly in‘
view of the fact that ;hé data of Nelson et al. appear to be appfoximately

10% low in this region. This problem will be diséussed later. The present
R-matrix fit from 3.0 MeV‘tb 4.0 MeV ieaves'something to be desired; Hundreds
of cases 6f angular momentﬁm and parity assignments with variations in R—matrix
paraméters were tried without success in fitting this regidn. While two 1%
assignments as previously (tentatively) assigned by Nelson et al. are shown
in Figure 13, it is obvious that difficulty exists in fitting the B, and B,
coefficients in this region. »Positive parity assignménts‘helped to.fit the
.Bl terms_and negative parity assignments, the B2 terms, as expected. HoweVer,
no combinétion_could be fouﬁd that would yield a respectable fit to this
regionf It is concluded from hundreds of attempts to fit this region that
either some unusuaily complicated resonance phenomenon is occurring in‘this
region for which the éorrect R-matrix parameters were not found, or that the

data are wrong.

Analysis of the Region from 4.0 MeV to 8.0 MeV

Figure 14 shows a plot of the R-matrix fit to the present daté
from 4.5vto.7.5 MeV neutron energy. It is appérent from the dafa and from
fhe fit to the data that this is a muéh morglcomplicated region with which to
deal. First, the region ffom 4.5 MeV to 5;0 MeV neutron enérgy is composed
of several narrow resénances which appear in the presént differential cross
section measurements only as a broad composite resonance. The magnitude of

the B2 coéffiéient in this region is large with the B3 and Bu coefficients
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showing only incfeasing'trends. Numerous combinations of positive and nega-
tive parity states were tried, but it was difficult to maintain the’shape and

magnitude in BO and Bl while increasing the magnitude of the B2 coefficients,

- and at the same time 1imiting the magnitude of the-B3 coefficients. The final

fitjto this region is only partially successful. Becéuse of the complexity |
of the probleﬁ,vit iS'doﬁbtfﬁl that further effort is warfanted or would pro-
vide any more meaningful results since much of the underiying finer structure
here is not resolved in this experiment or even in the higher resolution total
cross section measurement of Auchampaugﬁ 95_3;.19{ However, a certain amount
of ipforﬁation haé been obtained from this effért. First, in order to achieve
a general shape fit to this energy région in all coefficiénts, only states of
negative parity gave agreement. Further, no success was Achieved in the fit-
ting with negétive parity statgs of angular momentumigreater than 2. The fit
to the data in Figure 14 in this region consists of O'; 17, and 2~ states.
While.thése parameters give the best fit to data, they are not to be construed
as new assignments. They are undoubtedly not unique, and a different combina-
tion of 1° and 2“vstates may give an improved fit to the data. .Another dif-
ficulty with trying to fit the region from 4.0 MeV to 5.0 MeV is that resonance
structure from 3.0 MeV to 4.0 MeV will certainly afféctvthe present fit from

4.0 MeV to 5.0 MeV and the present analysis has been unable to fit the region

from 3.0 MeV to 4;0 MeV. 1In spite of this difficulty, the numerous R-matrix

.calculations with various combinations of states made in this region suggest

that this compdsite peak is made up largely of 1~ and some 2~ strengths.
. One of the main purposes for an R-matrix analysis of the present
data was to determine the cause of the large dip in the total cross section

at 5.5 MeV neutron energy. This dip has been observed in all total cross
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section measurements inrthis eneégy region. chh a dip is normally a charac-
teristic effect of the intefference between two states of the same angular
mbﬁentum and parity haviﬁg roughly the same probagility for formation and
decay in thersaﬁe channels. The fact that this dip is seen in all the higher
Legendre expansion coefficients is significant becéuse it'imﬁoses limits . on
the angulér‘momentuﬁ and parity of the resonance states which cause this

18)

effect. . Sum rules of the angular momentum coupliﬁg coefficients limit the
states to 2=, 37, or 4 assignments. With 2~ assignments at 5.30 MeV and
5.65 MeV neutron energy, the magnitude of the fit was too smallrto begin to
give the significant increase gnd interference effect seen in the B2 and Bl+
coéfficients. With 3~ assignments and equal reduced widths in both d-3/2
and d-5/2 ghannels the fit in Figure 14 was obtained. While 4~ assignments
gave a better fit to the data thah 2= assigﬁménts, they still did not pfoduce
as good a fit as the 37 assignments. |

Figure 15 shows the final R-matrix fit to the data of 11B+n for
neutron energies from 0.Q75 MéV to 870 MeV. Ihe reader is refgrred to

C00-2490-6 for the final set of R-matrix parameters and discussion of tenta-

tive assignments to other states in this region.

E.(3) Comparison with Other 11B+n Measurements

'Nelsbn.ggigl. have measured differehtial elastiévcross sections
from 2.4 MeV to 4.4 MeV. A cdmpafison of that measurement at several enefgies
with the preéent eléstic results is shown in Table 1, which is a comparison
of the integrated elastic cross sections for various seﬁs of dafa. While the
shape agreement-is'gene;ally satiéfactofy, Neléon'é measurements at 3.99,

4.09, 4.19, 4.29, and 4.39 MeV avérage 7% to 15% low in absolute value of the
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Table 1

k Comparisons of the integrated elastic differential cross sec-
l ' tions (cg1=4mBy) of other measurements with the present data.

NeufrOh (Lab) Energy - 0e1=4nBo ,7 Difference:
‘White, et al. 4.00 MeV 1374 mb
| Nelson, et al.  3.99 . 1131 17.7% low
White, et al. 4.08 1196
White, et al. 4.10 1202
Nelson, et al. 4.09 1112 7.3% low
White, et al.  4.21 - 1221
‘ Nelson, et al. 4.19 1171 ' 4.1% low
White, et al.  4.31 | 1235
Nelson, et al. 4.29 1098 © 11.1% low
White, et al. 4.41 1260
" Nelson, et al. 4.39 | 1066 | 15.4% low
White, et al. 4.31 1235
Porter, et al 4,31 1199
Porter, et-al. 4.34 | 1403 - 17.0% high
White, et al.  4.82 1475
Porter, et al.  4.82 1761 © 19.4% high
White, et al.  7.52 1106

Hopkins, et al. 7.55 1270 B 14.8% high




integrated elastic cross section when compared to the présent work.
The only other differential scatterihg cross section measurements

20)  Table 1 gives-the integrated

in this ;egion are those of Porter et al.
elastic cross sections for these two measurements which are only 36 keV apart
_ in avregiOn where the cross section is”known to bé»slowiy varYing, yet there
exists a 16 percent difference.in these two measurements.

The only other measurement in this region is one at 4.82 MeV,
also by Porter.g£ §l; The shape and absolute value of ﬁhat mEasuremgnt at
4.82 MeV also differ in a similar way from the present measurement at 4.31
MeV and suggest Porter's elastic measurements to be_apprpximatgly 18 percent
high in fhe 4 MeV to 5 MeV region. |

| There exists one meaéurement of the neutron differential elastic

12 The éomparisonr

scatterihgfcross section at 7.55 MeV by Hopkins and Drake.
with the present data at 7.55 MeV shows general shape agreement but a normali-
zation difference of 15%. Our measurement of 12C+n at energies in this region

-1
plus the consistency of the 1B+nAdata lend credence to the measurement at

7.52 reported here.

E.(4) The Integrated Nonelastic Cross Section for 11B+n

. . ' e . - : 11
Recent high resolution total cross section measurements of =~ Bin

by Auchampaugh et al. at Los Alamos Scientific Laboratory are compared in this
section with the integrated elastic scattering cross section measurements of

14)

Lane et al. from 0.1 to 2.3 MeV neutron energy, Nelson et al. from 2.3 to
4.0 MeV, and the present work from 4.0 to 8.0 MeV. Figure 16 shows the com-
parison of Lane et al. with Auchampaugh et al. It can be seen that the agree-

ment of the two measurements is quite good as should be expected since the
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first inelastic group from the first excited state of 11B is not reached below

2.32 MeV neutron energy.

Figure 17 showé the work of Nelson g;_gl, compared to that of
vAuchampaugh'gg_él; Even théugh the first inelastic group is reached at 2.32
Mev, it is unlikely that the magnitude and energy dependence of the inelastic
cross section can make up the difference bétween the total and integrated
élastic cross section as shown in Figure 17. In the work of Lind and Day21)
the excitation function for the 2.14 gamma-ray excited by neutron inelastic
scattering in 11B was measured from threshold to approximately 3.2 MeV neutron
energy. With the exception of a narrow resonance at 2.6 MeV with-a peak
heightrof approximately 40 mb, the cross section up to 3.2 MeV averaged less
than 20 mb, an order of magnitude less than that indicated by the difference
between the total and integrated elastic scattering cross section in Figufe
17. Porter et al. have measured the inelastic diffegential scattering cross
section af 3.18 MeV and 3.74 MeV neutron energy and have given for the inte-
gréted inelastic cross sections 11 mb and 45 mb, respectively, while the
difference between the total and intégrated,inelastic cross sections for these
same energies frdm'Figuxe 17 give approximately 200 mb and 250 mb, respectively.

Figure 18 is a comparison of the present work with that of
Auchampaugh et al. Several general features are immediately clear. First,
the étructure agreement of the two sets of data indicates a close agreement in
the energy calibration of the two experiments. Second, the change in the
inelastic Crpss section is significant at approximately 4f5 MeV where signifi-
cant resonance structure is seen in both the totél and integrated elastic cross
sections. Figure 19 shows é plot of.the integrated nonelastic cross section

. obtained by subtraction of the present data from a computer average of the data
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of Auchampaugh et al. which took into account the difference in resolution

-of the two experiments. The error bars in Figure 19 were assigned'a value

of 10% baéed on the absolute error stated for the totél cross séction work

of Auchampaugh 55 31. and for tﬁé error on the integrated elastic cross
sections from the present measurements. It should be noted that while the
average error on each data point in fhe presént differential cross‘éection
meésurementé is approximétely 4.7%, the average error on the integrated cross
section of an angular distribution is only about 1.77%. Since the (n,a) channel
is nof open below 7.23 MeV, Figurg 19 represents the total integrated inelastic
cross‘section up to 7.23 MeV. This plot may be compared to measurements of the
inelastic crqss_sectioﬁ of Porter et al. at 4.31 and 4.82 MeV. Porter et al.
obtained 162 + 10 mb fprxthe integrated inelastic cross section at 4.82 while
the present work indicates that quantity to be 350 *+ 35 mb. .The reason for
this fgctor of two discrepancy between these two sets of data is not clear,

and such a large disagreement indicates clearly that careful measurement of

the ineléstic Cross sections should be made directly for 4.0 MeV to 8.0 MeV.

. v The:only other_inelastic scattering measurement on 11B has been
made by Hopkins et al. at 7.55 MeV. They obtained 52 % 16 mb and 168 £ 25 mb
for the integrated inelastic cross sections from the.first an@ second inelas-
tic groups, resﬁectively. Es;imation of contributioﬁs'froﬁ ﬁigher levels was
70.i 40vmb for a total of.290'# 50 mb for the integratéd nonelastic cross sec-
tion at 7.55 MeV. That value from the present work is 380 + 40 mb; While the
plot on Figure 19 shouldunever be considered to be é substitute for direct
‘ﬁeasurement of.tﬁe inelastic cross sections, it does provide valuaﬁlg informa-
tion on the avéraée magnitude of the integrated ﬁonelastic cross sections.from

4.75 MeV to 7.75 MeV. 1In addition, it clearly shows the prominent interference
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dip at 5.50 MeV. . This is sighifiéant Because the second best R-matrix fit to

this interference region in the data was with two 4~ states. However, as can
be seen in. Figure 20, a 4~ state can only decay by d-waves to the second

11

excited state of B (5/27), and further, cannot decay to the first excited

. state of 11B.'(1/2-) for % less than 4.

‘The outgoing neutrons for the second excited staﬁe of 11B
(4.45, 5/2-) would have only 420 keV of energy.and the d-wave penetrability for
this energy is very small. Therefore, since the interference from the two
resonances at Ex = 8.24 MeV and 8.56 MeV is seen in the total integrated ine-
lastic cross section, 4  assignments can be ruled out. On the other hand, as
can be seen in Figure 20, the 3~ assignments allow decay to both excited
states, the 2—§a1ues being consistent with bqth the penetrabilities and experi-
mental measurement.

Calculations of differential neutron scattering cross sections for

11B have been made by Birkholz and—Heilzz)

using methodsrof the shell model in
the continuum. Their Legendre coefficients are plotted iﬁ Figure 21, They fit
many of the low energy negative parity>state§ very well, and show structure for
4 Mev = E <8 MeV similar to 6ur recent data, especiélly in the'Bh term where
the'interference between the two 3~ states is evident.

In summary on thelllB work, a good deal of information useful to
evaluators, designersvand_theorists on 12B has been determined from this work.
We have just recéntly made similar measurements for 3.4 MeV 2 Eh £ 4.08 MeV to

aid in the final R-matrix fitting, and by subtraction from the total cross

section, to more accurately indicate the inelastic scattering in this region.

- 38 =



|
|
|
10.1
\
|
|
‘ ' 8.56 3~
1 8.24 3°
\
7.82
5.49
3.37
Ex
G.S.
123

Figure 20.

7/2

3/27

5/2°

1/2

3/2°

11p4p

G.S.

123

1/2°
2.12

3/2°
11p+p

- [Not to scalej



Coefficients BL (b/st)

v T T T
0 5 10
' Neutron Energy (MeV)

Figure 21,

- 40 -




o

F. Remaining Quarter of Contract Year

Measurements are scheduled on the Téndem early this fall to finish
the low energy 11B data for 2 MeV = E, < 3.4 MeV to complete the data for the
final R-matrix fit. To do this we are consulting with the LASL group of
Auchampaugh and Hill for suggestiéns to optimize the pulse shape discrimina-

tion (PSD) at the low neutron energies. Measurements are also scheduled at
o

Ohio in collaboration with G. Auchampaugh of LASL for 130 elastic scattering,
possibly starting at these same energies and progressing upward depending
upon the stage of our PSD improvements. LASL is currently working on packing

the very fluffy 13C powder to high density in cans. Later in the quarter we

plan to begin inelastic scattering measurements on llB, 10B, 6Li, and 7Li for
which the PSD improvements at low energies will be very helpful.

\

III. SCIENTIFIC PUBLICATIONS, Ph.D. DISSERTATIONS AND PROFESSIONAL ACTIVITIES

A. The following is an abstract of an article accepted for publication
in Nuclear Science and Engineering:

" DIFFERENTTAL ELASTIC CROSS SECTIONS OF NEUTRONS

SCATTERED FROM 'UB FOR 4 MeV < E < 8 Mev*

"H.D. Knox, R.M. White, and R.0O. Lane’

John E. Edwards Accelerator Laboratory
- Ohio University, Athens, Ohio 45701

ABSTRACT

Differential cross sections of neutrons elastically scattered
from 9B have been measured for approximately thirty incident neutron
energies between 4 MeV and 8 MeV. Neutrons inelastically scattered
from the 0.717 MeV level were completely resolved from the elastic
group except at the most forward angles at energies above 7.5 MeV.
Generally, the differential cross sections are slowly varying with
energy, indicating little resonance structure in this region.




lo

These data are consistent with earlier lower energy measurements
done in this laboratory and provide detailed data in a region
where only sparse data were previously available to evaluators
and designers in the nuclear emergy field.

* .
Work supported by U.S. Energy Research and Development Administration.

B. The foilowing'is an abstract of Ohio University Report C00-2490-5,

March, 1977:

DIFFERENTIAL ELASTIC CROSS SECTIONS OF NEUTRONS

SCATTERED FROM 10B FOR 4 MeV < En < 8 Mev?*

H.D. Knox, R.M. White, and R.O. Lane

John E. Edwards Accelerator Laboratory
Ohio University, Athens, Ohio 45701

ABSTRACT

Differential cross sections for neutrons elastically scattered
from 9B have been measured for approximately .thirty incident neutron
energies between 4 MeV and 8 MeV. At each incident energy, measure-
ments were made at nine laboratory angles from 20° to 160°. Compari-
sons of the present data with previously existing data in this energy
range are made. '

%
Work supported by U.S. Energy Research and Development Administration.

C. The following is an abstract of a Ph.D. dissertation by R.M. White

and of an Ohio University Report, C00-2490-6, June 1977:

A STUDY OF THE HIGHER EXCITATION STATES OF 12B

vIA THE ''B(n,n') 1B REACTION

R.M. White
Ohio University, Athens, Ohio 45701

ABSTRACT

- Differential cross sections for neutrons elastically scattered
from an isotopically enriched sample of 118 have been measured for
laboratory angles from 20° to 160° at 17.5° increments for sixty
neutron energies from 4.0 MeV to 8.0 MeV. The data have been corrected
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for incident neutron beam attenuation in the sample, air scattering of
neutrons, and finite geometry and multiple scattering effects using a
Monte Carlo code which included the energy-dependence of differential
cross sections of multiple events necessary for light nuclei.

Comparison of the present data is made with data previously
measured in this energy region and all known differential neutron data
on !1B have been integrated and compared with recent high resolution
total cross section measurements to gain information on the neutron
inelastic scattering cross section.

All the meutron elastic differential cross section measurements
on !B have been analyzed with a new R-matrix analysis program utili-

~zing j-j coupling with most previous assignments of J" in the compound

nucleus !2B confirmed, and new J"7 assignments made in the region of

the present measurements. Finally, based on the results of the present
measurements and analysis, recommendations for further neutron cross
section measurements on 11 are made.

(Prepared for the U.S. Energy Research and Development Adninistration
under Contract EY-76-S-02-2490.A001. )

D. The following two abstracts are for papers presented at the

Washington, D.C. meeting of the American Physical Society, April 1977:

THE ’Li(n,n')at CROSS SECTION FOR 4.0 < E_$7.5 Mev*

H.D. Knox, R.M. White, and R.0. Lane

Ohio University

Measurements of the differential elastic and inelastic (0.478
MeV level) cross sections for neutrons scattered from 711 were reported
earlierl). 1In the 4 to 7.5 MeV incident neutron energy range studied
here, all other reaction channels energetically possible are particle
unstable and result in the production of a triton. Using the integrated
elastic and inelastic cross sections from the present measurements along
with the best available total cross sections, values for the ’‘Li(n,n')at
reaction have been obtained. Comparisons of these results with previous

. measurements and comments on existing total cross section measurements

will be made.

* o
Work supported by U.S. E.R.D.A.

1)H.D. Knox, R.M. White, and R.0. Lane, Proc. of the -Intl. Conf. on

the Interaction of Neutrons with Nuclei, E.R.D.A. CONF-760715-P2,
p. 1307.
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L

AN R-MATRIX ANALYSIS OF g (n,n) '8 FOR 0.1 Mev < E S8 MeV*®

1.

R.M. White, R.O0. Lane, J.M. Cox , J.L. Adams and H;D. Knox

Ohio University

Recent measurementsl) of elastically scattered neutrons from
B at Ohio University have extended neutron differential cross sec-
tion measurements on that nucleus from 4 to 8 MeV. The entire energy
region of 0.1 to 8 MeV has been analyzed for the first time with a
" multichannel, multilevel R-matrix using j-j coupling. From 0.1 to
2 MeV previous assignments have been verified. From 2 to 4 MeV pos-
] sible changes in the assignments are being investigated. Difficulties
\ with complex resonances in the 3.3 to 4.1 MeV region will be dis-
| cussed. The region from 4.5 to 6.5 MeV, containing significant reso-
| nance structure, is fitted reasonably well with several new assignments
of JT. The large dip in the total cross section at 5.5 MeV is shown
to be an interference effect. Finally, a comparison is made of inte-
grated elastic and total cross section measurements and the total
inelastic cross section is inferred.

11

*
Work supported by U.S. E.R.D.A.

T Address: Owens-Corning, Granville, Ohio. .

Dr.o. Lane, R.M. White, and H.D. Knox, Proc. of the Intl. Conf. on

the Interactions of Neutrons with Nuclei, E.R.D.A. CONF-760715-P2,
p. 1042. .

E. - The Principal Investigator has become a member of a group of repre-
sentatives of laboratories presently funded by the Division of Physical
Research of E.R.D.A., who have accepted responsibility for the measurement and
analysis of a large scope of nuclear data needs for the DMFE fusion reactor
program.. The first meeting was November 8-9, 1976 at ORNL under the chairman-
ship of F.G. Perey. The schedule of measurements made at that meeting extends

to 1981 and represents a long-term, on-going commitment. of these laboratories

to these specific needs of DMFE.

F. The Principal Investigator has been appointed to the Advisory Com-
mittee (chaired by R. Ehrlich of G.E.) of the National Nuclear Data Center at

BNL, and attended the recent meeting there in May 1977. This committee has
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the important responsibility of providing highly expert advice. and input to
BNL andvthe Center in its vital function as a national focal point for all

nuclear data.

G. . Both H. Knox éhd the Principal Invesfigétor attended fhe E.R.D.A.
Nuclear Data Committee meéting, Gaithersburg (NBS), Md., April’l-é, 1977,
chaired by G; Rogosa of E.R.D.A. Ohio University Report C00-2490-5, éonfain—
ing all of our final data on 10B+n, énd an informal report listing our final
tabular data on 11B+n were released and circulated to the Committee at that

time.

H. As an invaluable aid to our planning for future measurements and

R-matrix calculations to fit data, our group attended the International

4 Symposium on Neutron Standardé, Gaithersburg (NBS), Md., March 28-31, 1977,

where reviews of the status of standard cross sections and discussions with

evaluators (especially the LASL group) were most helpful in our program.

I. The Conference on Neutron Cross Sections at Energies of 10 MeV to

40 MeV, BNL, May 1977, was attended by the Principal Investigator. The needs

‘expressed by speakers and participants in workshops at the conclusion were

helﬁful in indicating new areas ofvpossible investigation for our group.

1v. CONCLUSIONS

In the third year of the contract much of our large volume of elastic
scattering data on light nuclei has been published in final form and made
available to the nuclear data cbmmunity and data centers. Anvimproved

R-matrix analysis program has been developed and applied to one of the




extensive sets of data to extract theoretical pafémeters over a larger

energy interval than has been done before. Such:data and analysis contribute
considerably to both the neutron data base for the fusion reactor program

and to evaluations being done on these light nuclei for eventual use in both
fusion reactor and neutron cross section standards applications. Fér a small
grouﬁ such as ours,kthis large amount of high-accuracy détalrepresents.a good
retufn to ERDA from fundé invested at Ohio Univeréity. Because of trends in
federal funding of neqtron.work in recent years, very few young neutron physi-
cists of high quality héve been produééd lately as evidenced By the extreme
difficulty in filling positions that do become availaﬁle with good candidates.
During this cbntract year a high—qﬁality Ph.D. dissertgtion was produced and
the new youﬁg scientist is continuing on as a post doctorate on this contract

to apply his expertise to the new phases of inelastic scattering and to ERDA's

future needs.

Throughout the firét three quarters of the contract year the Principal’
Investigator dévoted 30%>Qf his time to this project and during the fourth
(Fall) quarter will dévote 100% of his time to this contract. This "inter-
changes" Eall.and Summer (usually 100%) quarters withinvtﬁe same contract
year with the same total effort and time spent op;thevcontract, but haé
certain advantages to ERDA in the staggering of the aécelerator séhedule for

maximum effectiveness.

V. SCIENTIFIC STAFF

Post Doctorate:

'Harold D. Knox




VI.

10.

11.

12.

13.

14.

Graduate Student/Post Doctorate:
“Roger M. White

Undergraduate Students (part time):
 Keith Snail

Steveh Lane
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