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ABSTRACT

Differential cross sections for neutrons elastically
scattered from an isotopically enriched sample of 11B have
been measured for nine laboratory angles from 20° to 160°
ét 17;5° increments for sixty incident neutron energies 
from 4.0 MeV to 8.0 MeV. The data have been corrected for
incident neutron beam attenuation in the sample, air scat-
tering of neutrons, and finite geometry and multiple scat-
tering effects using a Monte Carlo code which included the
energy-dependence of differential cross seétions of;multiple
events necessary for light nuclei.

Comparison of the present data is made with data pre-
yiously measured in this eneréy‘regioh and‘all known dif-
ferential neutron data on 11B'have'been integrated and com-
pared with recent high resolution totgl cross section
measurements to gain information on the neutron inelastic
scattering cross section.

All the neutron elastic differential cross section
measurements on 11B have been analyzed with a new R-matrix
analysis program utilizing j-j coupling with most previous

12

assignments of J" in the compound nucleus B confirmed,

and new J" assignments made in the region of the present

‘measurements. Finally, based on the results of the present

measurements and analysis, recommendations for further neu-

11

tron cross section measurements on B are made.
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CHAPTER 1

INTRODUCTION TO THE PROBLEM

The nucleus !2B 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
(La 70, Ne 73) of neutron differential cross sections for
'néutrons scattered from !1B with energies of 0.1 MeV to 4.4
MéV, Cérresponding to excitation energies of 3,5 MeV to 7.4
MeV in 12B, have shown more pronounced resonance stfucture'
iﬁ those cross sections than for any of the other nuclei
lighte:Athan carbon and heavier than the isotopes of helium,
From such measurementsvimportant properties of states in the
compound nucleus !2B can be deterﬁined. Neutron total cross
section measurements on !1B (Fb 61, Ca 71) have indicated
complex resonance structure to exist well beyond the energy
region of previously measured differential cross sectidns.
Therefore, the first objective of this experiment was to
vextend the neutron elastic differential cross section mea-
surements from those previously made up to 4 MeV to the
limit (with'ihe neutron source discussed below) of our
experimental capability of approximately 8 MeV (10.7 MeV
excitation in 12B), | |

These measurements were accomplished by utilizing the
Ohio University Tandem Van de Graaff Accelerator to accel-
erate a beam of monoenergetic protons to the energies

‘necessary to generate 4 MeV to 8 MeV neutrons via the




tritium (p,n) nuclear reaction. The neutrons so obtained

were then scattered from a cylindrical sample of !!B using a

neutron detector to count the number of neﬁtrons scattered

at various angles, The‘pattern of scattered neutrons was
then analyzed as a function of the incident neutron enefgy.
If is from these scattering patterns that nuclear structure
information can be derived.

Thg:second objecfive of this experiment was to deve1op
a practical computer program utilizing the R-matrix theory

of nuclear reactions in an attempt to make definitive as-

~ signments of angular momentum and parity (as well as widths,

level energies, eté.) of the various resonances expected to
be observed. in the process, it was also planned to use
this program to reanalyze the previously measured differen-
'fial cross sections to verify both the validify of the

ptqgram as well as to verify previously assigned states in

' the compound nucleus !2B,

While the study of nuclear structure for its own sake
is interesting and rewarding, importance should be given toA
practical application of such work for the benefit of soci-
ety who support it in the first place. The interaction of
neutrons with !!B has been given highest priority for study
(Tw 76) along with several other light nuclei in terms of
the national fusion energy program. Light nuclei are under
study as blanket materials for reflecting and shielding

neutrons around the plasma generated in a fusion reactor.

With the ever-increasing shortage of the various forms of

e



- fuel necessary for energy production in this nation, the
potential for fusion energy, with its fuel abundance and
‘minimal harmful by-products, cannot and must not be ignored.
o  The kind of measurement and the type of study consideredrin
- this experiment are viﬁal to laying the foundation for a
workable fusion reactor in the future.
Since the numbers generated from these measurements are
y  ' to be used both in an engineering sense, and in accurate
determination of basic nuclear parameters, it is necessary
to obtain the experimental data as precisely as possible. A
neufron detector-spectrometer system with associated comput-
er support was developed for this experiment to provide neu-
tron differential cross section measurements to an uncer-
tainty of less than 5%. _The computer support involved
eitensivé programming to analyze the data as it was taken
and provided immediate results so that an investigator could
continually monitor and keep track of the complex measure-
ments as the experiment progressed,

The following chapters will discuss in detail each as-
pect of the experiment, from equipment and procedures uti-
liied,to the formulation and programming of the theoreti§al

i analysis. The final objective of this paper is to present a
'techniqué of neutron physics and a method of nuclear data
analysis in a clear and easily readable manner both for the
experimentalist with interest in the methods of this exper-
iment‘and, very importantly, for the beginning student who

'V _ wishes to gain an understanding of some of the difficulties

involved in experimental neutron physics.



CHAPTER 2

DATA ACQUISITION AND REDUCTION

2.1 Experimental Techniques

The philosophy of design of a neutron time-of-flight

(T.0.F.) Spéctrometer system is governed largely byvthe

physical space available and the financial resources of the

experimenter. The nature of neutron measurements requires
significant shielding of the neutron detector and a sizabie
amount of electronic and computing apparatus to support the
§ystem. These factors, coupled with the large amount of

data to be taken on !!B and later on, several of the other

light nuclei, governed the decision to go with a single,

well-shielded detector system, the calibration of which
could be tightly controlled and the data so obtaihed easily
reduced by computer techniques.

Peculiar to these light nuclei is the problem of energy

loss of the elastically scattered neutrons due to the kine-

‘matics of scattering off very light nuclei, Fof example, a

4.00 MeV neutron incident on !1B will have only 2.80 MeV of
energy after elastically scattering 160 degrees., Therefore,
a larger range of elastically scattered energies is encoun-

tered at various spectrometer angles even for a small range

- of incident neutron energies., If the neutron detector

system is to be biased such that the lowest energy neutrons
are detected with good efficiency, a well shielded detector

is necessary. Further, if data are to be acquired at a



reasonably répid rate, a high current accelerator coupled to
a prolific source of monoenergetic neutrons,‘a neutron
detector of large solid angle, and a large size scatteripg
sample are desirable., However, the large Sample size thén
requires that accurate computer codes be written to correct
for finite sample size effects. It is to these ends that
the neutron T.0.F. spectrometer and data reduction system
were developed for this experiment; This chapter»contains a

description of the entire neutron-producing and -detecting

system as well as the various suppbrt facilities and results

obtained.

2.1,1 The Ohio University Tandem Van de Graaff Accelerator

The Ohio University Tandem Van de Graaff was designed
and constructed by High Voltage Engineering Corporation
(HVEC); This T-11 accelerator employs the high-gradient
techniques developed by HVEC for the large tandem éccel-
erators such as the Emperors. The accelerator proper is
contained in a unique T-shaped pressure vessel, The hori-
zontal accelerator tube passes through a central terminal
that is charged by a belt in a vertical column.' The ter-
minal is continuously chargeable to voltages up to ap-
proximately 4.5 million volts, Thus, fhe T-11 accelerator
is capable of pfoddcing beams of up to 9 MeV protons and in
a very short distance. These beams may also be unusually

intense at high voltage gradients since the instabilities

‘resulting from belts in conventional tandem accelerators



have been minimized by moving the charging belt away from
the accelerator tubes to the vertical column. The T-11
accelerator is.diagrammed in Figure 2,1, In this experi-
ment, the didde source, which will produce protons up to 80
kev of energy, was used to inject protons via an inflection
magnet iﬂto the low energy end of the T-11, The proton beam
was pﬁlsed by means of a beam-chopping and klystron-bunching'
system at the pre-acceleration end of the acceleratof. For
this experiment, the accelerator routinely produced prdtons
pulsed and buﬁched with a pulse width of better than 1 nsec
FWHM at a repetition fate‘of 5 MHz and at an average current

in excess of 4 uamps.

2.1.2 Neutron Source

 One of the}obvious difficulties of using high energy
neutrons as a proberin nuclear structure studies is that
since they do not carry a charge, they Cannot be accelerated
and, therefore, must be produced through a nuclear reaction.
For the energy range of interest in this exﬁeriment (4 MeV
to 8 MeV) the most ideal reaction is the T(p,h)3He reaction,
as can be seen from.Figure 2.2. This reaction provides a
prolific, monoenergetic source of neutrons to well beyond 8

MeV with a gas cell pressure of 18 psi of tritium. This

the neutron pulse. As the Q value for this reaction is
approximately -0,764 MeV, a 5-MeV to 9-MeV proton beam from

pressure introduces an energy spread of £20 to *30 keV in
the tandem Van de Graaff accelerator incident on a cell
|
|



High Energy Acceleration Tube

Termine!

g

/- Cooling Colle

Stripper

Low Energy Acceleration Tube

- ==

Beam { ) R W
4+ e — = L — as
H
Tank ¢ ase - e
Vacuum
Station
a4 |
- n
s
< '
1
r°
‘v

System -/

Bsit Charging

| = |
i Vacuum

l - fﬁ[' Station
)

|7 Cooling Colls

=

TS

o

TS
bé
E

Secle: g 51"

o

N

Figure 2.1

¢ Y
g

L

Ohio University Tandem Van de Graaff Accelerator



10 —

T (d,n)

¥~D(d,n)

TLitp,n)

NEUTRON YIELD AT 0%/ Sr/uamp /sec/10keV ENERGY LOSS IN TARGET

0 5 o 15 - 20 25 30
| En (MeV) |

Figure 2.2 Comparison of zero-degree neutron yields for various source reactions.




filled with tritium gas will yield approximately 4-MeV to 8-
MeV neutrons in the laboratory frame. Further, this neutron
yiéld is peaked in the forward directioﬁ with the energy of
neutrons in other directions decreasing rapidly with in-
creasing angle. The tritium gas-handling system and>gas
cell;¢as shown in Figures 2.3 and 2.4 respectively, have‘
been described elsewhere (Ca 73). The gas cell is based on
a design used at Los Alamos Scientific Laboratory and
perfected for these uses by J. D. Carlson (Ca 73a). The
system incorporates a uranium furnace in which the tritium
is stbred in the form of a hydride and therefore is fully
recoverable, The gas cell entrance window used was a 5 um
molybdenum foil with a 10 mil gold foil serving as a beam
stop. Pressure in the cell was monitored by a Wallace and
Tiernan differential pressure gauge with a sensitivity of
0.06 psi;_ The problems of beam heating effect, dehﬁity of
gas mbleculeé, and cooling are described in Section 2,2 and

Appendix 3,

2,1.3 Scattering Sample

The scattering sample used in this experiment was
41,213 grams of boron isotopically enriched to 97.1S
(atomic)_peréent boron-11. Total boron content of the
sample was 98.2% with the balance made up of carbon (1.23%)
and oxygen (0,10%). The enriched boron-11 powder was |
obtained from Oak Ridge National Laboratory (ORNL) Nuclear

Division and Table 2,1 gives the isotopic and spectrogfaphic



Figure 2.3

General experimental
tritium gas-handling

configuration including
system.
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Figure 2.4 Tritium gas cell with cooling spray, scattering
sample, and shadow bar.

TI




Table 2.1

Analysis of Boron-11 Scattering Sample

-Oak Ridge National Laboratory
‘Nuclear Division

Sample Number 4700704

Isotopic Analysis

Isotope Atomic Percent
10  2.85
11 97.15
Total Boron 98.2 %
Carbon 1.23%
Oxygen 0.10%
H,0 243 ppm
‘Spectrographic Analysis
Element ppm Element ppm
Ag <1 Mgv 12
Al <10 Mn <1
Ba - <1 Mo <1
Be <1 Pb 4
Ca 50 Si - 5000
Cd <1 Sn <1
Co <20 Ti 10
Cr 2 \', <1
Cu <10 W <10

Fe 20 Zr < 2




analysis made by ORNL on the sample.

The boron-11 powder was contained in a thin-walled
aluminum can 4.0 cm in height by 3.3 ¢m in diameter which
 was machined to a thickness of 0.01 inch. An identical
empty can served for sample-out background.measureménts (see
Section 2.2), Both cans were sealed air tight with epoxy
. glue. The mass of each can empty was 7.33 grams. The
scattering sample was positioned accurately by hanging it
with a small diamgter rod from a hook, the gas-cell-to-
sample distance being approximately 20 cm on a direcﬁ line
with the incident proton beam., As the cross sections of 1°B
and 12C are both similar in magnitude to that of !B, the
isotopic correction for these two elements would be a small
fraction of the already small peréeﬂt impurity in the
enriched !1B sample. This effect was estimated to be |
significantly less than 1% and, therefore, no isotopic

correction was made to the experimental data.

2.1.4 Neutron Detector and Shield

The neutron detector used in this experiment was NE-224
liquid scintillator housed in a 5 cm thick x 18 cm diameter
lucite container optically coupled to an RCA 4522 photo-
multiplier tube (see reference Li 75). Figure 2.5 shows a
cross-sectional view of the neutron detector. As the ratio
of neutrons arriving from the source.(gas cell) at the
detector compared to those scattered from the sample and

arriving at the detector is approximately 1000 to 1, and



N\

RCA
4522
PHOTOMULTIPLIER

77 LZZ 77

T PHOTOCATHODE

N s

AONANN NE-224 LIQUID SCINTILLATOR

( VLLLZLZILZZZ7 7

“LUCITE" CELL & LIGHT FUNNEL

{coated with TiO, paint) l | i
10

5
cenfimeters

Figure 2.5

Cross sectional view of the main neutron
detector (from reference Li 75).



15

since it is the neutrons scattered from the sample we wish
to detect, it is obvious that the detector must be very well
shielded in order to block out the source neutrons. The
‘detector shield, shown in Figure 2.6, consisted of an 8-inch
inner diameter by 1-inch thick steel pipe around which was a
3-inch thick lead ahnulus 30 inches long in the region of
the scintiilator and a 2-inch thick lead annulus 24 inches

- long extending forward along the pipe. This represents over
IQOO pounds of steel and 2000 pounds of lead shielding.
Placed aroundvthe lead was 1750 pounds of steel shot and
‘outside of that 1000 pounds of péraffin (above 5 MeV the
inelastic scattering of neutrons by iron allows it to
compare well with hydrogen as neutron shielding materiai)}
The total weight of the system neglecting the massive copper
shadow bar and support was over 7000 pounds. Use of an air
pad sYstem allowed movement of the shield by one person.
The massive copper shadow bar could be repositioned
accurately for different scéttering angles., Nine angles
(laboratory system) were measured from 20 degrees to 160
degree§ at 17.5 degree increments. A typical neutron flight
path from sample to detector was 3.6 meters. A monitor,
which consisted of an NE-102 plastic scintillator 1/2-inch
thick by 1-inch in diameter coupled to an RCA 8575
photomultiplier tube, was employed to monitor the source
neutron flux (see Sections 2.2 and 2.3). No shielding
(other than magnetic) was employed on the monitdr because -

the direct neutron count was so high compared to the gamma
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Figure 2.6 General experimental configuration including
main neutron detector shield and shadow bar.




rays and general neutron background.

2.2 Scheme for Data Reduction

The standard use of a liquid scintillator-photo-
multiplier tube combination to detect neutrons has various
difficulties associated with it. Two of the most important
are: 1) the combination does not, except in the very crudest
senSe, discriminate with respect to the energy ofbthe
neutrons--it simply counts them, and 2) the efficiency with
which it counts them is energy dependent. Time-of-flight
techniques, with associated electronic circuitry described}
in Section 2.3, help to solve the first problem., The
problem of efficiency variation with enérgy, the associated
prdblem of absolute calibration of the neutron detection
system, and the:technique of transforming neutron counts to
differentiél cross section are the subject of this section.

The final question in almost any nuclear data mea-
surement is how accurately the data taken represents the
real system one has set out to measure, and perhaps, this
question is the most difficult of all to answer., It becomes
a question Qf how accurately the neutron detector can be
calibrated and thereby how accurately one can transform
measured neutron counts to absolute mb/sr, the units of
differential cross section. The answer to this for the
present experiment lies in the fundamental definition.of

differential cross section, i.e.,, the ratio of neutrons

scattered from a sample in units of neutrons/sr to the
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neutrons incident upon the sémple in neutrons/mb. Ideally,
one would Eouﬁt the neutrons scattered at a certain angle
and then place the detector at zero degrees with the sample
out and count the neutrons for the same length of time and
take the ratio of the two counts., In this experiment, a
problem with this procedure is that in scattering neutrons
off a light nucleus the resultant neutron energy at a large
angle of scattering is several MeV less than the incident
neutron énergy.and the efficiency with which the detector
‘vdetects neutrons is certainly energy dependent,

| Therefore, a slightly different approach is taken. A
monitor is placed at an appropriate angle (discussed later)
with‘respect to the zero-degree neutron flux and, with the
main neutron detector at zero degrees, measurements are
taken with no scattering sample over the entire energy range
of neutrons to be detected for a given incident neutron
energy range. This establishes the energy dependence
between the detector and monitor so that during the data
acquisition when the detector has been moved to a particular
scattering angle one effectively knows, through the monitor,
what the detector would measure at zero degrees.

The neutron yield from the tritium (p,n) soﬁrcé re-
action, as Figure 2.2 shows, is energy dependent, How-
evef, since the monitor angle is not changed during the
course of the experiment, it will be shown in the mathe-
matical anélysis;to follow that one need only be concerned

with the change in the zero-degree yield of the neutron




source reaction and furthermore, that only the relative

shage.of the

energy dependence of the zero-degree yield need

be considered. Appendix 4 will establish how accurately the

shape of the
is known.
For the
consider the
where:

" RSS

RDS

RMD
EP =
ENO =
ENS =
ENM =

zero-degree yield of the tritium (p,n) reaction

actual measurement of angular distributions, we

experimental geometry as shown in Figure 2.7

source to sample distance

sample to detector distance

source to monitor distance

average proton energy at gas cell center
zero degree neutron energy

scattereé neuﬁron ehergy (at detector)

neutron energy at monitor

We consider first the neutron flux scattered by a

single scattering nucleus upon which is incident a plane

wave of neutrons of intensity I(ENO).

/

, . ‘
PLAVE SeRATTER IVG
| ‘ > wuclEus
NEUT RON G
WAVE

The neutron flux scattered from the single nucleus is given

by: . w (8 Evs) = I(ENO) x (B ENO) (2-1)

SCATT
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b R where: . @;ﬂﬁ(& EMS’) neutrons/sr/nucleus (/sec)
| | | I (ewno)

. a~ (8, ENDO)

neutrons/cm? (/sec)

cm?/sr/nucleus

The}flux scattered by N nuclei is then given by:

@scmr(a ENS) = Nx Q@cmf(g’ ENS)
= N x I(E»O) x. 0"(9, ENO) (z-2)

At this point, a number of finite geometry effects due to
- the finite size of the séattering sample containing the N
nuclei and for which corrections must be made (or shown to
be insignificant) are considered in Section 2.4 and in
VAppendix 1,
The incident intensity, I(ENO), can be written as:
T(ENO) = N(ENO)/ A an
where: '
N(END) = neutrons (/sec) incident upon the
sample '

ASAM = area of the sample

Then we can write from Eq. (2-2):

DyearsBENS) x Asan
N x N(ENO)

If we now consider the number of neutrons counted at the

(2-3)

o~ (D,ENO) =

detector we can write the following:

| eTo

N DeT (6' ENS) - @scavv(Q)ENS)x A‘QDET x EifT(ENS),

DATA

(z-4)
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| | where A_Q DeT = solid angle subtended by the \

DATA
detector with respect to the sample (during data taking) and

gff(E'NS> = efficiency of the detector at the neuﬁron

DeT
T energy ENS. If we solve Eq. (2-4) for @SCQTT'(B,.ENS)and
substitute that value into Eq. (2-3) we obtain:

Neer (BENS) « Asam |
~BEND)= (2-5)
- Nx N(ENO) ALY, . EFH(ENS) |
- ‘ DATA eT

The problem now is to determine the number of neutrons
incident upon the sample, i.e., N(ENO). This is given by

the expression:

N(EN0) = é(o ['NO) A.D_ | (2-6)

(-] ' .
where v¢n (0, ENO) = neutrons/sr at zero degrees from the
T(p,n)3He reaction and A{X_J;X,SA,A = solid-angie subtended
by the sample at the source. From the definition of the

differential cross section we know that the following ratio

holds:

@, (0]En0) 0%y (O EP)
¢n (%ENM) Tr(P.m)v (’}0' E_P)

o

) O°EP
&n (OTENO) - Q(’V,ENM) TfPH)( ) (2-7)
Senmy(VEP)
'@,, (00; END) is the zero degree flux from the neutron
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source, 0;"{’, ) (0 FP)is the zero degree T(p,n)3He reaction
cross, section, and Q (¥ ENM) ana T, ")(’V’ EP) are
similarly defined for the monitor at angle y. - The number of

neutrons counted by the monitor is:

Mo N

» (- 3)
Solving for @(%ENM) in Eq. (2-8) and substituting this
value in Eq. (2-7) yields: |

B ewoy = Mt W e, O
(0£END) =
é' , A—D—Mou x E{;(EN ) TCPn) (‘VJEP)

(2-9)
SubStitution of Eq. (2-9) into the expression for N(ENO),

Eq. (2-6), gives:

Nem@enm) « 0, (0EP) A 1D,
A_Qm- S ESENN) T(,,.,)(MP)

DATA Mon

(2-10)

. We utilize this expression for N(ENO) in the expression for

o(8,ENO), Eq. (2-5), to give:
o (BENO Y = | (7-"‘3 |

ASAM AD"‘“’ N::(Q,ENS Q;(p )WEP) E(QENM

MON

NAL,, A_Q Non(hENY) q:(,. ,(0°EP) EFAENS)

oeT
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Eq. (2-11) represents an expression for the cross section in
terms of various solid angles, actual detector and monitor

counts, the tritium (p,n) cross sections, and the

-efficiencies of the detector and monitor.

We now proceed to determine the ratio of efficiencies,

i.e., EF#(ENM)/E‘H(_ENSJ Let us consider the

. MenN ; DET : .
experimental geometry for the efficiency measurements as
shown in Figure 2.8 where:
o RMR = source to monitor distance
RDZ = source to detector distance
ENM = energy of neutrons at monitor

ENO = energy of neutrons at detector.

In this orientation, the number of neutrons counted at the

 detector is:

eTo .o | ,
DeT(ENO) = X"Fas) Ns ‘G“_,’.(Pm){l).EP) %'}D'oe-r Eff{EMD)

| | | (2-11)
Similarly, the number of neutrons counted at the monitor is

~given by:

Vuele) = Yopos) n, @, fvee) A ), EFemn)
g MoN

MonN .
(2-13)
where:
prosQ = number of protons on source
ﬂs = number of tritium nuclei/cm2, along the beam
_ ‘direction
A-n. per = solid angle subtended by the detector at source
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.ZXJQLNoN= solid angle subtended by monitor at source.
s T

However,vfor the ratio of efficiencies in Eq. (2-11) we

ne‘edy;:? (ews), i.e.,

FYDeT(ENS) /(npos)n, T, . (OEP)AD_ EﬂCENs)_

E4$ DeT

where:

y%npbs)= number of protons on source at energy EP'

X - . |
N_ = number of tritium nuclei/cm? at proton ener EP'.
s p gy

Using Eq. (2-12a) and (2-13) to get the ratio

E’F{(ENM)/E'FF(ENS‘)% obtain:

MoN DeT

EFf(enm)/ €+F(E~s) =

MON

by::: (ENM) y("\ P'OS) ni T(pn)(o E P) A—D— OeT

€FF (L - “')

Y::: (EMS) y("P"S) ns T(pn)(y’ EP>A-S1M0N

To_get ENS at zero degrees requires a different EP (proton

energy) than to get ENS at angle ¢ due to the pronounced
kinematic.shift in energy of the scattered neutron (due to
the sbattering of neutrons from a 'light' nucleus). If,
during the efficiency run, we can do accurate charge
normalization, then Y(npos) = Y(np'os) and these two
quantities divide out in Eq. (2-14). Further, it has been
shown (see Appendix 3) that if the pressure of the gas cell
can be held constant during beam-in conditions, the number

of tritium nuclei will remain constant in the gas cell

(2-11a)
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’ _
‘ and /75= /], . Then these quantities also divide out and Eq.

| _ _ (2-14) can be written:

Eff(enm) 2w % cpms 017 Aﬂw

Mmonr

o x £47
EEHEND YD e (VER) L Sn
| , DeT EFt

' (2-15)
It is shown in Appendices 2 and 3 that these two conditions

are in fact well satisfied., Now, if we substitute this
expression for the ratio of efficiencies into Eq; (2-11),

the expression for the differential cross section becomes:

Asam AS)_M A-Q—o-cr N NETP(8,ENS)

o (ENe) =

NAD,, Asz,,,,, AR, N2 (VENW)
DATA

Orepn) (_'V,’EP) . Y;:: (Enm) X 0%¢em) (0°EP) (z-16)
G\-;—(r,n) (0)0 EPJ _Y:::(EN S) G“T( p,1) (fwt EP) A

X

We see that Trp‘"(?WHZJd1v1des out of Eq. (2-16) because
the monitor was not moved from angle y during either the
efficiency or the data run. Further, since the solid angle
is by definition the area (of the face of a detector or

monitor) d1V1ded by the square of the dlstance, i.e.,

AS). AREA and the ratio YANAY IS S\ SL mon becomes
r oATA E+f+

A,QMONV/Q_D_N}'DN - RMR*/RMD"

DATA EfFs




énd

EfF DATH

AN /AN, = RDS/RDE

Also:

ASAM /A _gls,“\ = RSSP

Making.these substitutions into Eq. (2-16) yields:

RsS™ Rm™ Ros‘x NST® (,ENS)
N.- RMD®* RDZ" NET® (¥, ENM)

x .

eTD

per (ENS) Crepmy (D5 EP)

where EP' is the proton energy necessary to give neutron
energy ENS at zero degrees when EP is the proton energy
which gives neutron energy ENS at scattering angle 6.
Because there ex1sts_con51derab1e background in a
neutron scattering experiment, it becomeé advantageous to
run for a set period of time with the sample in and for an
equal period of time with the sample out. Then a |
subtraction of the two spectra obtained (samplé-in minus

sample-out) should yield results which involve just the

neutrons actually scattered from the boron sample. To make
sure that the sample-in run 1is equivalent to the sample-out

‘run a normalization to monitor counts is effected. Then the

$

true counts measured at the detector are given by:

, €TD » ) |
VrSENM | Srem(@1ERY (o
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NS fnews) = NELENS) — NElHE) NET o

TRUE = | S.T. Nu—n (5‘.6-)

MON

(219 |

where S,I. = sample-in run and S.0., = sample-out run,

Replacing Ny, (9,ENS) in Ea. (2-15) by the N7 ® (9,ENS)

g E
of Eq. (2-18.) yields: "rRu

L s RDS™ “ToENS
ov(Q,Evoo) = RSS-RMR™ cow(» )
- N« RMD"- RDZ mon (B ENM)

N;::(So) ::2(Emu) 0'.;.( om) (0 £P')

} 4
NE.T, (s.0) Y""(ENsJ Ot rpny O] EP)

(2-19)

"~ Eq. (2-19) represents the final expression for the absolute

differential cross section in terms of: (a) the various
distances of monitor and detector, (b) counts ﬁeasured in
monitor and detector for sample in and sample out; (c) the
yields of the monitor and deteétor taken during the

'efficiency run and finally, (d) the ratio of the zero degree

cross section for the tritium (p,n) neutron source reaction.

"In the 1nterest of clarity, it is well to point out
here, particularly for the casual reader, the salient points
of the here-to-fore described technique. (1) This method of
reduction of‘neutron counts to absolute differential cross

section is derived, basically, from the definition of
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differential cross section and thereby yields an absolute
result without normalization to hydrogen (n,p) scattering or
any other calculated or measured resulf. (2) This method
does not depend upon normalization to the T(p,n)3He cross
section; It does depend, because of the energy dependence
of the tritium (p,n) zero-degree yield upon the shape of
that yield which is quite another matter and is discussed
fully in Appendix 4. (3) This technique demands accurate
charge normalization only during the relative efficiency

- measurement (see Appendix 2). (4) This technique requires
that the.gas cell pressure remain constant only during thé,.
relative efficiency measurement (see Appendix 3). An
estimation of the errors in this system of re&uctionrof
counts to‘absolutJ differential cross section is given in
Section 2;5 and'the determined atcuracy of this method is

given in Section 2.6.

2,3 Electronic and Computer Systems

The Ohio University Accelerator Laboratory is well
supplied with state-of-the-art electronics to satisfy almost
any nuclear data measurement need. In addition to standard

commercial- and laboratory-built modules, a very accurate

beam-current integrator has been designed and constructed by -

the Laboratory's electronic technicians and, as discussed in
‘Section 2.2, was employed to obtain very accurate charge
normalizationv(Appéndix 2) during relative efficiency .

measurements,
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An in-house IBM 1800 computer with two tape drives, two
CRT's, tﬁo disk drives, three typewriters, one card reader,
one high-speed line printer, and one Calcomp plotter is
interfaced with a Nuclear Data 3300 multichannel analyzer
for storage and analysis of data. On a time-sharing basis,
the 1800 is further available for background processing and

was used exteﬁsively in reducing the data of the present

experiment,

2.3.1 Time-of-Flight Electronics

Standard time-of-flight (T.0.F.) techniques were
employed in this experiment with pulse shape discrimination
utilized on the main detector signal to differentiate
between neutrons and gamma fays. Figure 2.9 shows in block
diagram form the essential features of the system used.

| The neutron detector (DET) was coupled to.an Ortec 269
photomulﬁiﬁlier tube base (PRE) which provided’a mechanical
aésembly and resistive voltage divider network, with
appropriate capacity decoupling, for operation of the RCA
4522 photomultiplier tube. The 269 provides two outputs;
the negative anode signal for timing applications and the
linear signalAfrom the ninth dynode. The anode pulse was
clipped (CLIP) and sent to an EG&G T140/N zero-crossing
discriminator (Z-X). The fast logic output of the T140/N
was then routed to the start-pulse input of an Ortec 437A

time-to-amplitude converter (TAC).
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System stop pulses were generated via a capacitive.beam
pick-off (EPO) sﬁspended in the proton beam., The oufput
lead of the BPO was coupled directly to a buffer (BUF) which
reduced feed-line capacitance and served as a cable driver
to an Ortec 454 fést timing amplifier (AMP). Thesé ampli-
fied pulses were then routed to the T140/N discriminator (Z-
X) and the fast logic oﬁtput sent to a fast coincident unit
(LRS-162) which regenerated the'pulsesrand suppliéd multiple
odtputs (FANOUT) to be used for system stop pulses., These
stop pulses were suitably delayed in RG 213 cable and routed
to the stop-pulse.input of the detector TAC. This pfocedure
results in time being stored in invertéd'mode but -since the
neutron counting réte is much less than the beam pulse'
répetition rate this procedure greatiylaids?in reducing TAC
dead time., For the present experiment the detector and
monitor TAC dead times were monitored and always maintained
at less than one percent. The detector TAC pulses (T.O.F.
signal) wefé then subjected to several gating requirements
as.described below.

The detector dynode signal from the Ortec 269 photo-
multiplier tube base (PRE) was sent to an Ortec 460 delay
line amplifier (DLA) where the signal waé shaped in an ap-
pfopriate.manner and routed to both an Ortec 420 single
channel analyzer (SCA) and an Ortec 458 pulse shape analy:zer
/discriminator (PSD). The detector bias was set with the
'Ortec 420 (see Section 2.6) in integral mode such that ab

logic pulée was generated only for dynode pulses that ex-
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ceeded a.certain voltage level and the TAC (T.O.F.) signals
were first gated by these logic pulses. The second gating
réquirement came from the Ortec 458 (PSD) "window"'output
which was set on the neutron peak_of the neutron-gamma |
spectrum of the PSD. Therefdre; the requirements for the
detector T.O0.F. signals to bé routed to an ana10g-to-digital?
converter (ADC6) were (1) that the signals be greater than a
minimﬁm thféshold'(bias) setting and (2) that the pulses be
identified as neutrons by the PSD.

The monitor time-of-flight system, as seen in Figure

2,9, was similar to that of the detector except that since

the monitor observed the. source neutrons diréctly and the
count raterof’direct neutrons was so high relative to the
gamma rays, no pulse shape discriminafion'was employed on
the monitor systém. Final routing of monitor T.O.F. signals
wés to ADC 7.

- As a further check on the neutron-gamma discrimination
by the Ortec 458, the neutron-gamma spectrum from the 458
was continuously displayed in ADC 2 and'the neutron gated
spectrum was similarly displayed in ADC 3, This allowed
continuous monitoring of the neutron-gamma_discriminatiqn,
partichlarly for any.drift of the 458 "window'" set on the
neutron peak. As can be noted in Figure 2.9, the actual
time-of-flight speétra from the detector and monitor had to
meet two further requirements before being accepted by ADC's
6 and 7. A repetition—rate-discriminator (RRD) monitored

the proton beam's 5 MHz repetition rate (to within 0.10%)



and a beamécurrentfintegrator (BCI) run in differential mode

set limitations onibeam.current fluctuation. These require-
ments were set 51mp1y to allow data acquisition only when
the accelerator was operating in a stable, flnely -tuned con-
dition., If both these requirements were met, a final 1og1c
| signallwas supplied to ADC's 6 and 7 andvdetector and
monitor'T.O.F, signals were supplied to a Nuclear Data 3300
multichannel analyzer. The signals routed via the dashed

lines in Figure 2.9 are explained in Section 2.6.

2,3.2 Computer On-line/Off-1line Analysis

The use of a reasonably simple method for reduction of
counts.to-absolute cross section lends itself niceiy to a
fully computerized’data reduction syetem. The on-line
analysis prograﬁ created for this_experiment provided the
investigatOr with final absolute differential cross eections
in units of mb/sr (with the one exception of multiple scat-
tering corrections discussed in Section 2.4) immediately
‘upon completion of a samplefout background run at a given
'energy and scattering angle. :

As discussed in Section 2.3, the neutron T.0.F. spectra
for both detector and monitor were accumulated in a multi-
channel analyzer and then transferred to disk on the Labora-
tory's IBM 1800 computer. A panel of switches in the
accelerator control room allowed input to the computer the
following exper1mental parameters: the accelerator NMR

frequency used to determine accurately the energy of the
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proton beam,vthe tritium gas cell pressure as measured by
the Wallace andvTiernan differential pressure gauge and
monitored in the control room by television, the sample-in
sample-out run length in millicoulombs of charge as
integrated by the beam current integrator, the scattering
angle, and the-scattering sample being analyzed. The on-

line data reduction program then calculates fromAthe NMR

- frequency the energy of the proton beam, the energy loss in

the 5 um molybdenum foil entrance window of the tritum gas
cell, the average proton'energy at the center of the gas
cell, and the average energy of the outgoing zero degree and
25 degree neutrons from the tritium (p,n) neutron source
reaction., Thé monitor, discussed in Sections 2.2 and 2.3,

was placed at 25 degrees with respect :to the incident proton

beam because the T(p,n)3He differential cross section does

not vary rapidly at this angle for the energies of interest
in this experiment and further, because there existed no
interference. of neutroné scattered off the shadow bar of the
main neutron detector at this angle. From the kinematics of
scattering off the boron-11 sample the computer also
calculates the neutron energy at the detector. Recalling

Eq. (2-19):

a'(ta,sﬁo)=co~x§ oer (0£1S) _ 5:';(&0)},( wenlEw) | Tyean, (03EP)
| o HERMY Nioo(5¢))  Yoer(ENS)  Crepmy (05EP)
Rss™ RMR™ ROS®
N.RMDY. RD 2

WHERE :
fo =
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we see that all the quantities in CON are easily measured to

'good'accuracy as they are simply the distances illustrated

in Figures 2.7 and 2.8, where N is the number of nuclei in
the scattering sample, These numbers are fed into the data
reduction program initially. The problem of evaluating the
counts inside-thg parenthesis of Eq. (2-19) is a bit more
subtle., Basically each of the four T.O.F, Spectré (from
which the inﬁegrated counts in the parenthesis of Eq. (2-19)
are obtainéd) are corrected for ADC dead-time and the
indicated subtréction of the spectré is performed. The
computer then integrates the subtracted spectrum by fitting
each side of the peak from the 40 percent point (fof 20
channels or less) until a minimum is obtained. An averége
baékground around that minimum is obtained and a least-
sqﬁares fit performed to the function exp(ax + b). This
function is used to find three percent of the total peak
height and the cursor for integration limit is set to the
channel closest to this point. This prbcedufe is carried
out for both sides of the peak and then an integration
between the cursors is performed to give the total counts in

the T.0.F. peak. This procedure is superior to a Gaussian

fit of the total peak, particularly if for some reason the

T.0.F. peak is slightly asymmetric, and it further gives a
highly consistent way of setting integratioﬁ limits., Just
how éonsiStent is this procedure is one of the subjects of
Section 2.6.>

The ratio of detector and monitor efficiencigs which

reduces to the ratio of yields as explained in Section 2.2,
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is'obtain;d from an energy-count mesh for both monitor and
detector already. stored in the on-line program. This mesh
was obtained prior to the actual data taking by using the
geometry shown in Figufe 2,8, With the monitor at 25
degrees with respect to thevincident proton beam and'the
detector;shield at iero degrees, short runs are made at
approximately 50 to 100 keV,interVa1s over the entire energy
rangelof neutrons to be méasured byvboth monitor and
detectora'bThése runs are usually shOrFer than two minutes
and are repéated 5everal (3-5) times for each energy.. The
results of fhese measurements are stored for use by the on-
line data reduction program. Further explanation of this
procedure is found in Appendix 2.

Finélly, the ratios of the zerO‘degree cross sections
for the T(p,n)3He neutron source reaction are obtained from
é fine energy-crésé'seétion mesh like that of the effi-
ciencies. The sources for this data and other details are
discussed in Appendix 4. The on-line ﬁrogram then outputs
the laboratory and center of mass angles and cross sections
as well as other'log information on the control room
typewriter. Furthermore, a CRT displays all spectrum
analysis that the computer performs on a given enefgy-angle
measurement for visual inspection by the investigator. All
informatibn obtained by the on-line analysis program is
transferred to magnetic tape should further off-line-
analysis be desired. A very similar version of the on-line

pfbgram was written so that the original data (T.O.F.
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spectra) could be reanalyzed at any time.

2.4 Data Corrections

The differential cross section.-is defined as

P2 v, (B, ENS)
T (eno)

3 - 3 - / - - -
where the various quantities are as explained in Section

‘GV(B,EN OB-: ‘

2.2,'Eq. (2-1). The cross section is defined per nucleus
but when the scattering experiment is performed, it must be
performed with a sample containing many nuclei and, of
course, the N nuclei will be of finite size relative to the
laboratory scale. This finité size requires the implementa-
_tioh of several corrections when attéﬁpting to determine a
microscopic quantity (the differential cross section per
nucleus) by scattering neutrons off a macroscopic sample
containing a veryvlarge number (N) of nuclei. Corrections
for these effects together with those of air scattering of
neutrons are the subjects of this section. Other effects
for which the data were not corrected are considered in
Appendix 1. Each of these effects was less than one

percent.,

2.4.1 Attenuation Correction

One of the difficulties of scattering from a relatively
large size sample'is that the incident neutron flux will be

attenuated (as neutrons are scattered by the sample) and the
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nuclei in the scattering sample farthest from the source
will see less incident neutron flux than those closest.to
the source. Refer to Figure 2,10,

To -correct for this situation, we replace N(ENO), the
neutrdns'(/séc) incident upon the sample (neutron source .
side), with’N(ENd)ave, the average ﬁumber of neutrons
incident on all the nuclei in the scattering sample. We

relate N(ENO)ave to N(ENO) as follows:

-na-, + szf—__—7)
N(ENO) _ = END)f/ e ch/@

Ene £ NS

where:

/L = number of'nucléi/cm3 and
G~ = total cross section.
~This infegration can be solved in closed form (Co 67) to
give: o | | |
fe 31 (2nma)- L (2nowal
ne a -

where:

o0 _
o : Zlc :
I 2 y ' E (X/'J-) - modified Bessel function of
! 1 ; .

ko K M(k+2) the first kind and
R - 4K o | |
l) =~% Z(X/z ) - modified Struve function of
2

the first kind.

K=o r(k+%) F(k+%)
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 NEUTRON -
© - BEAM

TOP VIEW OF CYLINDRICAL
SCATTERING SAMPLE

Figure 2.10

If radius a is such that the transmission is less than
approximately one, then nuclei in the right side of the
scattéring sample will see an average neutron intensity
which is less than the left side due to the left side

‘'scattering neutrons out of the incident beam.



The correction factor, f, was calculated by the function
ATTEN, a subroutine of fhe on-line data anélysis program,
It is clear.that f is energy dependent as it is a function
of the total cfoss.section. An energy-total cross section
mésh, similaf to fhose discussed in Section 2,3, was
‘employed by ATTEN 56 that the proper énergy dependence of
the total croés section cbuld be considered. For incident
neutron enetgies between 4 MeV and 8 MeV, the average'&alue

of ATTEN, i.e., 1/f, was 1,15,

2.4.2 AiriScattering Correction

Inherent in the present experimental measufement is the
error incurred due to the attenuation or scattering of
neutrons by the air between the scatfering sample and the
detector. This:problem exists because the neutron flight -
path is rather long and is changed during the experiment.
Consider the experimental geometry in Figure 2.11 which is a
superposition of Figures 2.7 and 2,8. For the relative
efficiency measurement where y;:: (END) and )’,f,:,f (Enm)
are determined, the tritium gas ceil pressure is reduced
from 18 psi to 2 psi. This reduction in gas cell pressure
reduces thé'large zero-degree neutron flux and, with the
main detector at zero degrees and at a distancé of 7.5 m,
the count rate in the detector is such that there exists no
!electronic dead time problem as Qould be the case with
neutron flux from a cell containing 18 psi. vIn order td

maintain a count rate similar to that of the detector in the
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5  DIAGRAM FOR AIR SCATTERING CORRECTION
. _ MONITOR
Air scattering reduces the number , DATA
of neutrons counted by the monitor
during data acquisition. \\\\\\\\\
MONITOR
o R.E.
GAS CELL
S DETECTOR
N
EP ;] -/ i E}
PROTON _Il |
BEAM . D A .
/ i
Air scattering reduces the
‘number of neutrons counted
by the detector during the
relative efficiency mea-
‘ : : surements.
' ' DETECTOR
. ' DATA
eFtYpicéi scattering angle - R.E. -signifies position dur-.
of differential cross o ‘ing relative: eff1c1ency
section measurement.- . 3 measurements.
y-permanent angle of neutron DATA - 31gn1f1es position dur-
source monitor with re- - ~ ing actual data acqul-
spect to the Zero degree ' 51t10n
line. _ :

' SRR | | Figure 2.11




‘ much smaller monitor, the monitor is moved toward the gas
cell (while carefully'maintaining angle ¢). Both these
changes of position (of monitor and detector) for the
\ relative efficiency measurement introduce error into Eq. (2-
19) as can be seen in'Figure 2,11,

The air contained in the hypothetical box betﬁeen
MONITOR-R.E. énd MONITOR-DATA attenuates the neutron flux
such that the number counted at the MONITOR-DATA position is
actually 1e$$ than it should be, Similarly, the number
counted by the detector at ﬁosition DETECTOR-R.E. is less

than it should be. Recalling Eq. (2-19):

q*(BENO) = CONx |
| N (K EW ) NMop(So) (En) 0 om0 EP)

cro

- : ero
we see that N”o ('\b EMM) M,N(S-O- ) , and yoc-rCE NS)
are all reduced. Therefore, G“(BoENO) is greater

| . NEG(BE) NG e b el £P)
i
i

than 0"(96'590) and a correction must be applied to
TRU

| : Q'CB,ENO) -+ We consider the following:

MEAS T -~ e'n_“__

T
n
o

where:

transmission

number of nuclei/barn

cross section in barns

Utilizing the expansion for éZf"qnyields:

T:é—nrz '~"¢_ +n1—G.L/2.'+-----.~'-



= |-T = ne-nd"/zt + .- - .. (2-20)

where R is the removal, For air we may write:
. = +
- nGJ . n”{%z YlD-l‘ Guo‘l-

where ’hLL and' C>¢ represent the correspondlng factors
for n1trogen and oxygen respectively., If we consider the

volume of a colunm of air as shown below:

, | i barn
-l
10 em

4

where ZS'ET represents the change inrdistance from R.E

measurement to DATA measurement for either monitor or
detector, we can calculate the removal, R, for both monitor
and detector, i.e., ignoring higher order terms in Eq. (2-

20) because no is small in this case, we can write:

“F?Dcr

Ruow = NG =(My, &, + N, 0

1 /]

Il

nG—DeT - (Y!Nt q\1"1. + noi qt)DeT

z>mou
Therefore:

Yoer (EWS) ( l?m) VTP (ensy

DeT
TRWE MEAS

® 70 ) [ NET® (b Enl
' | Mon( ) (\—Rnon} .N U('\I) }

TRUE MEAS
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On the average

r _ , Q: l ™~ /.£72.5‘
| = Roer '—_(QMON '
and
qv(PEND) = 0.95 ¢ (6, ENO)
T-_Ku,s . - MEAS

Throughout the range of neutron energies measured in
this expéfiment, the correction due to air scattering was
approximately five percent. The corrections were applied

automatically to the data by the on-line data analysis pro-

gram utilizing function AIRSC. AIRSC contained an energy-

cross section mesh for both nitrogen and oxygen and, there-
fore, considered the energy-dependence of the total neutron

cross sections of both those elements.

2.4.3 Multiple Scattering Corrections

The multitude of problems normally existing with proper

and accurate multiple scattering corrections are further

complicated on the very light nuclei because the energy of

scattered neutrons is considerably less due to the kinematic

shift and because significant resonance structure exists in

' the neutron cross section to be corrected. Also, the energy

resolution of the T.0.F, system changes from forward to
backward angles for a fixed flight path and fixed incident

energy. Multiple scattering corrections are, of course,

sensitive to this energy resolution. An excellent reference
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on mulfiple scattering utilizing the Monte-Carlo method is
Cashwell and Everett (Ca 59).

For multiple scattéring corrections to the present
data, A.B. Smiﬁh's Monte-Sample Multiple Scattering Code (Sm
75) from the Argonne National Laboratory (ANL) was employed.
It was the only program known to exist that was practical,
reliable, and usable on our IBM 360 computer and_fuily
applicable to this problem. This code was extensively
rewritten to Speed up thé long Monte-Carlo process and was
checked through more than 45 hours of IBM 360/44 computer
time., During this process, at each angle, plots of cor-
rection factors vs. the number of histories were made from
500k to 3M histories to assure convergenée of the cofrec-
tions. Many test cases were run on this revised code. The
code, as it has been rewritten at Ohio University, executes
approximately five times faster than the original ANL
version. While running times vary significantly with sample
size, transmission, etc., the code will execute for a sample
of 80‘percent transmission approximately one million
histories in 45 minutes on an IBM 360/44,

The Monte-Sample'Code will handle elastic and inelastic
scattering and reactions, and takes as input information a
total cross séctioﬁ library as well as . an angular.distri-
bution library, and therefore includes energy-dependence of
differential cross sections of multiple events necessary for
light nuclei., The code further employs an energy resolution

_quantity determined by the T.0.F. system as input informa-
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tion., Figure 2.12 is a plot of the angular distribution of
neutrons scattered from !!B at an incident neutron energy of
6.25 MeV, Figure 2.13 is a plot of the correction factors
fKIj'vs. angle for this same angular distribution taken on
118, From this plot average multiple scattefiné corrections
for most of the data can be ascertained. The data in this
expériment were corrected assuming a maximum of three possi-
ble CdllisiOns for a single»incidént neutron. The overflow,
i.e., the number of neutrons scattered more than three times
in two million'histories, was approximatelyllooo or 0,05
percent of the total number of neutrons incident on the sam-
ple. The multiple scattering code was executed for two
million histories for each angular distribution corfected.
From the statis;ics of neutrons scattéred per angle (bin
count) and from:convergence of correction factors vs., his-
‘tories, the uncertainty in the corrections was determined to
be approximately 1.5 percent, The correction factors vs,
angle were obtained fromvthe Monte-Sample Code and a program.
written for the Laboratory's IBM 1800 computer then applied
automatically the corrections to the data and finalized

cards were then punched for printing tables.

2.5 Error Anaiysis

As stated previously, the final question in almost any
nuclear data measurement is how accurately the data taken
fepresent the fealtsystem one has set out to measure., It is

the opinion of the author that the final error bars assigned
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to the data should attempt, as far as possible, to answer
just‘that question., That is, the error bars should repre-

sent the absolute and total uncertainly in the data, not

just statistical uncertainty or just systematic errors. The

folldwing procedure was employed to determine the absolute |
error in the data of this experiment.

We wish to determine a quantity, x, which is a functlon
of at least two other varlables, say u and v, which are

actually measured. The characteristics of x are determlned

from those for u and v ‘and from the functional dependence X .

= F(U,V,eee)s Bevington (Be 69) derives the standard

deviation for x, Z\ X , which can be expressed as:

o= Sl B 2 (E) R

The flrst two terms (averages of squares of dev1at10ns) will

presumably dominate. The third term is the average of cross

terms of deviations in u and v.simultaneously. If u and v
are uncorrelated, one would expect to find, on the average,
approximétely equal poéitive and negative values for these -
terms and their_cdntribution would vanish. Therefore, if |
the fluétuétibn in the observations of u and v are uncor- %

related, the equation for A X , Eq. (2-21), can be |

'written°
. 1 T : _
:AX = (_J_&() v(%é) ERETER (z-2t)

. If we now con51der a form of Eq. (2-19) with no terms



divided out, i,e., no simplifying assumptibns made, we may

F(BENO) = RSs® RMR™ RDs™ | Noit(gens)
’ N- RMD*. RDZ* €T® (Y ENM)

write:

croe

ND‘T(SO)} ;::‘::‘ENM) T(Ph)(o EPJ Y('\P’°$)x ";
N (50) Y:ZE(ENS) %oy (00€P)  Yimpos) Ns

(2-23)

To make Eq. (2-23) a bit more manageable, let us reassign

quantities in Eq. (2-23) as folléws:

RSS™ RMR* RDS?

CON =
N+ - RMD*- RDZ*®
CS' SO= SI:(B E”S) ' ;:‘; (S-O-)

N Wots ('VZENN) N iex (s-0:)

RE = Yer(enm) /YR (Eus)

X S = O\:r.(Pm) (O°,EP') /G‘;—(p,n) (OO;EP).
YNP = Y/nees) /Y(npos)
Then: NS - n; /ns

G’(B,E»o\ = CONx (SISO« RE X XS« YNP_; NS (2-24)
From'Eq. (2-22) and a little algebra we obtain:
At (8EN0) _ Acow”+ AT ARE®

¢i(pENO) CON®  Csise™  REY

. AXST  AYNPY | ANsT
XSs* YNPY  NS*

(Z -25)
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We now consider each term in Eq. (2-25). The first term
involves distances and the totai nﬁmber:of nuclei in the
sample, all of which were measured.to one perceﬁt or less.
The second term in Eq. (2-25) involves the counting
statistics which varied somewhat but were usually less than
two pefcent.v The statistiés of the third term, involving
relatife-efficiency,meééurements, were always iess than two
percent; The uncertainty in the shape of the zero-degree
yield of the tritium (p,n) reaction was considered known to
about one percent (Appendix 4). The fifth term in Eq. (2-
25), involving charge normalization, was assigned one
percent (Appendix 2) and finally, the iast term in Eq.'(Z-
25) is discussed in Appendix 3 and the uncertainty of this
term was three pefcént. Solving Eq.;(2-25) with the various

values discussed above yields:

A G(6,EN0)= 0045, ¢(BENO)

or an uncertainty in the measured differential cross section

of approximately 4.5 percent. When the uncertainty in the
corrections due to multiple scattering are taken in to
account, we arrive at

/\ ¢ (6eno) = 0047« ¢ (B,EN0 )

or a total uncertainty of approximately 4.7 percent. In
Section 2.6, where comparisons of angular distributions on
12¢ taken by the present system are compared with those of

several other laboratories, we will see that this error
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| -

b assignmént for the total and absolute error of the differ-

; ential cross sections of !!B + n measured in the present
experiment is indeed verified. The statistical errors in
Eq. (2-25) are taken into account automatically by the on-.
line data analysis program and, therefore, the error in the
data will reflect to some extent the counting statistics of

a given energy-angle measurement,

2.6 System Calibration and Accuracy

1 The present method of data reduction is dependent, as
| are other methods, on the stability of the electronic
systems during the experiment; This section will first
‘address itself to the problem of setting the bias level of
the main neutron'détéctor and monitof, and the'associated
problem of systém stability. Comparisons of measurements by
this system with those of other laboratories will then Be
1 discussed.
}There exist two prime objectives when the detector (or
‘ : ' monitor) Bias is set: 1) it should be set high enough to
‘ eliminate ba;kground or unwanted "noise'", and 2) it must be
set low enough ﬁo detect with good efficiency the lowest
energy neutrons one wishes to measure. A standard rule-of-
thumb used in this experiment was to set the bias at one-

“half the minimum neutron energy to be detected, e.g., if the

lowest energy neutron incident on 11B was 4.0 MeV, then at

1607degrees, the scattered neutron energy would be 2.8 MeV

and the bias would therefore be set at approximately 1.4
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MeV.

The procedure used in setting the bias was reasonably
simple. Compton spectra of recoil electrons ffom‘gamma rays
from the radioactive isotopes $°Co and !37Cs were accumu-
lated in the Ndcleqr Data 3300 multichannel analyzer (MCA).
60Co and 13?Cs gamma rays correspond to 1,04 MeV and 0.478
MeV maximum recoil electrons, respectively, These two
points (half'way.points on the Compton edges) give a rela-
tively good electron-recoil-energy vs, channel-number cali-
bration. Using an electron vs. proton energy response cufve
for NE224 liquid scintillator (Cz 64) and an extrapoléted
féSponse curVe based on NE218 (Ma 70), one can determiné the
channél corresponding to the electron-, and hence, proton-
recoil?energy'correspondihg to the neﬁtron energy at which
the bias is to be set,

As describéd in Section 2.3 and illustrated in Figure
2.9, the detector dynode signal was routed to an Ortec 460
delay line amplifier (DLA) and on to an Ortec 420 single
channel analyzer (SCA). The bias level or threshold was set
with the SCA in integrai mode and displéyed in the MCA so
that the proper cut-off channel could be verified. For this
applicatién, a bias level set to within 50 keV of the desir-
ed level was satisfactory.

| Significantly ﬁore important is the ability of the
 e1ectrqnic'system to maintain a constant bias level without
drifting., To insure that this was indeed the case, gated

and ungated spectra of %0Co and !37Cs were taken daily




utilizing the dashed line circuitry shown in Figure 2.9,
First; ungated (total Compton spectrum) dynode pulses were
accumulated in ADC's 4 and 5 for the detector and monitor,
reSpéctively. Then, thé same signals were gated by the SCA
(all signals greater than a cut-off or threshold le?él) and
‘again accumulated in ADC's 4 and 5. All this information
was stored oh'abaomputér disk. The runs were precisely
timad and radioactive sources were maintained carefully at
the same geometry for each of these measurements.- These
gamma checks were made at least once a day for the duration
of data acquisition, Figure 2.14 shows overlays of four
such checks throughout several days. The advantage of this
kind of check is twofold: 1) it demonstrates the stability
of the SCA used, ia this case, as an‘input discriminator and
2) it will Certainly show up clearly any drift of electronic
system gain from the photomultiplier tube to the MCA. As
can be seen from Figure 2,14, no discernable shift in either
input discriminator or ovefall system gain was observad.
Further, as can be seen from Figure 2,14, it is possible to
detect a drift of the discriminator as small as a fractional
part of a channel, but no change was ever observed in as
long as a_tw0-weék period in either the input discriminator
or the eiectronic gain of the system, |

With the neutron-producing and -detecting system as
described here-to-fofe, with the relatively simple scheme
'fof data feduction, and with the demonstrated stability

‘described above, one should certainly'expect to be able to
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measure absolute differential cross sections to within the
calculated uncertainty of 4.7 percent. Therefore, we turn
now to comparisons of measurements taken by this system with
those of several other laboratories with entirely different
schemes of data acquisition and reduction.

It is clear that a good check of the total system is to
measure the elastic differential cross section on a nuclide

that is élready well-established. Carbon-12 is such a

nuclide with pfevious measurements by Galati, et al. of the

University of Kentucky (Ga 72) and Perey, et al. of the Oak
Ridge National Laboratory (Pe 69). Energies selected for

measurement of !2C + n elastic differential cross sections

- were subjected to three criteria: 1) cross section measure-

‘ments must have already been made at useful energies for

this experiment; 2) the energies must not lie in regions of
significant resonance structure, and 3) the energies should
be spaced throughout the energy rénge of measurements on
llB.

Differential cross sections in this experiment were

measured for !2C + n at neutron energies (laboratory frame)

of 4.078 MeV, 5.048 MeV, and 6.940 MeV. The !2C sample used

was machined from reactor grade graphite to a right circular
cylinder with a diaméter of 3.00 cm, a height of 3.62 cm,
and a mass of 48,100 grams. The sample contained 2.414x102"%
carbon atoms and the multiple scattering corrections were
similar in magnitude to those for 11B diséussed earlier,

Figure 2.15 shows a graphical comparison of the elastic
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diffefentiél cross section at these energies with those of
Galati, et al. and Perey, et al. It is apparent that both
the shape and absdlute value of the data are in excellent
agreement'with both Galati, et al. and Perey, et al. Table
2.2 is a comparison of the integrated elastic cross sections
for the data shown in Figure 2;15. Table 2;3'1ists.the-
actuai differential Cross sectioﬁs taken with this system on
12¢ énd.further, data taken by a repeat measurement twb
months later at a different detector bias setting. The
agreement in absolute values of these two sets of data
establishes the consistency with which measurements can be
accomplished with this system. ‘

It should be noted here that the experimental ﬁethods

and correction codes for each of the three laboratories were

~entirely different., The fact that the agreement is so good

demonstrates the accuracy with which these points can now be
considered to be known. The relative ease and straight-
forward nature of these measurements compared to the

hydrogen scattering measurement should certainly establish

~ these points as practical calibration standards for neutron -

work in this enegy range.

2.7 Experimental Results

The data for this experiment were taken in four sepa-

rate measurements over a nine month period from June, 1975

to Februaty, 1976, The first measurements in June, 1975

~covered the neutron energies from 4 MeV to 4.5 MeV. The
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Neutron Energy (Lab)

4.078 MeV

White, et al. 1/76

White, et al. 3/76
- Galati, et al. Ky.

©5.048 MeV

White, et al. 1/76
White, et al. 3/76
Galati, et al. Ky.

- Perey, et al. ORNL

6.940 MeV

White, et al. 1/76
White, et al. 3/76
Galati, et al. Ky.
Perey, 7.03 MeV:

*Values quoted from réference Pe 69.

152.
153.
147.

94.
95.
94,
86.

48.
48.
48.
45.

Table 2.2

Bo (mb)

0 = O = oo

0
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Comparisons of the integrated elastic scattering cross
sections for '2C + n from the data shown in Figure 2.15.
All data were fitted via least-squares to a series of
five Legendre polynomials.

= 471By (b)

.92

1.93

i i

.85

19
.20
.18
.14 %

604 (mb)
611

614
601 *



Table 2.3

Comparison of !2C + n elastic differential cross sections
measured in the present experiment. Angles and cross sections
are given in the center-of-mass system. Cross sections are in

units of mb/sr. The errors in mb/sr for the 1/76 data are also
shown, ' . ' .

Neutron Energy (Lab) 4.078 MeV

Angle a(e) 1/76 o(8) 3/76 Error
21.6 362.4 368.1 15.9
40.4 209.7 213.0 9.2
58.9 95.6 : 97.5 4.5
77.1 61.9 60.1 3.0
94.8 82.5 78.2 3.8

112.1 113.6 113.5 5.4

128.9 155.8 163.5 8.1

145.14 245.7 242.2 12.2

161.6 - 312.9 319.5 14.5

Neutron Energy (Lab) 5.048 MeV

Angle c(8) 1/76 o(8) 3/76 Error
21.6 - 263.5 264.1 12.5
40.4 . 157.5 161.3 7.7
58.9 85.2 86.4 4.2
77.1 66.0 65.4 3.1
94.8 78.4 78.7 3.7

112.1 81.0 79.9 3.8

128.9 . 65.7 64.0 3.2

145.4 49.9 51.9 2.7

3.1

- 161.6 56.7 58.3

'Y

- 'Neutron Energy (Lab) 6.940 MeV

Angle o(6) 1/76 c(e) 3/76 Error
21.6 104.1 104.7 5.2
40.4 . 66.5 67.8 3.4
58.9 ' 41.8 ' 41.4: 2.1
77.1 41.8 - 43.9 2.0
94.8 50.8 51.9 2.5

112.1 - 51.0 49.6 2.4

128.9 34.8 34.8 1.7

145.4 . 21.5 20.1 1.2

1.4

161.6 20.1 | 22.9
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July, 1975 run extended these measurements to 5,5 MeV and

the September, 1975 run extended the measurements to 7.5

. MeV. In January, 1976 a remeasurement of the differential

cross sections for neutron energies from 4 MeV to 5 MeV and.

from 6.5 MeV to 8 MeV was made. This series of measurements.
(always overlapping with the previoué measurements) and re-
measurement afforded numerous opportunities fer comparisens
of'consistency'of'tﬁe differential cross section measure-
ments. The results on !2C + n, shown in Figure 2.15 and
Table'2.3, are typical of the consistency of‘measurements
also obtained oﬁ 1B + n,

The differential cross sections were measured for nine
iaboratory-angles from 20'degrees to 160 degrees at 17.5
degree increments, Figure 2,16 is a plot of a typical time-
Of—flight:spethum for both sample in and sample oﬁt.for an
incident neutron‘energy of 6,25 MeV and.scattering angle of
125 degrees, Figure 2,17 shows a normalized subtracted
spectrum of the two spectra in Figure 2.16. Tébular results
for the differential cross sections are given in Appendix 7.

Each angular distribution (center of mass system) was least-

‘squares fitted to a series of Legendre polynomials, i.e.,

.cv(Q,ENo) = Z B(eno) P (cos ?)

Figure 2,18 is a plot of the Legendre expansion coefficients
BL(ENO).as a function of laboratory neutron energy

for L values up to and including L=5. It is clear from

Figure 2.18 that partial waves up to and including f=2 (L=4)
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are present in this experiment., Figure 2,19 is a plot of
‘the Legendre expansion coefficients from a least-squares fit

with L=4, The Legendre expansion coefficients for all the

data are given in tabular form in Appendix 8. Also included

_ invFigure 2.19 are various angulaf distributions measured at
the indicated enefgies to show the changes in the relative
shape of those distributions with energy. From this figﬁre
several general features are clear. The d-wave (l=2)
sfrength becomes significant about 4.5 MeV. The large dip
at 5.5 MeV which has been seen previously (Fo 61, Ca 71) in
total cross section heasurements is pronounced through all
of ﬁhe Legendre coefficients and is therefore formed by d-
waves as partial waves with.f=2 is the only way to reach the
B4 coefficieﬁt. These resonance effects will be discussed
thoroughly in Seéfion 3.4 on results ;f the R-matrix

analysis.,
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"CHAPTER 3

DATA ANALYSIS

3.1 General Scattering Theory

It is apparent from the'previous chapter that a signif-
icant effoft is involved in obtaining differential cross
sections to an uncertainty of less than five percent. In
this chapter, it will be shown why this kind of measurement
is impoftant, i.e., how actual nuclear struttﬁre information
is derived from the measurement of angular distributions of
neutrons scattered from light nuclei, 'We first consider a
review'of the general scattering problem with the various
angular-momentum coupling schemes, We will derive the
relation between the scattering matrix and the differential
cross section in a given coupling scheme by partial wave
expansion and then consider the transformation of the scat-
tering matrix from one coupling scheme to another,

Section 3.2 will consider the R-matrix theory which is
a resonance theory suitable for application to the kihd of
compound resonance reactions observed in the Legendre poly-
nomial expansion coefficients of the differential cross

sections taken on !!B via the !!B(n,n)!!B reaction., The R-

matrix theory is essentially a reparameterization of the

sdatteringfmatrix in terms of more physically meaningful

(measureable) quantities. The outline of the data analysis

'scheme, shown in Figure 3.1, will be fully discussed in

Sections 3.2 and 3.3, A program to do the data ahalysis.was
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GENERAL OUTLINE OF DATA ANALYSIS SCHEME

R-matrix parameters-
level energies,
reduced widths, etc.

(j-j coupling)

> R-MATRIX

I

R-Matrix Theory

v
SCATTERING MATRIX
TRANSFORMATION: OF

S-MATRIX FROM j-j
TO L-S COUPLING

Rartiél Wave Expanéion
(L-S Coupling)

CALCULATED LEGENDRE

COEFFICIENT EXPANSION
OF DIFFERENTIAL CROSS

SECTION

EXPERIMENTAL
DIFFERENTIAL
CROSS SECTIONS

—»

LEGENDRE
POLYNOMIAL
LEAST -SQUARE
FIT TO EXP.
DATA

COMPARISON OF CALCULATED
—» AND EXPERIMENTAL
LEGENDRE COEFFICIENTS

v

Assignments of angula;}
momentum and parity to\
resonances ’j

Figure 3.1
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written. Salient points for this.pregram are as follows: 1)
the va;ious resonance parameters are assumed from an inspec-
tion of the experimental data, 2) a choice of either the j-3
or L-S coupling scheme is made and the R-matiix is formed,
3) the scattering matrix is formed from the R-matrix, 4) if
the couplingvscheme used is j-j, the scattering matrix ie.
transformed to L-S coupling and 5) the Legendre polynomial
expansioh.coefficients of the differentiallcrdss sections
are calCuiated in the L-S coupling scheme and compared with
those obtained By leeet-squares fitfing to the actgal data.
From thié comparison, definitive assignments of angular
momentum and parity for the various resonances of the com-
pound nucleus !2B may, in principle, be made. We will see
however, that in very compllcated spectra such as in the
present experiment, def1n1t1ve a551gnments may not always be
possibie, but probable assignments and relative strengths of
various partial waves contributing to the resonances may be
determined.v

The reason for forming the R-matrix in i-j coupling
will be explained in the next section. A qUeStien may arise
as to why, if the R-matrix is formed in_the j-j coupling
scheme, the calculated Legendre expansion coefficients are
derived from the scattering matrix in L-S coupling. The

answer 15 that 51mp11f1ed analytic expre551ons already exist

v(Bl 52) to calculate, in an efficient manner, the Legendre

coefficients from the scattering matrix in L-S coupling.

While the expression for the differential cross section in



72

terms of the scattering matrii in j-j coupling is not em-
ployed here, Abpendix 5 derives the proper expreésion which
may be used as a working equation for future reference.

- From this poiht an investigator needing this approach would
be able to work out a compacted formalism for the Legendre
expansion coefficients in terms of the scattering matrix in
j=Jj coupling similar to that already accomplished in L-S

-coupiing by Blatt'and Biedenharn (B1 52),

3.1.1 Angular Momentum Coupling Schemes

Let us consider the diagram below where a projectile
(neutron) is incident upon a target nucleus in its ground
state and is thereby scattered from that nucleus at some

angle 6 with respétt to its incident direction. -

PROTECTILE 7 ///”
: , } o / _

S Amy I,miMRGET

.

I, My’ (GrOunc' SToTe\

-

The quantities S and L represent the spins of the
projectile and target respectiyely, AW% and wa' are their
quéntum projections, The quantum number ;/ is thé relative
orbital angular momentum of the projectile and the target
and M, its quantum projection, The primed quantities
répreseht the outgoing chanhel, i.e., the Spihs and relative

orbital angular momentum after scattering. We are only
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going to consider elastic scattering, Therefore, the spin
of theAprojectiIe will not change, however, its projection
may. Similarly, the spin of the target nucleus will not
change but its projection may. As long as the total angular
momentum is'conserved; the relative orbital angular momen-
tum and its quantum projection hay change. An uncoupléd
wave function describing the system may be written as a

product wave function

Vot U Sm. Y Twm,)

where ]‘,Pml>, RS Ms7’ and 'IMI> are the wave fﬁnctions
describing the orbital, projectile spin, and target spin:
';fangular momenta reSpectively.' To solve the general scat-
tering pioblem a coupled wave function must be writien, and,
as there are several ways to vectorially couple the three
angular momenta, there are also several ways to couple the
wave fuhctiohs. We consider first the L-S couplihg‘schéme
where the two spin vecfors are coupled to yield an inter-
mediate '"'channel spin'" vector and this vector is then

coupled to the orbital angular momentum, i.e.,
— — . o -—3 -3
S; + I — /<§f Awp .// + };27__’ J
where Aéy'vis.the channel spin and :(-‘is the total angular

momentum. We méy write for the wave function:
v lSMS>’IMI> = ;(SIMSMI ’JM,J) IA’/% SI)

(3-1)



,>:Z(/jm,m IIMJIIM'&!7 (3—2)

The uncoupled wave functlon is represented by the coupled

wave functlon as follows:

'~ L Cxmomld, XA, 170) [TM 247 53

where /J'M.Id} represents the coupled wave functlon and
(S]:m MI,J%) and (/ﬁom‘MJIIM> are the vector coupling or
.~ Clebsch-Gordan coefficients (Co 35) which tell, essentially,
~how much of eech of the new coupled wave functions is neces-
sary in the sum to represent the uncoupled wave function. A
channel (either eﬁtrance or exit) is defined in L-S coupling
as a set of good qﬁentum'numbers :r hﬂ ,0 and gf in the
sense that |TM !,60) 1s an elgenfunctlon of the angular

A
1—
momentum operators :rl ;I; s , and léf y 1e€4,

:f~t l:rh4’0A4;>:;:f(:f+l)1$y":§h449AJ;>; eTe.

Let us now consider the j-j coupling scheme where the
projectile spin is coupled to the orbital angular'momentum
and this intermediate vector is 'then coupled to the ground

state spin of the target nucleus, i, e.,

/4. S—-a»,J AND I+j——-?I

We may wrlte for the wave function descr1b1ng this system:

w1 5m,5 = SChsmymg L) g 445 @4
o .




and , _ |
‘{M{>IIM17:Z(?],IM1'MIIIM) iIM»jI> (3-5)
& ,

The uncoupled wave function is represented by the coupled'
wave functions as follows: |

Voo~ 2 (Ismom [ gm) (GTmgme [TMY |TM T (-6
1 iT _

where leﬂiI> represents the coupled wave function and
(JSMJMSHM{) and (‘jIW‘i wﬂ}'MX are the vector coupling
- coefficients. A channel is defined in i-j coupling as a set
of good quantum numberS- :S‘, M, j ‘and L in a similar
sense to that given above, :For the reader who wishes to
delve further into angular momentum theory an excellent ref-
erence is Rose (Ro 57). The reason the R-matrix is‘formed
with j-j cOupliné parameters is that we believe the j-j
scheme best represents the physical situation for the ooup-
ling of !!B + n, The shell model has been successful in
predicting some states from a neutron particle-proton hole
configuration where the neutron carries in the orbital and
spin (intermediate j) angular momentum and then couples thlsr
with the ground state spin I of the nucleus 11B, Since
11B always has the same spin 1. , the states ITM1I> have
more .physical significance than ‘TM .?,J> We now proceed
to utilize the coupled wave functions developed here in the
next sectlon (L-S coupling) and in Appendlx 5 (3- J coup-

llng).



3,1.2 Partial Wave Expansion

Thevpurpose of this section isbto define the scattering
matrix, which contains. all the information of the‘scattering
process, and then, to develop the relationship between the
scattering‘matrix and the differential cross section (actu-
ally the Légendre expansion coefficients of the differential
cross section); Now the.éross section can be calculated

from the scattering matrix in j-j coupling, or the scatter-

ing matrix can be transformed from j-j coupling to L-S coup-

ling,andlthe cross section calculated in L-S coupling--it is

'still the same cross section. We choose to calculate the

Legendre expansion coefficients of the differential cross

‘'section in L-S coupling because efficient equations, from a

calculative poiht of viéw, have already béen developed (B1
52). Further, if one wishes to'form'the R-matrix parameters
in L-S coupling, then no transformation is necessary on the
scattering matrix before the differential cross sections are
calculated,

- There are numerous articles (Bl 52, Bl 52a, La 58, Wi
63)'in the literature on general scattering theory including
the relationship between the scattering matrix and the dif-
ferential cross section derived in L-S coupling, If is more
difficult to find references for the same theory developed
in j-j coupling and therefore, Appendix 5 considers the

theory in j-j coupling in detail, giving a final working

equation for future reference.
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We proceed here with the general scattering theory in L-
S coupling. From orthogonality properties of the Clebsch-
Gordan coefficients; we can write the coupled wave function

in terms of the uncoupled wave functions from Eq. (3-2) as

| follows;

34805 = T (M 7)o Loy > o

"My

We consider the total wave function as a sum of the incident

plane wave (which we will decompose into ingoing and out-

~going spherical waves) and the scattered wave (which is

composed of an outgoing spherical wave). Then thevingoing
part of the total wave function must be equal to the ingoing
part of the incident wave and the outgoing part of the total
wave function must be the sum of_thé outgoing part of the
incident wave and the outgoing part of the scattered wave.
The most general form of the total wave function will
consist, at sufficiently large distances, of the super-

position of ingoing and outgoing spherical waves as follows:

J ™ Lifke-PE) T +i(ke-O) |
Yal Y(A T mByE ) jamidy

rvViL
e TV rme | (3- %)

where lifhd;f,gﬁ> is defined in Eq. (3-7). We use the

superscript Agﬂ to imply that the channel spin is
specified., - Proper summing over possible channel spins is
carried out later. The coefficients on the ingoing and

TIM o IM : .
outgoing waves, /1ﬂ4 and 1.4 respectively, are not
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independent'beéause if the amplitudes of the ingéing waves
are known, the amplitudes of the outgoing waves are
determined uniquely by the wave equation. It is the
relatlonshlp between these two coefficients Wthh deflnes
the scatterlng matrix, i.e.,
B =) A :

| 24 GF e Ad U (3-7)
Because the Hamiltonian is invariant under rotation, the
scattering matrix cannot depend on M. We may write for the
incident plane wave:

4 ik;:/
’>éié - Cf? /29}41;;>

We utilize ﬁhe common procedﬁre of expanding this plane wave

into a series of partial waves, i.e;, :
»6/ . .o. v n ..- A |
Vo= (l/v)’?Zz ‘@141 delkr) 1402 | dm, >

where ’4?0> X(’o (9) » the spherical harmonic with no ¢

dependence, At large distances

i[kr—l’ﬁ;) —i(kr-drp)
- &

1£(kr) —_— |
r—= - 2ikr

We couple }}0? and I,Jm4>to obtain:
105 1.6m, 5 - 5 (140w, Th) [TMALS

and we may write for the 1nc1dent wave function:
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L(’T) Z({JDM‘,II‘M) 4(2’0*,)'/1..

IM,?.

- V-IW; +i (kr- '9
x{e('( /)—C " N}I.TIVM/? (3-10)

A cdmparison of the ingoing parts of Eq. (3-8) and Eq. (3-

10) y1elds N
AITM t(’ﬂ’V) t(}jom J-M) 4(2’04_ I_) Yo (3-11)

and from Eq (3-9) that

i((mv)™ 4 by v
Bjj = @;) Z(j/yDMAIIM)L (Z-QH) §j’j .(5-17.,)

where no sum over 247 is included as the channel spin is
specified for the present., Now Eq. (3-8) can be written

with primes on /e and Jand _.using Eq. (3-11) and (3-12) we

have: _ _ ’
6’_,__ im,)”q.' ’ s ™™ 'e’(ZIfH I —t'(/(r--?”z_)
}ﬁML— or ZZ'{C@JquI i yr e
- Ime . o o ) | |
| ¢ r-£7%% 25
-Z{JJO%/TM)L"&JH) 5’/4 €+ }{IMPJ}
£ .

3 (3-13)
Of course, the first part of Eq. (3-13) is identical with

the firét»part of Eq. (3-10) with primes:on,p énd,{/.

Therefore, adding and subtracting the following

v e +¢( r—ﬁ,t_ |
@ Z(uo 1TM) i ey S "”/mu?
KY rma
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. 14 ’ I'd
g < S
to Eq. (3-13) yields Yorﬁl,: /}p + ,}gcA‘TT » OT that

’

Ap Ity b ¢ .—,.O't
P e {Z(}Jom41rm)L(zf e i)

SfﬂTT | kr Tma

PP
A TMLL> = 5 (Adom 1 TM) it (2o S

ITmaL’ : /%,/J
xé*ifk"‘"’"%)/:rmw?} .
"Wj ‘U") Z(Nom 'T““)ﬂ(ﬂ’u‘)&(Cc 5 .. )é ‘(fgﬁz 7 ‘
SCAT  KYr xma il /4’/4

(3-14)
Decomposux_g ,I'M.!’.J')gives: :

[TMLS) = ZUJ?':, ,IIM)Iﬂ'm,.NXIMJ,} (3-15)

My ,
'Using Eq. (3- 15) and the fact that 6—“’”"_ ) —'j, Eq. (3-
14) yields:
d 2 S, dny
w? L L €S LS > s
ch'rr , o
Ay Ay

where (&, @) " is the form or scattering factor. We are

interested in the differential cross section for the

: : /
process ,6(»14 -—->,Jf;¢{)/, i.e., for the process from entrance
channel,J,-m'J - to exit channel ,g”'m’,r . The differential

cross section can be represented for this scattering process

as

/J », /ﬂ
d.%g, n, X | £78 ¢)4’ dSL @m
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b ' where )"‘ ///< is the de Broglie wave length d1V1ded by 2w

and the form factor or scattering factor,ﬂf(sfzp) is given

Jv /
)L(%O)m = )ittt (1dom, 17m)
- IMll'm,

! Y 3 A '.
(I,Jm,vMJ,IIM) (§§ S, ) Mm,? (3-/4)
- £’ JJ L4 A4 :

. - . _
where “M(>=¥,~/(p’¢) . Up to this point, the spin
projections My, 14141 have been specified, hence the
dependence of f%?QCP) on ¢._.For an unpolarized beam we
may average over the 1nC1dent spin pro;ectlons, ;¢ﬂf’ and

sum over the final sp1n pro;ectlons, ﬁﬂ%,, to get:

dJJ 2,J+/ ,,é};d 4,,4'#4 (3-1%)

Finally, the differential cross section independent of

_ v ’
channel spin ,5( (orlgf ) is obtained by averaging over the

possible values of )<f9 and summing over the possible

values of Kdal', i.e.,
da\' - (2»4*’) 0\__,
ST QT @sn) A

Eq. (3-17) together with Eqs. (3-18), (3-19), and (3-20)

(3-20)

~gives the final relation between the scattering matrix in L-
S coupling and the differential cross section. The counter-
part to this relation is derived in Appendix 5 for j-j

coupling,
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Blatt and Biedenharn (Bl 52) have simplified Eq. (3-19)
in that they have carried out the evaluation ofvK. (3-19)
with the following results as they apply to elastic neutron

'scattering:

:l% z}f“ ;B(JJ) (eose)d_Q (32

where

B,(44) o S ZUT AT A BT L)

TJJQJ'

x KF (fu uu)( u /J’/J>} (3-2¢)

The PL(ees®) are Legendre polynomials and R.P. stands for
the real part of the expression in brackets. }It is |
important to note that the Eq;'(4.6) of Blatt and Biedenharn
is incorrect in the definition of the Z coefficients. The
correct éxpressiQn for the Z coefficients is as follows (La

58):

Z(AT 43, L) {(zi’.n V(24 h)ZT, +1) (23e ;}"1

X Vk)ﬂj.z j tIt,/Jl.)(:p‘p C>C>II_C)) 63 23)

where W(/(IQ'._T;,}L) is the Racah coeff1c1ent as def1ned
in reference Ra 42, These Z coeff1c1ents, as stated in Eq.
(3-'23) are’ usually referred to as z-bar coefficienﬁts (-2_ )
and differ from the 2 coefficients of Blatt and Biedenharn

AP L
by a factor l
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As discussed in Chapter 2, the measured differential
cross sections are expanded in a series of Legendre

polynomials,

(B END) = Z B(END) (COSB)

MEAS

To make the calculated Legendre expansion coefficients

consistent with the ekpérimentally fitted Legendre expansion

 coefficients we redefine the Eq. (3-22) of Blatt and

Biedenharn (above) aé follows using Eqs. (3-22), (3-21), and
(3-20): - |

& (ara)(esn) /2*"*’) S s S

 E(OS AT, JL) . RP {(& $,- S )"

ALY 44 ,(,’J’/J

e (S0 8- S )} Pese) d0

4 44
or o | y v
¢ (B, ENO) =Z B (Eno) P(cos p)
CHLCULATED /=0

where

iy

[B(En0) = e _5_ '(‘4:—) Z2(43 4. TL)JL)

(2I+vv)(Zs-H) Pz oy

» Z(/ 343, ‘“) ?P{@/ 2t 1414)*6;/ /2 /u)}

4

(3-24)
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Eq. (3-24) répresenns the final working éxpression for the
Légendre expansioh coefficients calculated from elements of
the scattering matrix. It is this expression which was
utiiized in the Ohio R-matrix Analysis Program, ORMAP, def

scribed in Section 3.3.

3.1.3 Transformation of the Scattering Matrix

Since the study of different nuclei via the R- matrlx
theory may 1nc1ude different coupling schemes, it is de-
sirable to be able to form the R-matrix in either the j=j or
L-S coupling scheme. We have the necessary relations to
obtain the cross section from the Scattering matrix in L-S
céupiing:sb all thaf remains is to develop the transfor-
matibn which wiil transform-eleménts 6f the scattering |
matrix in j-j coupling to the corresponding elements ih L-S
coupling (Mo 76). We seek the transformation:

» SI p— S:

s 2444 |
where 15,45 is defined in Appendix 5. We can write for
elastic scattering the total wave functlons in L-S and j=j

coupling as follows:

| V;Z/rm ~ J [J(sr)J :m] Z .S o[x (5r) 83N

(3-2s)

,}b A1 In) J[(“ij TMJ Z ,S 0[(/5)1’1' IM]

(3-26)

where QQ represents an 1ng01ng wave, C) represents an
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. outgoing wave, and S represents the scattering matrix. We

want to find S _ﬂ,J in terms of Slf,'jj . Consider three

angular momenta and their total; ,), , ’fz ’ 43 , and 1.,6-, and

.let d = j' "’71. and 7 = 7:*73 . Then we may wrlte_ (Ro

57):

Vi = Z Rovse Vi G

drorM 1 - jw'r M

where

Iej‘"{ = (Zj”-H IL(Z:,"‘H)'/" W(zj‘:j‘tj"ror j‘s,j‘lj n) (3-28)

-and W(zj.{sz-mj‘,, 'j'j ") are Racah coefficients (Ra 42). 1f

we make the following correspondences:

A _1,4} clig |
A+ S — A + >
ol A
S-f— >/6/"' I

we can write:

NIZ3REIOE ;,,z[/rszm TM] R(STLd)  (3-29

and similarly: | | | |
O[(s)'1,IM]= 2 O[06e) LTTMIR(#'STL, §4")  (3-30)
. J/

Substituting Eqs. (3-29) and (3-30) into Eq. (3-26) yields:



b ’/’}}sm) ~Zi[ﬂ¢m’,wj R(4s3T, ;&)

Z_ S ZO[/(SI),J AN}R(MII,JJ) (3 31)
45 4114 I

-'Since R is unitary it can be shown (Ro 57) that:
ZRefReg - g‘{a L.C.J
e ‘ _

S RUSSL A RUSSE, 1 4)= § (3
: __ _

Using Eq. (3 32) on Eq. (3-31) we obtain:

,}pj‘ﬂ") Z R(JsIr)jgf) ’ijsr.wt«) ZJ[J&)J‘SM] %44 -

—Z 5 2_ R‘(ISII,J’J)O[! SI)J’IM:( R(4s1T J")
If Eq '(3-33) is compared with Eq. (3- 25) we find that _

S ZK(/STI:14)5 )2(,0511:,1%)

4ﬁ1.£4 417 13549
o (3-34)
Eq. (3-34) is the transformation we seek, It is the
expreésion which was utilized in the R-matrix program ORMAP,
described in Section 3.3, to transform j-j coupled elements

of the scattering matrix to the corresponding L-S coupled |

elements, -




3.2 R-Matrix Theory Formulation

The R-matrix theory is a way of parameterizing so that
the energy dependenée of the scattering matrix can be calcu-
latéd. It makes the approximation thét many quanﬁities are
enérgy independent, e.g., Y%, Ro, and b, all of which are
explained in the next section. It is most éasily applied to
resonances which are distinct énd.well spaced in energy, but
also, as this paper will demonstrate, useful in obtaining'
nuclear structure information where the compound spectra are
fairly complicated. The R~matrix_theory involves, essen-
tially, a reparameterization of the elements of the scat-
tefing matrix., While the elements of the scattering matrix
have a less direct physical meaning;fthe elements of the R-
matrix are, in principle, more directly related to nuclear
propertiés obtainable from experiment, e.g., the energies
and widths of the states, etc. The following discussion of
the R-matrix theory is separated into two parts: 1) the
derivation of the R-matrix and 2) the connection between the
R-matrix and the scattering matrix., While there are numer-

ous erudite articles in the: literature on R-matrix theory

. (La 58, Vo 59, Vo 62, Wi 63), the details are carried out

“here, in a hopefully consistent, readable manner which may

serve as a practical guide for future experimentalists in

neutron scattering experiments,
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3,2,1 Derivation g£ the R-Matrix Relation

In the R-matrix theory of nuclear reactions we,consi&er
two regions: the "internal" region where the nuclear poten-
tial is non-zerb and the '"external" region where the poten-
tial is zero. We consider these two regions tolbe sepafated
by a definite boundary. Let us consider a wave function 1er
in the "internal" region, i.e.,, a wave function describing a

number of nucleons in the volume L . Then:

H '\P,,,, - E ’T.NT. . | (3-35)

We maylexPand this wave'function.1ﬁmin terms of some
internal ovrt-hAogonél set, X,), where X,\ satisfies the same
Hamiltonian as Ywrand orthogonality is assured by the

appropriate choice of boundary condition, i.e.,

HXA = E, XA .(3-35)

fe d X = bc_ | (3-37)
X2 d 1 |

%= 2

Then from Eq. (3-36) and Eq. (3-37) we have that:

[X:X»’dl“" S (e

where T is the volume of the internal region. We can

.expand'TLras follows:

?mr = AZ(‘A X_/) | , (3-39) |




where: | | |
‘C)' = /Y:pv X:Cl r (3-40)
x . :

We may proceed to solve for the C:x as follows:

.'X;(H"P,'.,T? E v_’ﬁp...v) B | | | (3-4la)

(\P,.;T(H X, = E, X:) | (3-41b)

Subtracting and integrating these two equations over the

internal'region yields:

[( I»THX;-.. XA*H-’EW)C!Z =(E/”E)[?mr - cjl’ - (3-92a)

From Eq. (3-40) we see that:

Cy=(EsEY j(“f,.,,Hx,, XIHY, )t (s-uh)

-Ne assume that

'f_c(’i’.NTVX,;“—X,TV‘E;W)dtzo

We intégrate Eq. (3-42b) by parts (Green's Theorem) to get:

C/) (EA /‘hz (X,; T%; ’q/m'rv X;) CIS (3-43)

where the integral S is over the surface of the internal
region., " The problem is now to find expressions for \Z;i?ur

andeLw on the surface (i.e., boundary between the internal

and external regions). We write for TP in the external

_ /Ex, = Z; Ue 42 ' - (3;‘/")

region:
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where: Qz% channel wave function, 1.e.,, contains all

quantum numbers, etc. other than radial

function, and also the factor 1/r,

Ue

If we consider a surface in configuration space made up 'of

radial part of the wave function.

the intersection of incoming and outgoing channels, as seen

in the two-dimensional diagram below,

"Chansel " irg

exTeranl r<’;on

£ xlernal
REG R ~—p—

qj%:

A4

l

Dtlera ot
reyiou

) .
we see that the @ S are orthogonal IF we pick a boundary
surface equal to or larger than the surface formed by the

intersection of the incoming and outgoing channels., That

is, the overlap ///EAQ*CZ%,CjCS: will be zero, or
Je ,
[%"@aa’s -4, (3-45)

Since the @)S form a complete set of functions on a
boundary surface equal to or larger than the surface formed
by the intersection of the various channels we may use this

set to find expansions £01 V, Yerr and Te,fgr_l_ the surface. We

define the following ""value" and "derivative' quantities

respectively:
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V. ;‘(zja ) Ue(ae) (e
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Dc:(zjd ) e dUulre) (st
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YC:Q.,_

- where ¢ is the value of Y. at the channel surface.

These equations may be written in integral form as follows:

Ve :(Zmlf;cyis(ﬁ exr O’ S (3-470)
De ( zqmtyfcp Ve Te)ds ey

where"."}l:é,;.-,=Z(J¢Cpc (on the surface) may be used to show
e 2 _ :

and

equivalence'with'Eq. (3-46a) and Eq. (3-46b). Now Lexrand
vcﬁarrmay be obtained from Eq. (3-46a) and Eq. (3-46b) as

1 | Zu Cﬁr[ Z ZMch,)h.Vc (544e)

follows:

W)L [r AW | - T b0 R) g

YesOe

v( exrl 2%) (Dc - Ve )q); - (3-45b)
~ Recall: _,,,Tl le V?ml M (3-49)

TezQo YeTQp Yezae Fezc

| Equatlons (3-48a) and (3-48b) substituted into Eq. (3-43)

' y1e1d.

GeEEY ZO@UI-v D) 65
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where \/AZ and D,)*c are defined for X;,* similarly to Eq.
(3-47a) and Eq. (3}47b). Equation (3-50) is exact when the
_boundary sufface’is'equal to or larger than the sﬁrface
formed by the intersection of the various ingoing and
outgbing channels., Recall from Eq. (3-36) that we had for

the orthogonal internal states:

HX. = Ea X

*
szle dt: Cg,"_
T |
From the general boundary condition (Eq. (3-37)):

« -
(!E& Eiébb{ = tz; QR Ac— </ S;a ) :'lDL (3-s1)
’ XJ Clr" Qe . \/,qe. . Z)c

Eq.. (3-50) becomes:

Cy= (Ea-EY'2 Vi (BmboVe)
(E3-EV' 2 %e De -5 1

where:

L

where:

o]

Dc = D;’ be_VQ
Using this’valﬁe for C) in Eq. (3-39) we have:
" S X X) -,
V., =22 X5 Dl s
This equation relates the value offﬁhurat any point in the

volume 7 to its "derivatives" (actually derivative and

value) on the surface S. Operating on Eq. (3-53) with



Zmgd,

—i"—vf—y‘ R’ ds

yieldsf

?m&} ?’“’ CIS Z fz <k ’k )éﬁ s

E -E rd 20’
A e 9¢ (3—5")

Using Eq. (3-47a) in Eq. (3-54) we obtain:

\/ Z_ Rc’c. c (3-55)
where: | |

“Rr . REBR AT Xﬁc- | |
hee ‘A E,-E | (3-56)

‘Equation (3-55) defines the fundamental R-matrix relation,

i.e., the value in any channel is related to the derivative
quantityl]: in all channels. We may‘write Eqs. (3-55) and

(3-56) in matrix notation as follows:
V=RD° | (>-57

where:

x,)'

(3-58)

R -5
/)

E s
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- 3.2.2 Relation Between the R-Matrix and Scattering Matrix

We have, from Eq. (3-55), defined the fundamental R-
Matrix relation and have further given (Eq. (3-56)) an
expression for R in terms of various "internal" parameters
( Z(\Q and £ ) ). The problem is now to develop a relation
between the scattering matrix and the R-matrix. For an

external wave function, in general, we can write (from Eq.

(3-8)):
Va5 yh (AT -BON [THILY s
where: : | | _— |
E3 ‘¢ = EE f; végs HB ="§§A£¥ | (3o
From Eq. (3+55) we hm; | |
=2 Ree DS

The '"value'" and "derivative' quantities for the external

wave functions can be written as follows:

Vaz( B )?,__L u(p) I (&) —'/LM'C(P)I s

In
‘chdc V : Q a.

-

5 - (L B 'ﬂ\‘ﬁP"'“/ _(ﬁ_) o dup] s

EWc dg [A
c O’Pe | C{Pc_ Ye Qe

b

where

‘}Pc = K

Using Eq. (3-59) in Eqs. (3-61a) and (3-61b) and




substituting into Eq. (3-57) we have (in matrix form):

”"ﬁm -oB)- fZ{gp (TR-O'8)- by ora-oB)]

(3—619
Rearranging and factoring Eq. (3-62)(gives:

(Cp™ ROp™ +RHOF™)B = (Ig*: RIG™ RVL™) @

(3-63)

@@'t(ﬁ R(@@O"'b )B - TIp* (ﬁ lR@M b)) A

(3-64) -
Let:-
U._ @’QCNZD-' /e%a-# i P (3-£54)
IL = (?I ][—i = j - ’P (3-65B
and _ ’

L=Ll-b (=(Lb)arP) Bk
1 C-b (= (F-b)-iP) oy
where Agg>is the shift factor and !FD the penetration

factor. The diagonal matrix It) is the boundary condition

from Eq. (3-37). Then we may write for Eq. (3-64):
B-g"0'(4-RCVA-R )T A w

If we compare Eq. (3-67) with Eq (3-60) we find that:

8- ((7“© (4- /EILS A-RE ﬂf(p e 348)
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Equation (3-68)_give$ the reQuired connection between the R-

matrix as given in Eq. (3-58) and the scattering matrix as

~defined in Eq. (3-9). We define

. = (I./0.)" o (349)

r°= Qe

As can be seen in Appendix 6:

R = (%/I0)r.a, | (3-79)

: 1 ' . ae ,
w = (0.I.-T.0.) = 2i E-71)
. TezQe
Then:
. J
-7y e i Pc, I AL v
QbR =(5. I_coc_> =P O @-72)
_l, . T OC I l/q_ -"‘L— : |
@ tﬂ_c 1’ "'%; " —53> = Le Pe @'-‘73)

‘and we can write:

ST 0P ARES AP R e

S QAP A-RTIRP ) e | e

' °
The values for the scalar matrices ﬂ , P , and L are

derived and summarized in Appendix 6.

3.3 The Computer Program ORMAP

The Ohio (University) R-Matrix Analysis Program, ORMAP,
was written for this experiment and programmed on the
Laboratory's IBM 1800 computer, It is a multichannel,

multilevel program which,'for the analysis of data in this
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experiment, utilized three channels and up to five levels of
the same total angular momentum and parity (]“wj. The pro-
grém takes as input information the J and 4y of resonances,
the number of levels (of a given JT) with corresponding lev-
el energies Eh’ thernumber of channels, values of 6rbital,

channel spin, and intermediate j (j-j coupling) angular

momentum in those channels, the appropriate reduced widths,

boundary cbnditions, and background (or E% ) tefms. The
program utilizes a format- free assembler¢¥23d routine with a
sophisticated analysis of the input parameter cards to de-
tect possible errors in the numerous input parameters. The
program further takes as input informatidn the Legendré
expan51on coefficients of the exper1menta1 dlfferentlal
cross sections (see Section 2.7).

The program:ORMAP formulates the:R-matrix from the
various input parameters in accordance with Eq. (3-56),

NLS | v

c:'b’,_ o
Z Jact Doe + RO (3-76)

where l?o is the so-called background term, i.e., the

contrlbutlons to the cross section of resonance states far

T
removed from the region of interest, Aagt may be written

as: s
E x“ b""' v CONSTANT
C¢: Az 04+I Ea- |
We will see that ﬁ% ‘= constant is a reasonable assumption
ce

for the experimental data over a wide range of energies.,
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Once the R-matrix is formed, the scattering matrix is cal-

culated via Eq. (3-75),
€. Q2P A-REY'R P Q.

The R-matrix was formed with parameters in j-j coupling in
this anélysis. Therefore, when the scattering matrix is
calculated, its elements are in j-j coupling and must be
transformed to L-S coupling. This is accomplished via Eq.

|
(3- 34), |
|

Zrzasxr 14)5 twsu )

14/4 53

and in the program by the transformatlon subroutine, If the | ‘
usér specifies j-j coupling, the program uses Eq. (3-34) to
transform the scattering matrix to L-$ coupling before
proceéding to the calculation of the Legendre coefficients.,
0f course, if the user specifies L-S.coupling, no transfor-
mation is required,
| The final step in the calculation inrolves Eq. (3-24),

' £ | |
A EUTALT L) ST, A1)
(ZI+|)(Z$+!)‘{QI'_S‘1J,’ s

T -
{(u S 'u) (54” /8 SA'J,’/,J” | 1

Legendre expansion coefficients (B,_(E_NO)) were calculated

B ((ENO)=

arise as to why these [3 (END) are calculated and compared

from R-matrix parameters through L=4. A question might
to the ES&gquo) obtained from least-squares fitting of the



99

experimental data instead of comparing directly the experi-
mental cross sectionms. vThé reason for this is that over the
energy range from abproximately 100 keV to 8 MeV neutron
energy there exist roughly two hundred angular distribution
measurements of from five to}nine angles each. This is a
significant amount of data and it is more manageable in the
fofm of Legéndre expansion coefficients. More importantly,
the nuclear structure information we seek is mpré evident in
these expapsion coefficients as the partial waves contribu-
tiﬁg to pafticular resonances are many times evident direct-
ly by observing plots of the Legendre expansion
coefficients.

- The output of ORMAP is on a.Calcomp plotter with op-
tional listing of BL[EIVO) coefficients. The prograin first
plots the expansion coefficients of the experimental data
and then the coefficientsvare calculated from the R-matrix
parameters. A visual comparison between calculated and
experimental results is made and R-matrix parameters are
then adjusted accordingly to improve the fit to the data.
The computer execution time for one energy with nine pos-
sible values of angular momentum and parity, three channels
and five allowed levels per :rﬂf is two minutes.,

Mention should be made here of the use of an IBM 1800
‘computer for this type of calculation. With only 13K of
memory and approximately 50K of disk space available to the
user, and with the 1800 computer roughly firsf.generation

equipment, considerable effort was necessarily expended to
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make this program fit into the computer and to be efficient.
Since the laboratory's 1800 computer has no floating point
hardware, all angular momenta are doubled internally such
that all Racah and Clebsch-Gordan subroutines could be
written using integer arithmetic. Further, Eq. (3-24) was
summed over channeis instead of individual quanfum numbers;
reduting the sum over eight quantum numbers to a sum over
six channel indices. This same technique was employed in
Eq. (3-34), the transformation equation, and thereby |
provided the most efficient scheme for the extremely large
number of calculations implied by Eqs. (3-24) and (3-34).
Wﬁile.a}much larger, faster, and newer generation computér
is definitely more suited to this type of calculation, the
results considered in Section 3.5 demonstrate what can be
accomplished on difficult spectra wiﬁh a smaller and slower

computer and some clever programming.

3.4 Results of R-matrix Analysis

- The R-matrix analysis program ORMAP was used to analyze
the neutron elastic differential cross section data measured
in this experiment as well as earlier data of Lane, et al.

(La 70) and Nelson, et al. (Ne 73). Both earlier sets of

data have been previously analyzed with the R-matrix using L-

S coupling with certain restrictions on allowed channels,
i.e., 42 and no change of { between entrance and exit
channels. The present work represents the first time data

on !1B+n have been analyzed in j-j coupling and with a
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change allowed for the I-Values betweenventrance and exit
channels, Considering the ground state spin of 11y and the
fact that experimentally only Legendre coefficients through
L=4 were necessary to fit the data, thus 1mp1y1ng the
1nc1dent neutron beam contalns partial waves through‘I =2,
nine possible values of angular momentum and parity can be
formed for compound states in !2B from neutron elastic
scattering. Because of the large number of parameters
involVed'in fitting the experimental data, the boundary
condition in each channel was set equal to the energy
average-of the corresponding shift factor for each channel
and was not varied, While this choice is'rather arbitrary,
making the boundary condition equal to zero makes the
background tern, ﬁ?;ﬂr, more energy dependent (We 71).
Therefore, the present choice was made in an attempt to
Jm |

mlnlmlze the energy dependence of kirc . -

A considerable amount'of background (ﬁféz’ ) and radius
parameter variation was carried out through ORMAP before the
final backgrouhd-terms‘and nuclear radius were selected.
Figure 3.2 shows a plot using only the ﬁ?:w;erms for a
nuclear radluskparameter of 4.5 Fermls. These values were
used in the R-matrix analysis, Once this general background
is established, the analysis can proceed with variations of
J“'assignments,'level energies and level widths as discussed

in the following sections.
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3.4.1 Analysis of the Region from 0.0 MeV to 2.3 MeV

- Figure 3.3 shows a plot of the R-matrix fit to the data
of Lane, et al. from 0.1 MeV to 2.3 MeV neutron energy.
Table 3.1 gives the possible J™ combinations that can be
formed ffom neutrons eléstically scattered ffpm 11 with
partial waves up to énd including ,? =2 along with the
various R-matfix parameters used in all the fits to data in

the present work., Much of the difference from 0.0 to 0.6

MeV between this plot and that of Figure 3.2 is from the

effect of two largely single-particle bound states, i.e.,
17 at Ey=-0.75 MeV and 2~ at E,=-1.70 MeV. The very narrow
37 (=3 eV) d-wave state at approximately 20 keV and a very

narrow 17 s-wave state at approximately 1.0 MeV have not

been included in this fit. The 3~ state at 20 keV is so

narrow that its effect would be negligible'until the d-wave

penetrability becomes larger (see Figure 3,16) and then any
I ’

-effect would be included in the Ko, background term. The

cec

17 s-wave state at 1,0 MeV is narrow enough to be ignored in
the study of the major structure in this region.v The ‘
2% state at 0.43 MeV neutron energy is well fitted in both
shape'and magnitﬁde and its previous assignment is
confirmed. The broad 27 state at 1,1 MeV and the 47 state
at 1.26'MeV neutron energy are fitted well in shape and
reasonably‘well in magnitude. The 1t state at 1.77 MeV is
well fitted in shape and slightly low in magnitude in the

Be and B, terms, It is likely that a readjustment of the

background parameters would solve this problem. However,
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Levels (MeV)

Table 3.1

Reduced Width Amplitudes

R-matrix parameters for levels in 12B used for final fit as shown in Figure 3.6.
parameter used in this R-matrix analysis was 4.5 Fermis,

Backgrounds

The nuclear radius

('I'll

Boundary Conditions

En(]ab) Ex(cm) Ex(cm)

(MeV,em)/2

J"
Roc'c

4,60

1.09
2.85
4.80
6.25

0.43

7.59

9.10

3.76

G W W =t

AN O -

Yac

d-3/2

0.3

s-=1/2 d-3/2
0.70 0.00
0.30  0.20
0,30 0.45

p~=1/2

p-3/2

-0.28
s-1/2 . d-3/2
0.60 0.00
0.40 0.00
0.00 0.65
0.00 0.40
0.00 0.25

p-1/2

p-3/2

d-3/2
0.25

p-3/2

0.35

s-1/2 d-3/2
s-1/2 0.00 0.30
d-3/2 0.30 0.25
d-5/2 0.00 0.00

p-1/2
p-1/2 0.35
~ p-3/2 0.00

s-1/2 d-3/2
s-1/2 0.00 0.30
d-3/2 0.30 0.25
d-5/2 0.00 0.00

p-1/2
p-1/2 0.35
p-3/2 0.00

-0.
-0.

.500

.125

.000
-0.
-0.

500
500

125
125

.000
.500
.500

.125
.125

SO0t



Table 3.1 (continued)

Levels (MeV) Reduced Width Amplitudes - ___Backgrounds Boundary Conditions

T ' Yac : J"
J" En(1ab) Ex(cm) :EA(cm) (MeV,om) V2 v | Rog. _ B,
) d-3/2  d-5/2 d-3/2  d-5/2
3 2.58  5.73  2.285 0.28  0.20  d-3/2 0.25  0.00 (4=2) -0.500
5.31  8.24  4.77 0.35  0.35 © d-5/20.00  0.15 (1=2) -0.500
5.65 8.5  5.12 0.20 0,20 |
. p-3/2 ey
3 2.45  5.61  2.20 0.25 0.35 (2=1) -0.125
) d-5/2 d-5/2 |
4 1.26 4,52 0.3 0.95 | 0.15 (2=2) -0.500

90T
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these parameters were chosen to fit the entire region from
0.0 to 8.0vMerand in the beginning it was not known that
the data of Nelson, et al. (2.3<En<4.0 MeV) were low by 10%
to 15% (see Section 3.5). Therefore, the'background
parameters_shquld be readjusted to give slightly more
magnitude in the even polymomial terms, However, the fiﬁ to
the data is certainly sufficient to confirm the assigmments
of Lane, et al. below 2.3 MeV neutron energy. It should be
pointed out here that the narrow 1~ state at 1.0 MeV neutron
energy not included in this R-matrix analysis is not the

17 member of the[]P§:,|d5hJ particle-hole multiplet (see
Section 3.6) as it is much too narrow to be formed by this

simple coupling.

3.4.2 Analysis of the Region from 2.3 MeV to 4.0 MeV

Figure 3.4 shows a plot of the R-matrix fit to the data
of Nelson, EE al. from 2;0 MeV to 4.0 MeV neutron energy.
The two well-defined resonances at 2.45 MeV ahd 2.75 MeV
neutron energy have been previously assigned 3% and 3~

respectively and those assignments are confirmed by the

:pfesent R-matrix fit which is in agreement with the data in

both shape and magnitude. However, in the present R-matrix:
analysis, the broad state reported at 2.65 MeV neutron
enérgy by Nelson, et al. could not Be fitted assuming a

17 state as previously (tentatively) assigned. A 27
assignment to this broad resonance produced the solid curve

shown in Figure 3.4 while a 17 assignment produced the
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dashed lihe. It seems clear that the 2~ assignment fits the
data better, particularly in view of the fact that the data
of Nelson, et é;. appear to be approximatély 10% low in this
region (see Section 3.5). While there may be some support-
ffom shell model theory for a 17 assignment here (see
Section 3.6) the experimental data do not necessarily
confirm its existence at.this energy. This is an important
aésignment from the standpoint of nuclear structure and will
be considered further in Chapter 4. The present R-matrix
fit from 3.0 to 4.0 MeV leaves something to be desired.

Hundreds of cases of angular momentum and parity assignments

with variations in R-matrix parameters were tried without

success in fitting this region. While two 1% assignments as

'previously;(tentatively) assigned by Nelson, et al. are

shown in Figureé3.4, it is obvious that difficulty exists in
fitting the By and B, coefficients in this region. Positive
parity assignments helped to fit the B, terms and negative
parity assignments, the B, terms, as expected. However, no
combination could be found that would yield a respectable
fit to this region and it is concluded by the author from
hundreds of attempts to fit this region that either some

unusually complicated resonance phenomenon is occuring in

‘this region for which the correct R-matrix parameters yere

not found, or that the data are wrong.  Section 3.5 and

.Chapter 4 will further discuss the problems of the data in

this energy region.
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3.4.3 Analysis of the Region from 4.0 MeV to 8.0 MeV

Figure 3.5 shows a plot of the R-matrix fit to the
present data from 4.5 to 7.5 MeV neutron energy. It 1s
apparent from the_data and from the fit to the data that
this is a much more complicated region With which to deal.
First, the region from 4,5 to 5.0 MeV neutron energy'is.
composed of séveral narrow resonances which afe only
partially resolved by recent high resolution tofal Cross
section measurements (see Au 76 and Figure 3.13) and
resolved in the.present differential cross section
measurements as only a broad composite regonance. The
magnitude of the_B1 coefficient in this region is 1Arge’with
the By and By coefficients showing ohly increésing trends.
Numerous combinafionsvof positive and:ﬁegative parity states
were tried, but it was difficult to maintain the shape and
magnitude in By, and B, while increasing the magnitude of the
B, coefficients, and at the same time 1imiting the magnitude
of the B3'coeffi¢iénts. The final fit to this region is
only partially successful. Because of the complexity of the
problem, it is doubtful that further effort is warranted or
would'provide any more meaningful results since much of the
underlying’finer structure here is not resolved in this
experiment or even in the higher resolution total cross
section measurement of Auchampaugh, et al. However, a
certain amount of information has been obtainéd from'this
effort., First, in order to achieve a general shape fit to

this energy region in all coefficients, only states of
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Figure 3.5 Plot of R-matrix fit for 4.0<En<8.0 MeV.




negative périty gave.agteement. No combinatioh of positive-
parity states or combination of positive- and negative-
parity states camé even close to fitting the shape and
magnitude of the Legendre coefficients in this region.
Further, no sut;ess was achieved in the fitting with
negative parity states of’angular momentum greater that 2,
The fit to the data in Figure 3.5 in this region consists of
07, 17, and 2~ states (see Table 3.1). While these paiam-
eters give the best fit to data, they are not to be
construed as new assignments. They are undoubtedly not
unique and a different combination of 1~ and 2~ states may
give an improved fit to the data. As will be seen in
Section 3.5, these values of JV in this region are consis-
tent with what is known in the analog energy regioﬁ of 12C,
Another}difficuity with trying to fit the region from 4.0 to
5.0 MeV is that resonance structure from 3.0 to 4.0 MeV will
certainly effect the present fit from 4.0 to 5.0 MeV and the
present analysis has been unable to fit the region from 3.0
to 4.0 MeV. In spite of this difficulty, the numerous R-
‘matrix calculations with various combinations of states made
in this region suggest that this composite peak is made up
~largely of 17 and some 27 strengths, ‘

One of the main purposes for én R-matrix analysis of
ihe 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 obserﬁed by all total cross section measure-

ments in this energy region. Such a dip is ndrmally a
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characteristic effect of the interference between two states
of the same angular momentum and parity having roughly the
same probability for formation and decay in the same
channels, The»fact that this dip is seen in all the higher
Legendre expansion coéfficients is significant because it
imposes limits on the angular momentum and périty of the
resonance states which cause this effect. Sum rules of the
angular momentum coupling coefficients (Bl 52) limit the |
States'to'Z', 37, or 47 assignments, With 27 assignments at
5.30 and 5.65 MeV neuﬁron energy the magnitude of the fit
was too small to begin to give the significant increase and
interference effect seen in the B, and B, coefficients.

With 3~ assignments and equal reduced widths in both d~3/2
and d-S/Z'channeis (see Table 3.1) the fit in Figuré 3.5 was
obtained, Whilé'4f assignments gave'é better fit to the
data than 2~ assignments, they still did not produce as good
a fit as the 3~ assignments. As can be observed in Figure
3.5, the most difficult feature of these data to reproduce
via the R-matrix was the sudden and significant increase in
the B, coefficient around 4.5 MeV followed by the large dip
at 5.5 MeV. It can be seen that the fit to the B,
coefficienté is good in both sﬁape and magnitude.v It is
interesting to note that the best fit with 3~ assignments
was obtained with equal reduced widths in both d-3/2 and d-
§/2 channels (see table 3.1) even though the shell model

predicté mainly d-3/2 strength in this region (see Section

3.6).
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Beyond the pronounced-interferénce dip there exist two
resolved resonances at 5.84 and 6.21 Merneutron energy,
respectively. The resonance at 6,21 MeV shows evidence of
being a composite peak made up 6f two resonances but this
was not clearly resolved in either total cross section
measuremeﬁts'or in the pfesent data. - For the resonance at
5.85 MeV neUtfon energy the R-matrix analysis yielded a best
fit with a 1+'assignment. It is not clear from the:Legendre
expansion coefficients of the differential cross section
| whether this peak is present or not in the By term.

Negative parity assignmentsrgreatly increased the-magniiude
of the'B4 terms while the positive parity assignment gave

resonable shape and magnitude agreement in B,, B,, and

Bj coefficients while not affecting the'Bq coefficients, as

would be expected from the'aforementibned sum rules,

Therefore, this state has been tentatively assigned 1t,

The state at'6.21 MeV neutron energy has been assigned
a very tentative Z'Iand may well indeed be an unresolved
composite of two resonances. While the shape and magnitude
of the fit to this resonance are reasonable in most of the
coefficients the key factor for this negative parity
assignment comes in the B, coefficient which is the least
weli-fit; In order to get the correct shape of the fit to
the B, coefficients above 5,5 MeV it was necessary to |
postulate a negatiﬁe parity (d-wave) state to interfere with
fhe 3~ (d-wave) state, thus "forcing" the shape of the fit

to conform to the data. There can be no doubt that a
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feasonably strong d-wave state exists in this region. The
problem of the magnitude of the fit in the B, and B,
coefficients above approximately 5,6 MeV is due to this
interference of the 2; d-wa&e state with the 3~ d-wave state
at 5.66 MeV neutrdn.energy. It ié clear from Figﬁre 3.5
that not exactly the correct parameters have been found and
this may further be compounded if the resonance at 6.21 MeV
neutron energy is indeed two unresolved resonances.

A final interesting feature in this region is the broad
structure at 7.0 MeV neutron energy. No success whatsoever
was enjoyed in attempting to fit this structure with R-
matrix:parameters. From the data of Figure 3.5, it appears
to be composed of d-waves, but it is not seen in the recent
total cross section work of Auchampaugh; et al. (Au 76 and
Figure 3.13), Severél very narrow resonances have been
observed in this region'(Aj 75, Au 76) and it is conceivable
that they are narrow d-wave states, the unresolved composite
- of which is seen in the present work, As the terms which
make up the even Legendre polynomial coefficiehts contain
squared as well as cross terms, while the odd Legendre
polynomial coefficients only contain cross terms, perhaps,
on the average, the effect seen in the present data is
reasonable. However, no solid explanétion of this
phenomenon is available at fhis time. Figure 3.6 shows the
final R-matrix fit to the data of 11B+n for neutron energies

from 0,075 to 8,00 MeV,



116

2004

E
100+

D
+
o [}
o PN

+ UL

4004

3004

200+

ey o
*
T el s v, +

(MB/SR)

100+

COEFFICIENTS B,

=

0 v T - v - T - - v - T T T T v
6.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5. 6.0 6.5 7.0 7.5 8.0
NEUTRON ENERGY (MEV)

Figure 3.6 Final R-matrix fit to the data of 11lB+n.




3.5 Comparison of Data with other A=12 Experiments

There exists a very limited number of measurements of
neutron differential scattering cross sections on !1B in the
4 MeV to 8 MeV region (Ne 73, Po 70, Ho 69). Section 3.5.1
will make graphical and numerical comparisons with what is
known from the literature. Recent total cross section
measurements (Au 76) are compared with the present inte-
grated elastic data and the integrated nonelastic cross
section is inferred in Section 3.5.2., Comparisons of re-
sults obtained in other reactions leading to states in !2B

and to T=1 states in 12C are also discussed.

3.5.1 Comparison with other !!B + n Measurements

Nelson, et al. (Ne 73) have measured differential
elastic cross sections from 2.4 MeV to 4.4 MeV. A com-
parison of that measurement at 4,09 MeV with the present
elastic results is shown in Figure 3.7 and Table 3.2. The
curve in Figure 3.7 is a least~-squares fit of five Legendre
polynomials to the present data., Table 3,2 is a cdmparison
of the integrated elaétic CTOSS se;tions for various sets of
data. While the shape agreement is generally satisfactory,
Nelson's measurements at 3.99, 4,09, 4,19, 4.29, and 4,39
MéV average 7 to 15 percent low in absolute value of the
integrated elastic cross section when compared to the

present work. As the 4,08 MeV measurement was also a 12C+n

check point which demonstrated the accuracy of the present

~work, it is concluded that Nelson's measurements are 7 to 15
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Comparisons of the integrated elastic differential cross sec-
tions (cg1=4mB,) of other measurements with the present data.

Neutron (Lab) Energy

Table 3.2

White, et al.

Nelson, et al.

White, et al.
White, et al.

Nelson, et al.

White, et al.

Nelson, et al.

White, et al.

Nelson, et al.

White, et al.

Nelson, et al.

White, et al.
Porter, et al.

Porter, et al.

White, et al.

Porter, et al.

White, et al.

Hopkins, et al.

0é1=4wB° Difference

4.00 MeV 1374 mb

3.99 1131 17.7% low
4.08 1196

4.10 1202

4.09 1112 7.3% low
4.21 1221

4.19 1171 4.1% low
4.31 1235

4.29 1098 11.1% low
4.41 1260

4.39 1066 15.4% low
4,31 1235

4,31 1199

4.34 1403 17.0% high
4.82 1475

4.82 1761 19.4% high
7.52 1106

7.55 1270 14.8% high
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percent low in the 4.0 to 4.4 MeV region. Section 3.5.2
will discuss Nelson's measurements from 2.4 to 4.0 MeV. The
only other differential scattefing cross section
measurements in this region are those of Porter, et gl.:(Po
70). Figure 3.8 shows a comparison of the present elastic
'data'with two elastic measurements of Porter at 4,31 MeV and
4.34 MeV, Table 3.2 gives the integrated elastic cross
section for these two measurements which are only 30>keVV
aﬁart in a region wheré the cross section is known to be
slowly varying (see Section 3.5.2), yet there exists a 16
percent difference in these two measurements. It can
further be seen that Porter's 4.31 MeV measurement is not
consistent (within error bars) in shape with his 4,34 MeV
measurement and it is still further obvious that significant
difficulty_existé with the forward angle measurement of that
work, This difficulty has been confirmed in correspondence
with the group of researchers who performed that work (La
72). The only other measurement in this region is one at
4,82 MeV, also by Porter, et al. The shape and absolute
value of that measurement 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 approximately 18
pérceht high in the 4 MeV to 5 MeV region. |
There exists one measurement of the neutron
differential elastic scattering cross sectioﬁ at 7.55 MeV by
Hopkins'and Drake (Ho 69). The comparison with the present.

data at 7.52 MeV is shown in Figure 3.9. While the shape is
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pointé are approximately 15% higher than those of the
present wbrk; There exist some very narrow resonances in
this region and the 30 keV difference in the measurements
could contribute to the difference seen in the plot.. The
excellent agreement in shape and absolute value of the 12C
check point at 6.94 MeV for ‘the présent results compared
with those of other laboratories, and the éonsistenéy of
remeasurement of the ﬁresent data lend credence to the

measurement at 7,52 MeV reported here,

3.5.2 The Integrated Nonelastic Cross Section for !1B+n

123
in genefal agreement,vthe absolute values of Hopkins' data

Recent high resolution total cross section measureﬁents
of !1B+n by Auchampaugh, et al. (Au 76) at Los‘Alamos
Scientific Labofatory are compared in this section with the
integrated elastic scattering cross section measurements of
Lane, et al. (La 70) from 0.1 to 2.3 MeV neutron energy,
Nelson, et al. (Ne 73) from 2.3 to 4,0 MeV and the present
work from 4.0 to 8.0 MeV. Figure 3,10 shows the comparison
of Lane, et al. with Auchampaugh, et al. It can be seen
that the agreement of‘the two measurements is quite good as
should be expected sinée the first inelastic group from the
first excited state of !B is not reached below 2,32 MeV
neutron energy. As can be seen in Figure 3.11, the next
inelastic groups are reached at 4,85, 5.48, and 7.35 MeV

respectively. The (n,c) channel is reached at 7.24 MeV.

Other than the (n,y) channel discussed in the next section
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there exist no other reaction channels below 8.0 MeV.

Figure 3.12 shows the work of Nelson, et al. compared
to that of Auchampaugh, et al. Even though the first
inelaétic_group is reached at 2.32 MeV, it is unlikely that
the magnitude'and énergy dependence of the inelastic cross}
section can make up the difference between the total and
integrated elastic scattering cross section as shown in
Figure 3.12. In the work of Lind and Day (Li 61) the
excitatibh fuﬁction for the 2.14 MeV gamma-ray excited by
neutron inelastic scattering in !!B was measured from
threshold to apprqximétely 3.2 MeV neutron energy. With the
‘exception of a narrow'resonance af 2,6 MeV with a peak
height of approximately 40 mb, the cross sectidn 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 Figure 3.12,
Porter, et gl.:(Po 70) have measured the inelastic
differential scatterihg cross section at 3.18 and 3.74 MeV
neutron energy and have given for the integrated inelastic
cross sections 11 mb and 45 mb, respectively, whilg the
difference between the total ahd integrated inelastic Cross
sections for these samé energies from Figure 3.12 give
approximately 200 mb and 250 mb, respectively. Further
Adiscussion of these and related measurements in this energy
range are considered in Chapter 4, |

Figure 3;13 is-a comparison of the present work with

that of Auchampaugh, et al. Several general features are
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immediately clear. First, the strﬁcture agreement of the
two sets of data indicate a close agreement in the energy
calibration of the two experiments. Second, the change in
the ineléstic cross section is significant at approximately
4,5 MeV where significant resonahce structure is seen in
both the tqtal and integrated elastic cross sections.

Figufe 3{14 shows a plot of the integrated nonelastic cross
section obtained by subtraction of the present data from a
computer average of the data of Auchampaugh, et al. which
took into account the difference in résolution_of the two
experiments. The error bars on the data points in Figure
3.14 were assigned a value of 10% based on the absolute
error stated for the total cross section work of
Auchampaugh, et al. and for the 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 the preseht differential cross section measurements
is approximately 4,7%, the average error on the integrated
cross section of an angular distribution is only about 1.7%.
Since the (n,o) channel is not open below 7,23 MeV, Figure

3.14 represents the total integrated inelastic cross section

‘up to 7.23 MeV, This plot may be compared to measurements

of the inelastic cross section of Porter, et al. at 4.31 and
4,82 MeV. Porter, et al. obtained 70 mb for the integrated
inelastic cross section at 4.31 MeV which agreés almost
exactly with that obtained in Figure 3,14 at 4.31 MeV,

Porter, et al. obtained 16210 mb for the integrated
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inelastic cross section at 4.82 MeV while the present work
indicates thaf quantity to be 350£35 mb. The reason for
this factor of two discrepancy between these two sets of
data is not clear, and such a large disagreement indicates

clearly that careful measurement of the inelastic cross

- sections should be made directly for 4.0 to 8.0 MeV. The

uncertainty’ih the data of Auchampaugh, et al. is 1.5% and !
that of the present integrated work approXimately 1.7%. The

4.82 MeV point is only 230 keV from a measured 12C+n

distribution at 5.05 MeV, the results of which are shown in

Figure 2,15, Remeasurement of the !2C+n distribution at
5.05 MeV.showed consistency of the present.work to be withigr
% and in excellent agreement with that of Galati; et al,
(Ga 72). It is therefore concluded that the plot in Figure
3.14 is a more accurate representation of the integrated
inelastic cross section than that of Porter, et gl{

The only other inelastic scattering measurement on !!B
has been made by prkins,,g& al. (Ho 69) at 7.55 MeV. They'
obtained 52+16 mb and 168:25 mb for the integrated inelastic
cross sections from the first and second inelastic groups,
respectively. Estimation of contributions from higher
levels was 7040 mb for a total of 290£50 mb for the
integrated nonelastic cross section at 7.55 MeV. That value
from the present work is 380%40 mb. While the plot in
Figure 3.14 should;never be considered to be a substitute

for direct measurement of the inelastic cross sections, it

does provided valuable information on the average magnitude



132

of the integrafed nonelastic cross section frbm 4,75 MeV to
7.75 MeV, In addition, it clearly shows the prominent
interference dip at 5,50 MeV., This 1is significant because,
as discussed in Section 3.4, 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 3,15, a 4~ state can only
decay by d-waves to the second excited state of 1.lB (5/27),
and further, cannot decay to the first excited state of !1B
(1/27) for . less than 4. As Figure 2.18 indicated, there
exists no evidence that partial waves greater than £ =2 are
present, Figure 3,16 shows the penetrabilities forvs-, P~
and d-@aveé. The outgoing neutrons for the second excited
state of !1B (4,45, 5/27) would have only 420 keV of energy
and Figure 3,16 clearly shows the d-wave penetrabilityrfor
this enefgy to bé essentially zero. Therefore, since the
interference from the two resonances at Ex=8,24 MeV and 8.56
MeV is seen in the total integrated inelastic cross section,
4~ assignments can be ruled out. On the other hand, as can
be seen in Figure 3.15, the 3~ assignments allow decay to
both excited states, the { -values being consistent with both.

the penetrabilities and experimental measurement.

3.5.3 Other Reactions Leading to States in the A=12 SYstem

Related to the present measurements and R-matrix

‘analysis are studies of several reactions leading to states

in 12B and 12N as well as T=1 analog states in '2C., The

first to be considered is the !!B(n,y)!2B or neutron capture
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reaction, Imhof, et al. (Im 62) have measured the cross
section for this reaction from 0.14.MeV to 2.33 MeV (neutron
energy) and at thermal energy. The measured value of this
cross section for thermal neutrons is 53 mb. In the
neutron energy range from 0.14 MeV to 2;30 MeV there exists
some resonance structure but the cross section is in the
microbarn region throughout. Therefore, this channel was
neglected‘in the R-matrix analysis. There exists no known
(n,y) measurement above 2.30 MeV on !1B,

Recent measurement of the °Be(’Li,a)!2B cross section
has been made at E(7Li)=20 MeV (Aj 75) and 37 states of 12B
with excitation energies less than 14 MeV were observed.
However, no new assignments of angular momentum or parity
were made. States in !2B at excitation energies of 8.24,
8.58, 8.70, and 9.03 MeV seen in both the present work and
that of Aj 75 have been discussed in Section 3.4.3., While a
~great deal of study has been made on the A=12 system, there
exist few measurements on any of these nuclei in the energy
region corresponding to the present study on 12B where
direct comgarison of states can be made.

States in !2B are also of interest in the study of the
structure of !2C, The region of the present data on 12
correSpond; to excitation energies of approximately 22 MeV

to 26 MeV (c.m.) in !2C (see Figure 3,17). The states .

observed in !B are pure T=1 states and have their isobaric

analogs in 12C, However, the corresponding energy region of

12C contains both T=0 and T=1 states and therefore, the
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study of 12B should help to clarify the complex level
structure of !2C. Much of the work in this region of 12C
(the so-called giant dipole resonance region) has been
carried out via the 12C(e,e')!2C, 1le(p,y)IZC, 12¢(y,n)ticC,
12¢(y,p)!!B and !!B(p,n)!!C reactions. Of approximately ten
levels identified in !2C in this energy region, four have
been assigned 17, T=1 states, three have been tentatively“
assigned 17, T=1 states, one tentatively assigned 27, T=1
and two have no assignment (Aj 75a). At this point there
appears to exist no correspondence between the pure T=1
states in !2B identified in Section 3.4.3 and the T=1 states

identified so far in the corresponding region in 12C,

However, it should be noted that most of the experiments to

measure states in l2¢ ((p;yo), (v,p) and (y,ng)) in this
region will "select"ll-, T=1 states due to selection rules
(T change-self conjugate nucleus, parity change,‘and angulér
momentum change by one unit) and therefore states (such as
the pair of 3~ states) of higher angular momentum will not
be seen in these reactions.

Finally, recent measurement of the !2C(3He,t)!2N
reaction at E(3He)=49.3 MeV by Maguire, et al. have been
reported (Ma 76). States confirmed or new states_réported
in !2N in this measurement are at excitation energies of
2,42, 6,10, 7.13, 9.42 and 9.90 MeV., This work concludes,
basically, that by comparison with the analog region in the
mirror nucleus 12B, the structure of 12N remains poorly

known,



3.6 Comparison of Data with Shell Model Calculations

Most of the lower lying states in 2B can be reasonably
explained by simple shéll model theory (La 70, Sh 63, Pa 56,
Gi 64, Gu 68, Mo 71, and Bi 74). Considering the five
protons and six neutrons in 1!!B, we expect to see simple
ﬁarticle-hole couplings between the p-3/2 proton hole of the
target and a 1p-1/2, 1d4-5/2, 2s-1/2, or 1d-3/2 incdming
neutron which would manifest themselves as broad resonances
in the exéited structure df 128, The splitting within the
various multiplets formed by the couplings stated above is a
result of the residual interaction between the proton hole
and the last neutron.. Calculations of the this type, using
various residual interactions, are in agreement with
experiment, in particular the !!B(d,p)!?B reaction (Mo 71)
for the first four levels of !2B (Gu 68, Gi 64), i.e., the
ground state and first excited state (I*,Zf) arising from
the splitting of the[ﬁP;A_,IPvL] particle-hole multiplet
and the second and third excited states (27,17) arising from
theISplitting of the [l P;,.:_) 23'/,_] particle-hole multiplet,
In the states (unbound)‘observed from neutron elastic
scattering experiments, we are mainly concerned with the
structure arising from the coupling to the ground state of
11R the 1&-5/2 and 1d-3/2 neutrons. The proximity of the 1d-
5/2 and 2s-1/2 single particle states causes configuration
mixing with some of:the particle-hole states, as shown
below,

Lane, et al. (Lé 70) have made shell model calculations
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which included configuration mixing of the 27 states arising
from the D P;,-/',_‘ ZS-,,_] and DP—,,;', (dg/.L] particle-hole
multiplets with the results éhown in Figure 3.18, The
arrows indicate the displacement of the 27 levels as a
result of configuration mixing. R-matrix analysié by'Lane,
et al, have identified the 37, 2-, and 4~ states of the
[l?w:')lcigh] multiplet. From Figure 3.18 it can be seen
that the 17 member of this multiplet is predicted from the
calculation to be at approximately 5.8 MeV excitétion
energy. This predicted state is within 200 keV of the broad
resonance seen in the total cross section measurement of
Auchampaugh, et al. shown in Figure 3.12 at 2.85 MeV, and
provided the impetus for the measurements of Nelson, et al.
in search of this state., From their R-matrix analysis they
concluded.that this broad state is 17, It is clear from the
present data and R-matrix analysis as well as those of
Nelson, et al. that this broad state at 2.85 MeV neutron
energy is of negative parity and angular momentum of either
1 or 2. As suggested by the present analysis and shown in
Figure 3.4, this state is most probably a 27 state,
particularly when it is considered that the data of Nelson,
et al, are at least 10% low in this region. If this is
indeed thé case then wheré is the 17 broad resonance final
member of the [l?ﬁ;_,ldshj multiplet, or at least where is
most of its strength? Figure 3.19 shows the comparison of

the T=1 isobars in 12B and 12C along with the various

particle-hole configurations calculated by Gillet and Vinh-
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Mau (Gi 64) which'suggrest the 1~ member of the [IP;;;_,IJS/J
multiplet lies somewhat higher than that predicted by Lane,
et al. Birkholz and Heil (Bi 74) also predict the 1~ member
of that multiplet to lie somewhat higher than predicted'by
Lane, et al. Calculated cross sections for elastic
scattering of neutrons from !1B as calculated by Birkholz
and Heil és a function of neutron laboratory energy are
ehown in Figure 3.20. They state: "The 1~ member of the
(ld3/1"'83,;,) multiplet does not appearvin the spectrum (Ex<6
MeV)., It is shifted to higher energies and is spread over
broad resonances in the region Ex=7-9 MeV". A careful
observation of the total cross section data of Auchampaugh,
et al, in Figure 3.12 suggest that the broad resonance at
3.55 MeV neutron energy could be the missing 17 state in
queétion. This possibility is based on the fact that the
data of Nelson, et gl.»appear to be incorrect in both shape
and magnitude in this regien and that great difficulty was
experienced in the present R-matrix analysis in trying to
fit the data from 3 to 4 MeV (as well as the data from 4.0
MeV to 4,5 MeV). ‘A broad 1~ state in this region would have
d-wave strength probably mixed in both d-3/2 and d-5/2
channels and by the sum rules (Bl 52) would be observed in
the By coefficients thereby perhaps improving.the fit from
4,0 MeV to 4.5 MeV in the present data.

On the other side of the question one could equally
well ask the origin of a broad 27 state at 2,85 MeV neutron

energy since the 27 member of the [\P-;}_'“ ld;,,_] mul_tiple‘t is
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predicted 2 MeV or so higher., It is important to the
dévelopment of the nuclear model that properties of states
in this region be determined as accurately as possible
éxperimentally. ‘This should serve as strong motivation for
a remeasurement bf the differential elastic scattering cross
section from 2 to 4 MeV neutron energy. From these results
it may then be possiblé to test the model more fully and
more critically.

Finally, there'exists the question ofAthe energy and
ordering of the members of the[ng:, ldghjlmﬂxiplet. This
ordering, as calculated by Gillet, et al., is shown in
Figure 3,19, It is interesting to note that the 3~ member
of the[IPy,', Id%, ] multiplet falls within 100 keV of the
interference dip caused by the two 37 states in the actual
data. Of course, this high in excitation energy one would
not expect to observe the pure d-3/2 single particle -
resonance but instead considerable configuration mixing as
evidenced by the equal d-3/2 and d-5/2 reduced width
amplitudes used to obtain the best fit in the R-matrix
analysis. It is encouraging to note the similarities
between the actual data and the calculation of Birkholz, et
al. in this region, If is clear from Figure 3,20 that the
calculated partial cross section for channels with total

angular momentum and parity of 3~ show the interference

effect at approximately 6.25 MeV neutron energy that is seen

in the data at approximately 5.5 MeV caused by.-the inter-

ference of two 3~ states. Figure 3.21 shows the Legendre
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~ expansion coefficients as calculated by Birkholz, EE.El;
The relative agreement of those calculated coefficients,
particularly in the Bg and By termé, with the present
results shown in Figure 3,6 is good, Both structure and
reaction theory calculations are very difficult for these
light nuclei at excitation energies above the neutron
separation energy, and are usually hampered by a lack of
experimental measurements of J", Ey, etc, of states for them
to use as a guide in fixing values of some of the many
parameters of the theory. That, of course, is one of the
objectives of this work., It is hoped that the data and
analysis in the present work will encourage further
theoretical model calculations on this nucleus similar to

those already completed by Birkholz and Heil.




CHAPTER 4

CONCLUSIONS

The differential elastic scattering cross sections for
neutrons.scattefed from an isotopically enriched.sample of
11B have been measured for sixty incident neutron energies
from 4, 00 MeV to 8.00 MeV. These cross sections provide a
significant contribution to' the neutron data bese'needed on
118 for fu51on reactor designs employing boron ‘compounds as
shleldlng material. These cross sections- have been measured
by a neutron time-of-flight spectrometer system utilizing a
computerized data reduction program develeped‘for this ex-
beriment which was independent of the usual normalization to
some known scattering cress section and which had a deter-
mined absolute accuracy of better than S%. This accuracy
was determined by error analysis, measurement of several
well-known !2C+n cross sections, and numerous remeasurements
of both !1B+n ‘and known !2C+n cross sections in the energy
range of interest. While the mathematical error analysis
yielded standard devietions of the data, remeasurements of
the data and comparison of the 12C+n data with other
measurements together with the error analysis yielded the
absolute errors assigned to the data in Appendix 7.

While eonsiderable resonance structure in the compound
-nucleus 12B kas known to exist in the region of the present
experiment from total neutron cross section measurements on

11B, the present measurements represent the first time that

data have been obtained from which significant nuclear




structure information for 2B could be derived at these
energies. In order to verify nuclear states already
assigned and to explore the possibility of new state assign-
ments in !2B, an R-matrix analysis program was written and
used to analyze all the known neutron elastic scattering
data for neutron energies of 0.1 MeV to 8 MeV. Further, all
known neutron differential elastic ﬁcattering data as well
as all available total cross section (using an enriched 11B
sample) and inelastic neutron scattering data on !1B+n was
compared to determine, along with the R-matrix analysis,
consistency of the data and possible new structure
information.

| Several conclusions have been drawn from this analysis.
First, the neutron differential elastic scattering data of
Lane, et al. from 0.1 MeV to 2.3 MeV'neutron‘energy is in
excellent agreement with recent total cross section measﬁre-
ments of Auchampaugh, et al., and further, the present R-
matrix analysis using j=j Coupliﬁg is entirely consistent
with the older R-matrix analysis in L-S coupling of Lane, et
al. The state aséignments in this region are therefore
considered to be verified and the data are considered to be
an accurate representation of the neutron elastic differ-
ential scattering cross section ih this region.

For the region from 2.0 MeV to 4.0 MeV neutron energy

it is concluded that new measurements of the neutron elastic
differential scattéring cross sections, i.e,, remeasurements

of the data of Nelson, et al., are requiréd. There are
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several facts to subsﬁantiate this conclusion. As discussed
in Section 3.5.2, there is a 10% to 15% disagreement in
magnitude between the total and integrated elastic cross
section in this fegion. While the first inelastic channel
is open here the difference between the total and integrated
elastic cross section is an order of magnitude different
from several measurements.of the inelastic cross section in
this'région. In the region of overlap with the present
measufements, those same déta are low in magnitude by 10% to
15%. In the work of Ajzenberg-Selove, et al. (Aj 75) in
which the states of !2B were studied via the °Be(7Li,a)12B
reaction they state: "In the region-bf overlap with other
measurements, principally studies of !!B+n, the agreement is
very good, All the states reported in‘ilB+n are observed
here with the exception of !2B*(6.6,6.8). The latter is
broad and could have easily been missed above the
multiparticle background. It is not clear whf 12B%(6,6)
(Jf=(1y+,_gm.=l40 keV) is not populated. A careful search

at emfll° to 41° reveals no indication of it". It is in

this region that significant difficulty existed in trying to

fit the data of Nelson, et al. with R-matrix parameters in
both that analysis and in the present analysis., In varying
R-matrix parameters in the present analysis, it appears
there may indeed be negative parity (d-wave) states in this
region from 3.0 MeVlto 4.0 MeV instead of the presently
assigned positive parity (p-wave) states. Further, the 17

state previously assigned at Ex=5.8 MeV has been shown in
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the present work to be fitted better with a 2~ assignment,
and higher resolution cross section measurements show that
this broad reéonance is closer to Ex=5.,98 MeV than to
Ex=5.80 MeV as.présently listed in the literature., It is
concluded ffom'thé present analysis that this state is
definitely either 2~ or 17, but a definitive assignment to
this state as well as the other questions raised herein must
await a remeasurement of the neutron elastic differential
Cross séttion—from 2.0 MeV to 4.0 MeV,

R-matrix analysis of the present data from 4,0 MeV to
8.0 MeV has yieided new definitive assignments of 3~ to two
states in !2B at excitation energies of 8.24 MeV (5.31 MeV
neutron energY) and 8.56 MeV (5.66 MeV neutron energy),
réspectively. The 37 assignments to these two levels
explains the prominant dip long seen in the total cross
section a#-S.S MeV neutron energy; The resonance observed
at 8,73 MeV excitation (5.85 MeV neutron energy) has been
tentatively assigned angular momentum and parity of 1* and
the resonance observed at 9.07 MeV excitation (6.22 MeV
neutron energy) has been assigned a very tentative angular
momentum and parity of 2. The possibility exists that the
resonance at 9,07 MeV excitation is a composite of two
unresolved resonances. In the region from 7.55 MeV to 7.90
MeV excitation (4.55 to 4,95 MeV neutron energy) the
resonance structure resolved by the present measurement
consisted of states with angular momentum no greater than 2

and only negative parity. This is consistent with what is



known in the isbbaric analog region of !2C, A broad
reSonancevcentefed at 9.8 MeV excitation (7.00 MeV neutron
energy) ana éleafly'observed in the even polynomial terms of
the Legendre expansion coefficients of the differential
cross sectibn has not been observed in the total cross
section measurements and little success was achieved in
fitting this structure with R-matrix parameters. Whether or
not this structure is a composite of several unresolved
narrow resonances is not known at this time.

'Subtfaétion of the present integrated elastic déta from
the total cross section data of Auchampaugh, et al. indi-
cates that there exists resonance structure in the inte-
grated nonelastic cross section (total integrated inelastic
cross section below 7.25 MeV neutron energy) above 4.5 MeV
neﬁtron energy aﬁd that the inelastic cross section beyond
this eneréy is roughly twice that measured from an earlier
inelasticjmeasurement at 4.85 MeV by Porter, et al. A
comparison of the integrated nonelastic Cross seétion at
7.52 MeV from the present work with that of Hopkins, et al,
at 7.55 MeV showed somewhat better agreement with aboﬁt a
25% diffefence between the two results, It is clear from
the pfese#t work that roughly 20% of the total scattering
tross secfion from 4.5 to 8.0 MeV neutron energy consists of
inelastic scattering. Because of the significant
discrepencies between previously measured inelastic cross
sections and the present work and because the inelastic

cross sections are important in the use of boron compounds




for shielding purposes, new measurements of the inelastic

ne&tron cross section for !!B need to be made. While no
inelastic channels were considered in the R-matrix analysis
(because virtually no inelastic data exists on !1B+n at
these energies) it is not expected that the basic
conclusions of the R-matrix fitting will be affected.

The felative agreement of very difficult shell model
calculations on 1lZB up to 10 MeV excitation energy with the
neutron scattering data is encouraging. Further accurate
neutron scattering data and accompanying R-matrix analysisr
would be most useful to encourage further model development
and calculations of this type. To improve the neutron
scattering data base for 11B as well as to acquire new
nuclear structure parameters for the compound nucleus !2B
from the corresponding analysis of those data, it is
recommended that the first effort in the future be directed
toward measurement of the neutron differential elastic

scattering cross section from 2.0 MeV to 4.0 MeV neutron

energy. From such a measurement, with subsequent comparison

‘of the integrated elastic scattering cross section with

available total cross section measurements, an indication of

the magnitude of the integrated inelastic cross section from

threshold to 4.0 MeV neutron energy could be obtained.
This, with the present work, would serve as a guide to
further measurement, recommended as the next‘priority, of

the neutron differential inelastic scattering cross

. sections.
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APPENDIX 1

FINITE GEOMETRY EFFECTS

We consider here the finite geometry effécts not
discussed in Chapter 2, These effects derive from the
finite-sized neutron source (gas cell) and the (relatively)
large scatteriﬁg sample, These effects cause an increase in
the energy spread of the neutron time-of-flight pulse, an
anisotropy:of the incident‘neutron intensity on the face of
.the sample, and an increase in the angular spread about the
scattering angle 6 as shown in the following exaggerated

diagram:
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ENO ié the zero.degree neutron energy and ENO' is the
neutron energy at angle'¢. The average angular spread in
this experimental set-up is apprdximately +3,5°, iThis is
based on the assumption that the full width at half maximum
or average angular resolution is approximately half the

maximum possible angular deviation obtained from the



dimensions of the scattering sample, the source-to-sample
distance, the detector size, and the'éample-to-detector
distance. While this is a relatively large spread,
experimentél factors dictated this geometry and for the
cross sections measured in this eXpériment this spread in
angle has little effect on the data as is discussed below.

From the kinematics of the T(p,n)3He reaction the
neutron eﬁefgy may bevcalculated for ¢=3.5° and compared to
the energf at ¢=0° to obtain the average energy spread
caused by the finite geometry of the source and sample. The
average spread in energy throughout the neutron energy range
in this experiment was approximately 29 keV. This is to be
compared with the *20 keV to :30 keV absolute spread caused
bybfhe proton enefgy loss in the gas cell and therefore,
does not significantly increase the width of the neutron
'pulses. |

Using the Legendre expansion coefficients of the
differential cross sections for thé T(p,n)3He reaction from
reference Li 73, the cross sections for angleé between 0°
and 3.5° may be calculated. The change in the differential
Crbss section for this reaction is very small (less than 1%)
up to 4°. The neutron flux from the source is, of course,
proportional to this cross section and therefore the flux
change is also small to 4°. Therefore, thé intensity in

neutrons/cm2 on the sample is essentially uniform and no

correction for nonuniformity of the incident neutron

intensity was made. .
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Finally, fhe effect of the £3.5° average angular spread
on_the value of ¢(9) must be considered. The effect of this
angular spread might be significant only where the
differential cross section 1is rapidly varying and for the
present data that occurs only for the first two or three
angles at most (see Figure 2,19). Consider the following

diagram where the angular resolution of the experimental set-

up is bt 4P:

o(8-06) |- —-
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| |
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The fOllowdng quéstion arises: for a specified angle 6 (with
éngular resolution £a46) by how much does the measured crosé
section 0°(6*A8) differ from 0°(#) ? It can be seen from
MEAS TRUE
the diagram above that if the cross section is linear in the
interval #-46 to #+48 then the mean value measured for the
cross section will in fact be the same as the true value at
angle 8. For the cross section data measured in this
experiment, the linearity‘of the cross sections over *5° for
the first;three angle measurements of all angﬁlar
distributions varied no more than 1% from a straighf line,
This was verified for the data in Appendix 7 by using the

Legendre expansion coefficients in Appendix 8 to expand the
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cross sections around the first three angles of\each ahgular
distributién for each degree up to *5°, and then comparing
o the averagé of these cross sections With the mean cross
section measured in the experiment. The results agreed in
all cases to better than 1%. Therefore, no further
corrections, other than those already discussed in Chapter

2, were made to the data of Appendix 7,




APPENDIX 2
CHARGE NORMALIZATION

As discussed in Chapter 2 on the data reduction scheme,
the relative efficiency runs were charge normalized. The_
charge normalizatibn was carried out by a very accurate and
sophisticated bgam-current-integrator (BCI) designed and
constructed by R. L. Young, formerlylof this laboratory.

The accuracy of the current integration was completely in-
sensitivefto accelerator tuning and beam focusing. Consider

the following diagram of the gas cell apparatus:

.Z/VJU[/!TOR.
™ Saine Mo Foil
=

RBREAM LINE 4 /Omil Au BEAM <TOP

—— — —

TRITIUm GGAS CELL
/

(N
- Ao
rd AN

: Ve &T————~—_w* CI!
/8 - e TRAUTALUM \i\\_\. ~§%‘\
LOlLLimMTOR } \‘ l
fotL imATs R )

TO uPAmMI U W
FLIRMALE

LUuRRELT

[/VoT To ScALE - FLECTPON SuPPRESSIon RING For2 GAS CELL
: NOT SHowum]

This diag:am'is intended to show schematically how the charge
collection operated. The 1/8-inch collimator was such that
all protons in the incident beam passing through the colli-
mator weré collecfed irrespective of the focusing conditions

of the beam leg. As can be seen from Figure 2.4, the gas cell
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was cooled by a jet spray of air and water. Measures were
taken to keep all apparatus except the actual gas cell dry.
Léak#ge current between the gas cell and supporting apparatus
was held to less than 0.1 nanoampere, with the jet spray
working and a 300 volt potential on the electron suppression
ring. Many tests were performed to measure the detector and
monitor counts vs. accumulated charge for various modes of
beam tﬁning, focusing and defocusing, and varying currents.
In no mode of operation could the ratio of detector or
monitor counts to'accumulated charge be affected. Of:cdurse,
considerable effort was expended during the relative effi;
ciency measurements to make sure that the beam was in a well
focused, stable mode. It is important to note that even
though the beam-currént-integrator is definitely accurate
enough to do absolute charge normalization, it is only neces-
sary for ﬁhe data analysis scheme used in this experiment to
be able to do relative charge normalization. That is, a
leakage currént or other difficulty which was consistent
throughout the relative efficiency measurement would not
affect the accuracy of the result.

For thé relative efficiency measurements, the following
table gives a random sampling of detector and monitor counts
vs. an accumulated charge of 0.2 millicoulombs in each case.
Each run was repeated at least three times and the on-line
relative éfficiency program then took a simple average of
the detector (and monitor) counts for each energy (to be

used in the on-line data reduction program) .




b DATA FROM JAN. 76 HIGH ENERGY RELATIVE EFFICIENCY MEASUREMENT

Detector Monitor _
' Neutron Energy Counts Neutron Energy Counts
4.335 MeV 80906 4.040 MeVv 27583
: 81103 27592
: 80238 27903
/ j 80276 27875
5.407 MeV 55794 ~ 5.047 MeV 20405
: 55553 19989
55685 20135
56160 . - 20336
6.323 MeV 40900 5.907 MeV 14990

' 40923 ' 15169 . |

41009 15100 |
41326 o 15040
- 7.388 MeV 30707 6.907 MeV 11097
30512 10914
30590 : 11041
30625 ' 10845
) 7.994 MeV 27506 7.457 MeV 8571
o a 27324 8694
. - 26947 8737
26888 8613

The values in this table are consistent with all relative
efficiency measurements and it is clear that the one per-
cent error assigned to charge normalization in Section 2.5

/ is conservative.



- gas cell volume by V; and that of the external reservoir V.

APPENDIX 3

GAS CELL HEATING EFFECTS

The‘scheme for data reduction requires that the number
of tritium nuclei per cmz, ng of Section 2.2. remains con-
stant during the relative efficiency measurement. The reader
isvreferred to reference Mc 72 for an experiment performed on
beam heating in gas targets at Los Alamos Scientific Labora-
tory. Basically, let us assume the:initial gas pressure and

temperature to be P, and Ty respectively. We designate the

Assuming an ideal gas we have:
| RV, P |
e YT o Vo - k(N‘T"'NO) (,)

+
where k is Boltzmann's constant and NT and No are the number

T T

of molecules initially enclosed in the cell and external
reservoir respectively. As the beam heats the gas in the

cell the pressure will increase and we may write:

T Ts |
But
EYI = kN-r’ ‘ (3)
_r .

where NT' is the number of molecules in the cell at tem-

perature T. Using (3) in (2) yields:

| kNT’ +;Y° = k(N + N, ) | | @)

Rewriting (1) gives:



Ry

To T,

K(Nr+f\)°§—a‘)°- : .

Rewriting (4) gives:. S
PVe o K (Nr o N.) - ko @
To '

Subtrécting (1) from (6) gives:

(P P)Vo 2 PV _ k?NT/ ()

o

Multlplylng (7) by T /P Vi gives:

P- Voo 1~ kNgT

= (&)
UTPRs v
But: : :
Vs |ony,
kKTo
Thereforeﬁ
LN o
’\)T T Po
where

AP (P- o)

Equation (9) has been verified experimentally (Mc 72) and we
see that if the change in pressure, AP, is zerd, then NT'=NT'
It should,be understood that this does not mean for beam-on
and beam-éff conditions but that the pressure must not be
allowed to vary during beam-on conditions during the relative

efficiency measurement. The pressure was monitored by a

Wallace and Tiernan differential pressure gauge with a sen-'



sitivity gf 0.06 psi. It was never observed to vary during
the relative efficiency measurements mainly because the cool-
ing spray mixture of air and water was very efficient at re-
moving the heat from the gold beam stop.

In the error analysis, a 0.06 psi change was assumed
even though the consistency of remeasurements of the differ-
ential cross section indicated that the pressure did not
actually vary 0.06 psi during the relative efficiency measure-
ments. Therefore, the three percent uncertainty assignéd to

this term in the error analysis section is very conservative.
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APPENDIX 4
TRITIUM (p,n) ZERO DEGREE SHAPE

. The aata reduction scheme utilized in this experiment

' requires a knowledge of the shape of the T(p,n)3He zero de-

gree cross section. This requirement follows from the né-
cessity to calculate the ratio | ; |

0;'(9.") (O' EP )'/6\;'(?

R A

") (O'EP> '

in Eq. (2419). The data from several experiments (Pe 60,

‘Mc 72a) and an evaluated déta set (Li 73) were compared with

the results plotted on the following page. The curves through

the various data sets are drawn only to guide the eye. While

e theré exists small normalizétion differences'between the data
sets, it can bevseen that the overall shape agreement is quite
good. AThk data set used for the actual calculation was from
reference Li 73. The required ratio above calculated from

any of the data sets gives the same results to one percent or

a ‘ less, justifying that value for the assigned uncertainty in

Section 2.565.
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APPENDIX 5
GENERAL SCATTERING FORMALISM (j-j coupling)

This deveiopment in j-j coupling will essentially par-
allel that of Section 3.1.2 and the reader is referred to
Sections 3.1.1 and 3.1.2 for an explanation of the terms
used in this Appendix. The most general form of the total
wave function will consist, at sufficiently large distances,
of the suﬁerposition of‘ingoihg and outgoing spherical waves

as follow55

Ashiy M -ifkr-d,) pIM 4,(/<r~hr7, . |
'}70’01731_ rv"-—Z (A 'B )/TM117 ®
where f ' '

TIm S ATM
5{1 ',; S”ﬁ' Aj—/ (2

For purposes of this derivation we shall specify the ‘projec-
tion spins mg and my; in the incident channel. Proper
summing over these quantum numbers will be carried out later
on, We may write for the incident plane wave:

Witz . | g
¥ :€k2/5M57/IMI> @

ne
We utilize the common procedure of expanding this plane wave

into a series of partial waves, i.e.,

/}/" :t-@ff) Z J@?/ﬁ/%y}([’n oo [Sms) ITMrD ()

4=0

Proceedlng in a fashion similar to Section 3.1.2 we may write:

Mgy —_
/}le -~ —;:(_71} z/‘{&?/*/_) t//.s‘om,/j'm’ )(/.Zm_‘,ql /J-M)
T Juy
x (é'i/kr—h’-_)_ €+t fk"— % )/J_Mj I7 )
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s If (1) and (5) are written with primed quantities jand 4.,/
a comparison of the ingoing parts of (1) and (5) yields: |
TM N e I/L ' . 1
- Yy / o/ . Y 7
A = 050 mg [ ) Ty me 10) P04 @
and from'(Z) that:

By - e 25, (tcom i Dosne ) 0.
: 1

2y
Rewriting (1) w1th (6) and (7) yields:
Msud p i ((kf—”V ) :
‘ﬂ-} /) 4
%m ( (sz (i) " (Psom g s )y 2 wr/fﬂf)f £ I1TM{T)
j (hr-4'0e)
~ *C r- (3
};Z;r Sw (Gt ﬂsom;/fm,)(flnmr/“ffje IImg )6

_ Slnce the first part of (8) is identical with (5), adding

and subtracting the following

,,_ () r'-l A
] ;(77) Z‘ @k 1) (jsous 5 m,)(j I”S“’I/SM)5+ (3 ,:V Jom;ir

3:”7’ ‘ls‘ﬂr % Ussqr 4', Al
to (8) yields %Tm-: ae * Tsear , OT that

73 . o | (- 177
g ,‘(m {Zt Gosi)* Hoowsls “'5)(/[“41“’!/5“4)51‘ /3—’”: zp

ke /’7/.,_)
i *”:’:”1 L (Uﬁlj ‘-[psé,m,/jw;)(j[%tu]/lu‘f)é R /‘T’":/”[)?

k2y % @

i ‘Recognizing that we can write
L) Yo ) |
(7)™ (P eoms [y, ) (G amy ur)TH) =
——— ' ’2- ' ‘
; L‘pjf/) Mfo%/fm,)[f[q,mz/IM) cf_;_pr A;‘j‘ /

e}
we may write (9) (after factoring out common parts): .




’“-*‘"S )" . / . \
%6977' ) ‘(r 2‘&’*’]"’//5”’”1/1“’5)(jI"x wiy [TM ]
JUQ/;’
. ' +i(kr-¥77, ) L :
X/J;J’S;\j‘/ S/// 6 ,&/IMJI.L> (/0}
Using the fact that C'MWL - 4 -4 and that the decom-

—

position of /IM S’ > is

[TMGI> = D (4 5miml§ i ) (572w frbg) [ 254 [ >

MMy
we may write for (10)
Ms Mz hr — Ms Mg Mp udr

y = é g 7£ (Sﬂ gp) /SM;’?/IMI’>

SCATT - =
where - "Mz° .

ﬂs'“;,ﬂz‘-ﬁ 2 .
7[(9'99) = 1(77) fZ_zj 2/#/) //‘0‘/:/;/“0_)//‘1"!;&![ /JH_)

g R

, T ‘(’
X[j 7‘/1/0‘{2’/IMJ //S“f_/"/ /f./“ff")(é;(' 4’3 S/ /J ) )/ (’f} (II}'

Eq. (11) represents the final expression for the scattering
factor 1n13 J coupling. Finally, since our detector is not
sensitivefto spin projections we average over the incident
projections and sum over the outgoing projections to get:

As Mg’ Wl ruqp. z
> [ Fed) 40 e

(ZS*'/(" I41) ong mg gz My

ag® =

For any two scattering amplitudes having all their spin
prdjectiohs reversed in sign, by Clebsch-Gordan coefficients

and spherical harmonic properties, one can show that:

.'7"’5/“_"55"‘41,"‘41’ ing. P , A Wy ly'
J[’(f‘?-cﬂ) e k)

where g,/ = Mg +17 - M - and therefore, we can write:




FEe ] [FEo

Utilizing these expressions reduces the number of terms in

the sum’(lz) by a factor of two.
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APPENDIX 6
DERIVATION OF R-MATRIX SURFACE TERMS

" For a free particle wave function V = 0 (for neutrons)

HY-=EY.

‘and we may write:

where: , :
2 z -~
H - ﬁ :’: "7’“- (CL,Q, -E—- _/L
27 AL . ) amc

If we write:

%%ﬁmzﬁu;ﬁw&f4wwﬁpﬂ%ﬁ%%,

then:

—j__ (rzd Pﬁ(fl) 4 /ﬂ*’}#leﬂ‘) - E,ee(r/ o

2Me rl &r =
M Ft

e——

s
™ ar(rl %gf“-(”) ; }%U Retrr + KT R0 =0,
where: ' :
k*=z2wmb
.-H-'L-—

Then:

QQ-L + 2 fg ¢ k" - j/Jw)) Pn(“) =0
r rt

If we let p = kr we have Bessel's equation:

A Retes . z GB_(_(P/+_(1_@-/))RP(W =0
Gﬁ P" P c{(3 S

fhe linearly independent solutions of which are (for r+«):



//;(pi — _(1;_ c,mz(lo -1{__(94/))
”4(?)“"”-{-’)-%« ({J-I::(,Q-l—l))'

or combinations thereof, i.e.,

pr |t d(pTchen)
{j(/) = 4(/J z z//(f/ — -(;*@

We choose ;our _Z;,/,, and O, py solutions as:
T,00= ~phios = ~ip(£s-ine)
; ‘ - ‘ ‘
N ‘/’/(m = P (4el? +{ NeP))
Regular and irregular solutions are chosen as followsf
{(P_’ = 0P ed A%(/)/ = PE)
Then it i; obvious that:
L i
Oy = AT+ Fe
'/{c_ = (/f)c>//19 e = »vé? *If/%
/ rz
Pl +iH
/éﬁ/ + z-7é€ |

]

" where:

/f§25 # /7;; = /ii Cf,[gzz

/47»7 AR /M-MJ) |



Then: [ﬁf«ﬁ/y 7/7/7

Z{’ E:/:%Z[ ;]’ e, 7[,15/ - 71452;’=.2{

. Where (+) stands for positive energy solutions. Further,

: /'—- -¢¢ -'gﬂ( -
Q.- O\ (2 (22 )

Ao #¢ Fe /?&C?’ + L

=z
It can be shown (Mo 50) that:

AN N %
." A /
x(éa _f{ffg = 4222 - ,//;?i_ c¥Q7

dp
where:
Z (o) ! Re)!
””’_ o (X /ST CH-R) 1GE) ™"
Then '
Hr = P

%(M A
D, - p- a0
Peor = pm AT (S

L= r ol AN
| P =-'/%"~}Iv __//

' | —_ ’/Z = P+
LR
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If we consider only orbital angular momentum values ja 0, 1,

and 2 we have, for example, for the matrices n , /P , and

° 11 m - ' :
ZL » for B + n and J" = 1™ the following:

e o O
R 0., = % o
: -c‘&L
o &




APPENDIX 7

TABULAR DATA OF DIFFERENTIAL CROSS SECTIONS | 1
| . _ ‘




ENERGY

| 11B + N |
CROSS SECTIONS AND ERRORS, C.M, (MB/SR)

ANGLE, C.M. (DEG)

LAB- » v
(MEV) 21.8 40,7 59.3 77.5 95,2 112,5 129,3 145.7 161.8
4,00 312.1 220.2 124.5 58.1 41.5 54,5 83,1 105.,8 114.9
13,7 9.7 5.8 2.7 1.8 2,5 3,8 4.7 5.5
5.08 265.1 175.3 95,3 S51.4 40.7 52.8 79.4 101,7 116.5
: 11.6 7.7 4.4 2,4 1.8 2.4 3,6 4.5 5,6
4,10 262.6 181,0 99,0 48,8 39,0 53,4 77.1 105.4 118,2
11.2 7. 5.4 2.2 1.8 2.3 3.5 4.7 5,7
4,21  256.8 176.0 97,3 46,1 36,4 53,1 87.9 121.8 139,1
11.1 7.7 4,3 2,2 1.6 2.4 3,8 5.4 6.6
§.31. 253.0 172.1 86.9 43,8 37.7 57,0 94.6 135,3 159,8
10.8° 7.5 3,9 2,0 1.7 2.5 4,1 6.0 7.5
5,41  256.5 175.4 89,3 44,1 36.3 57.0 96.3 141,3 169.7
| 10.8 7.6 4,0 2,0 1.6 2.5 4.3 6.2 7.9
4.52 269.4 181.6 91.0 &44.2 40.0 64,4 101,7 148.7 177.8
11.3 7.8 4.1 2,1 1,7 2.8 4,6 6.6 8.3
4,57 306,1 191.0 99,2 52,7 40,0 58,1 101,7 147.6 186.1
12.7 8.3 4,5 2.5 1,9 2,6 4.6 6.7 8.8
4.62 322,7 205.4 109.9 56.5 40,7 52,5 93,3 141,5 181.9
13,2 8,9 4,9 2.6 1.8 2.4 4,3 6.4 8.5
4L.64  345.4 216.0 109.9 55.7 39.6 52.4 90.8 138.2 166.4
14,3 9.4 4,9 2.5 1.9 2,4 4,2 6, 8.0
4.67 344,7 218.7 115.9 58,0 42.6 57.1 95,2 146.,1 183,5
14,2 8.4 5,1 2,7 2.0 2.6 4,3 6,7 8.7
4,72 376.9 218,1 113.7 55,3 42,9 59,9 92,2 145,4 182.1
< 15,6 9.6 5,1 2.6 2,1 2.9 4,4 6,9 8.8
4,77 357.0 203.6 104.4 51.5 Lu4.6 57.8 99.9 153,5 202.8
4,9 8,8 4.8 2,4 2,1 2.8 4,8 7. 9.7
4,82 371.3 209.3 99,4 50,6 41,5 55,1 91,8 149.8 206,2
15.5 9.1 4,6 2.4 2,0 2.7 4.4 7.1 9.9
4,87 379.0 200.0 84,9 48,1 45,7 53,3 81,1 135.,4 188.5
16.0 8.6 4,0 2,3 2,3 2,7 3,9 6.5 9,0
5,93 361.8 196,8 83.9 47.9 50.4 56.3 76.5 117.1 168.6
15.2 8.6 3,9 2,3 2.4 2.7 3.8 5,7 8.2




11B + N

CROSS SECTIONS AND ERRORS, -C.M, (MB/SR)

ENERGY ANGLE, C.M. (DEG)
LAB -
(MEV) 21.8 40.7 59.3 77,5 95,2 112,5 129.3 145,7 161.8
4,98 364,5 182.5 76.4 51.5 56.1 62.9 81,3 122,5 173,9
15,4 7.9 3.5 2.4 2.5 2.9 5.8 5.8 8.4
5.03 352.6 180.7 73.4 53,0 59.4 63.3 80.2 123.5 17&.6
' 14.9 7.8 3.3 2.5 2,7 3.0 3.7 5.9 8.5
5.08 354,0 186.0 72.4 52.3 63.2 69.6 81.7 130.1 183,7
14,8 8.0 3.3 2.4 2,8 3.2 3.8 6.1 8.8
5,13 383,5 180.9 70.7 51.2 62,3 64,6 74,9 120,8 172.1
6.4 8.0 3,3 2.4 2.8 3.1 3.7 5.8 g.4
5.18 398.6 182.9 68.4 51.8 63.b 63,1 75,0 118.9 175.5
17.0 g.1 3.1 2.4 2.9 3.0 3.7 5.8 8.5
5.23 '-h11.8 190.6 66.8 54,7 64,5 60,9 71,6 120.4 190.5
17.4 8.5 3.1 2,5 3.0 2.9 3.6 6.0 9.3
5.28 421.8 184,7 64,9 55.2 73,4 70.7 77.2 128.8 200.2
17.7 8.3 3.1 2,5 3.3 3.4 3.8 6.4 8.7
5.34 kh5.7 194.2 59,4 55,0 88,5 88,1 86,1 127,3 193,5
18,6 8.7 2.9 2.5 3.9 b.1 b.3 6.2 9.4
5.39 k17.3 177.5 53.2 51.1 -93.4 99.6 87.6 106.8 141.0
17.4 8.0 2.6 2.4 L,1 b.7 h,2 5.2 7.1
5.ub 344,9 162,6 51,1 46,8 83,0 92,5 78,1 80.5 97.0
14,6 7.1 2.5 2.1 3.6 4.3 3.7 4L.0 5.1
5.49 287.9 140.1 54.3 42,0 64,7 79,5 76,5 72.1 75,1
12.4 6.0 2.5 1.9 2.9 3.8 3.6 3.6 3.9
5.54 256.0 139.3 60,6 37.0 52.4 70,2 84,1 106.5 118.1
11.0 6.2 2,7 1.7 2.4 3.2 4.0 5.1 5.9
5.59 320.k 157.2 62,0 41,5 61,5 78.6 93.2 136.4 178.2
13,8 7.0 2.9 1.9 2,7 3.7 4,6 6.6 8.7
5.64 367.2 169,8 53,8 4u., 4 77,2 92.3 101.u 139,0 184.6
15.6 7.5 2.5 2.1 3.3 bL.3 4.9 6.7 9.0
5.69 .370,3 177.6 56.8 46,9 77.2 95,1 100,3 127,5 161.4
15,6 7.9 2.7 2.1 3.4 b.b 4.8 6.1 8.1
5.74 353.3 178.3 58.0 49,3 78,3 91,5 90.1 108.6 130.9
14,7 8. 2.7 2.3 3.5 L,2 b,k 5.3
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370.7 183.0

60.0

15,5 8.1

5,79

2.8

61l.8
2.9

8.5

387.0 194.,4

5.85

16.4
'385.7 193.9

62.9
8.l 3.0

16.5

5.90

61.5

369.7 184.6

15,8 8.1 2,9

5.95

59,4

361.1 183.7

2,8

8.1

6.00

15.4

57.6
2.7

14,4 745

333.6 169.7

6.05.

338.6 167.9

Goloi

7.3

14,7

57.8
2.7

7.6

367.4 174, b

6.15

16.0
437.8 216.2

71.8
9.6 3.“

18.9

6.20

76.6

19.7 10.3 3.6

4L60.0 230,.6

6.25

67.0

430,7 223.5

3.2

18.4

6.30

10.0

65.1

18.6 9.6

4L36.8 213,9

6.36

3.2

4O7.6 207.2

64,6
3.1

17.6

6.41

9.3

412.2 190.3

61.
2,

17.8 8.6

' 6.46

376.2 192.1.

62.3
8.5 2.9

16.2

1 6.51

58.4
2

8.2

379.6 186.6
16.2

6,58
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- : : 11B + N
3 - ' CROSS SECTIONS AND ERRORS, C.M.A(MB/SR)

- ENERGY - ANGLE, C.M. (DEG)
LAB -

(MEV) 21.8 L40.7 59,3 77.5 95,2 112,5129,3 145,7 161.8

22.4 46,8 60.7 60.2

6.66 398.8 186.6 54.9 69.5 83.8
17,0 8.2 2.6 1.1 2,0 2.7 2.7 3,3 4,1

6.74  378.,5 182.1 50.3 23,7 46,3 59,9 65.9 69,8 88,7
- 16.2 8.0 2.4 1.1 2,1 2.7 3.0 3,3 4,3

6.81 ~ 394,5 183,1 47,9 25.0 43,1 52.7 55.4 71.1 90.0
16,8 8.1 2.3 1.2 1.9 2.4 2.5 3.4 L.4

6.89 392,2 179.4 46.8 23.6 43,6 52,2 55,9 76.0 107.9
| 16,9 7.9 2,2 1.1 1,9 2.4 2,5 3,5 5,2
6.9%  4O4.,5 187,1 45,9 21,7 45,3 52,9 S4.4 79,3 117,7
17,4 8.2 2.3 1.0 2.0 2.4 2,5 3,8 5.7

7.03  415,1 195.8 46.7 21,9 45,4 54,7 52,5 77,6 116.5
2.2 1.1 2.0 2,4 2.4 3,7 5,6

7.10  404,.2 198.3 47,9 21,2 44,3 51.4 46,5 70.9 103.8
17.7 8.7 2.3 .

7.18 411,.,2 188.1 49,4 21,4 40,8 51,4 45,4 55,8 78.6

|
!
B 17.8 8.6
18,0 8.5 2,5 1,2 1,9 2.4 2,2 2,8 3.9
\
|

7.29 396,3 185.4 50.1 22.7 41,1 53,1 U46.4 45,7 62.0
17.2 8.2 2.4 1.1 1.8 2.3 2,2 2.3 3.1

7.40 395,1 190.3 56.2 25.4 46.0 52,7 46,9 46.7 65,2
: 17.1 8.4 2.7 1.3 2.1 2.3 2,1 2.2 3.3
7.52 11,3 190.,3 51,6 30,2 50.6 53,4 39,8 44,5 58,8
- 18.1 8.7 2.6 1.6 2.4 2.5 2.1 2.k 3.1
7.73 372,0 171.6 43,2 24,8 46,6 52.9 38,2 43,8 72,1
16.4 7.6 2.1 1.3 2.2 2.4 1.8 2.3 3.6

8.0 '421,8 195.,6 42,7 19.5 48,0 52.8 35.4 25,9 34,3
18,7 8,7 2.2 1.1 2,1 2.4 1.8 1.5 1.8




- APPENDIX 8

LEGENDRE EXPANSION COEFFICIENTS



‘ b ENERGY
| LAB
(MEV)
4,00

4,08

4,41

4,67
4,72

4,77

4,87

4,93

B0

109.36
1.85

95,20
1.56

195,67
1.54

97.19
1,55

98,30

1.54

100,26
1.57

105.36
1.64

110.89
1,76

113,44
1,81

114,47
1,87

119.13
1.91

120,68
1,99

118,30
1.93

117.39
1.95

111,68
1.88

108,31
1,82

109.27

1.79

118 + N

5.34

LEGENDRE COEFFICIENTS AND ERRORS,
(MB/SR)
B1 B2 B3
83.56 132.81 35.45
b17 L9y L.96
58,02 114.15 31,42
3,51 .26 L.32
58,91 117.48 31,27
3,47 4,17 .17
47,50 125.00 24,67
3,53 .26 4,21
35,55 131.49 25,55
3.53 4.29 L,14
34,62 136.98 22.47
3.59 L35 4,17
34,12 143,14 29,64
3.75 .56 .40
46.30 154,30 24,58
4,05 .99 4,81
60.39 158,54 22.47
4.16 5.11 4,90
71.00 162.83 32,16
4,35 5.31 5,02
67.20 166.60 29,33
L. 40 5.41 5,20
73,38 175,31 41,50
bL,64 5.72 5,414
57.35 175.68 35,50
4.50 5.59 5.24
62.87 182.97 38,44
L.58 5.75 5.29
66.34  176.59 51.25
442 5.62 5.21
69.72 162.03 58,55
4,20 5.36 5.05
60.26 156.67 60.79
.1k 5.09

182



- ‘

: 183
. 11B + N ,
\ ENERGY  LEGENDRE COEFFICIENTS AND ERRORS, C.M.
LAB | (MB/SR)
(MEV) BO B1 B2 B3 BY |
5.03 108.70 - 57.02 152,78 59,81 66.82 ~
1077 l‘oos 5.28 5.07 S|30
} ' 5,08 111.93 55,43 157.21 64.98 © 71.56
- 71,80 511 5,32 5.12 5.39
5.13 109,98 64.16 159,41 70.94 78.04
1.84 4.25 - 5.51 5,27 5,45
5.18 110.88 66.49 163.65 74.01 84,36
| 1.87 4,32 5.63 5.32 5,48 ;
o - | 1
5.23  113.42 69.60 172,91 73.65 96,81 !
"1.93 4.45 5.87 5.45 5,62 1
5,28 118,01 64.45 174.08 81,56 104,06
' 71.98 .51 5.95 5,64 5.83
5.34  125.56 68.37 176.17 110.11 113.95
2.09 §.69 6.13 5.96 6.09
5.33 118,29 . 66.48 146.04  126.43 96.76
- - 1.98 .31 5,51 5.66 5.58
5.4 102,53 63.00 113,78 115,35 71.78
1.71 3.68 .62 4,89 .77
5.48  88.78 52.32 92.02 90,64 40.65
| | 1.47 3.19 3,90 4.23 4.20
5.54 89.12 33,99 107.67 61.59 27.90
1.43 3.23 3.90 5.02 - &4.40
5,59 105.76 34.21 144,77 68.67  56.90
- 1.72 3.93 4.97 .85 5,30
. ’ |
5.64 115.77 39,90 156.18 96.34 79.15
71,88 k.24 5.40 5.32 5.57
5.69 115.69 48, 44 148,82 103,27 73.26
1.89 4. 24 5.33 5.35 5.56
5,74 110.47 56.53 132.54 104.18 68,74
C 1.82 h.oz 5.0“ 5015 .5025’
5,79 111.17 65.95 132.75 114.99 67.36
' 1.85 4.10 5.08  5.24 5.27
| : ’ |
‘ 5,85 112.33 73.49 136.73  123.88 . 60.57

1,89 4,25 5.20 5.37 - 5,26




ENERGY
LAB

(MEV)
5.90
5,95
6.00
6.05
6.10

6.15

6.25
6.30

6.36

6.41

6.46
6.51
.58
6.66

6.74

6,81

" LEGENDRE COEFFICIENTS AND ERRORS,

BO

110,25
©1.88

105.42
1.80

103,04
1.76

98,66

1.67

97.95
1.65

101,82
1.74

111.91
. 2.01

112.18

2.05

105,19

1.94

102,30

1,90

98.03
1.83

95,26
1,77

9y .78
1.68

92,67
1.66

192,51
1.67

90,49

1.62

88.49
1,62

Bl

74,58
b,25

69.90
4.10

69.63
4,02

61,66
3,77

60.59
3.77

68.42
3.98

101.43

L.66 .

112,68
hL.85

103,84
L,58

105,36
b,52

99,25

4,33
92,37

b.22

89.01
3.99
88.00
3,93

92.45
3.96

83.26
3.85

- 86.95
3.87

118 + N
(MB/SR)
B2 B3
140.76 126.12
5.10 5.27
138,85 115.69
L.91 "5.00
137.93 111,81
Y .92
129,44 104,34
L.58 4.67
132.25 103.34
4.61" 4.65
136.89 110.09
4.86 4.91
164.13 . 134.49
5.56 5.52
170.54 135,58
5.75 5.53
160.48 126.95
5.46 5.28
162.46 128,20
5.36 5.12
156.91 119.51
’5.10 4.8
147,45  111.47
5.08 .86
146.38 112.17
4.76 4,50
147.09 111,74
L. 70 “u.u48
154.61 119.24
472 443
147.24 112,50
.61 “T4.35
150.84%  107.23
4,73 4.36

C.M.

184

Bb

53,27
5.24

50,46
5.05

54,01 .
4.94

50,93
4,71

56.45
L.68

57.74
4.90

62.21
5.31

54,03
5.14

52.04
4,81

55.74

L.70

49,95
4, 54

47.97
b, 4k

4L8.56
4L.25

52,58
L.24

60.21
4.13

- 57.64

4.18

65.51
4,00



ENERGY
LAB
(MEV)
6.89
6.94
7.03
'7.10
7.18
7.29
7.40
7.52

7.73

8.03

BO

89.47
1,62

092,25

1,68

94,06
1,71

91.33
1.70

87.15
1.69

84,71

1.61
- 87.88

1.66

88.02
1,73

€1,75

- 1.56
83.4h

1.68

LEGENDRE COEFFICIENTS AND ERRORS, C.M,

Bl

83.14
3.84

87.31
3.97

93,02
4. 04

97.69 -

4.02

101.19
L.01

101,51
104,87
3.89

107.65
4.07

. 94,85

3,60
118,90

3.90

3,83

11B + N

(MB/SR)
B2

157.79
.77

169.42
4,93

173,99

5.06

170,09
4.99

156.47
4,88

144,17

4L.58

145,96
b,72

1&1.77‘.'
4.99

137.76
4. 49

145,74
4,64

B3
104,75
.31

111,43
b.4l

116.69
4,53

116.58

uou8

117.70
4.50

118,31
4.26

118,18
b bl

120,93
4.80

113,79

4.30

143.62
4.50

185

B4

- 71.92

4.10

80.90
L,27

84,01

82,17
4,09

70.11
3.94

62.22
3.67

6L4.33
3.84

74,01
3.98

76.77
3.67

76,95

3.38



