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NEUTEON CAPTURE CROSS SECTIONS
IN THE KEV EEGICHN



INTEODUCTION

The neutron capture cross seetiom O, , &s & functiom of
energy umey be measured mest readily in the lower kev region by
means of the S -radiation which frequently follows capture. This
method hag been used extensively both for the detection of indi-
vidual resonances in light or magie nueleil and for the measure-
ment of capture eross sectiones averaged over many resonauces for
normal heavy nnelol.z The most interesting regiom for the latter
experiments lies between about three and cme hundred kev where,
in most cases, cnly s~ and p-wave noutroﬁn contribute appreeiably
to the capture cross sections. Because of increasing difficulty
in correcting for backgroumd and in maintaining a neutron energy
spread much less than the average neutron energy (whem it is less
than about three kev), an activation technigue with (relatively!)
homogeneous neutron beams cannot usually be extended to energiles
low encugh that only s-wave neutrons are captured. However,
there is now enough information on s-wave paraseters to allow us
to subtract off the s-wave contribution and to determine p-wave

capture cross sections to a useful approximation in many cases.
L2}
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The importance of neutron absorption cross sectloms in the

ev and thermal energy region is prisarily due to their usefulness
in nucleonics; however, in the kev regiom of neutron energy they
provide an important means of studying the interactions of neu-
trone of different angular momenta with respect to the nucleus.-
Up to the neutrom energy of a hundred kev only s-, p-, and to 2
slight extent, d-wave neutroms contribute to nmeutrom oross sec-
tions, end one may expect to analyze the data for these separate
components. At higher energies such an analysis is much more
difficult because of the participation of a large number of ine-
lastic levels and angular momenta. Thus abscrption eress sec-
tions in the energy region of ome to ome hundred kev are partic-
ularly interesting.

The optical medel of the nucleus was initially proposed by
Feshbach, Forter and Weisskopf? for neutrons, and recelved re-
markable support from mneutrom total cross section data of
Barschall g;,gz.“ However, while giant resonances, due to dif-
ferent angular momenta, were observed in total cross sections,
finer effects such as spin-orbit coupling could not be detected
in this data. The reason for this discrepancy is simple. The
wajor part of neutrom total cross sections above a few kev is
nearly always due to s-wave potential scattering and smaller ef-
feot- superimposed on it are difficult to dstoct.’ Heutron cap-
ture cross sectiomns, on the other hand do not suffer from this
" disadventage since there is no "potential” capture. In addition,
penetration factors inhibit the capture of p-wave neutrons to a

rmuch smaller extent tham for seattering. The present serises of



experiments were designed to exploit these advantages.

The optical model predicted resonances in the p-wave ;autrun
strength function in tae meighborhood of A = 28, 90 and 2186.
These are all indiceted in the total cross section data of
Barschall gm‘gl.“ However, only preliminary investigations of
p-wave peutron strength functicms (euch as those made for s-wave
resonance parameters in the nelghborhood of A = 505‘9 and 1&010
‘havé so far been made. }:1?

Unfortunately in the regiom of atomic welght with which this
study is concerned, it 1s nearly always lapossible, with present
experimental technigues, to resolve individual resonances in the
kev region sufficiently well to use the method of individual
resonance analysis for p-wave neutrons. Howsver, in our regiom
of atomic weight where the p-wave cross sectionm 1s high, 1t is
poesible to analyze averaged total cross section data for p-wave
neutron strength functioms.ll

An intemsive study of average neutron capture cross sections
of nuclel with 75 =<4 <130 has beon carried out in the neutron
energy region of three to two hundred kev, using the activation
method. Asgsuming s-wave parameters within the limits of error
specified by low-energy total cross sections determinatioms, the
data hes been anslyzed for corresponding p-wave parameters; the
neutron strength fuvetion, iqnmfb, and the ¥ -ray strength func-
tion, [y /Dy . It is found that the s- and p-wave S-ray strength
functions are the same within the rather large limits of experi-
mental error for the odd A targets: As’>, Rhlaa, a¢1°7, &;109,
13115, 1137, Aalga. The even-even isotopes of Pd, Mo, Pt, and U



are more complicated in this respect.

P-wave neutron strength funeticms, F;ufb, derived from the
analysis of these capture cross sectioms are found to be in agree-
ment with T;mfb as obtained from the analysis of neutrom total
cross sectioms. These strength functione exhibit a broad, double
peaked, distribution around A = 100 1ast;&d of the single peak
predicted by the simple optical medel. It 1s shoun that the ex~
rerimental results may he sxplained by the additicom of a small
spin-orbit part to the optical potemntisl. The parameters of the
syuare well optical potential V == Vo [1 + 15 + §/2 {-1'1
(22 + 1}}] which are found to fit the p-wave strength functioms
best are Vo = 41 Mev, §= 0,02, §= 0.085, and E = 1.45 4*/7

I"r":J 04
fermis. ’ 2



Chapter I
EXPERINENTAL PROCEDURE

Technique of Neasuremente

Protens, produced by the four Mev Duke Van de Graaff sccel-
erator, were rlrsg gent through a magnetic deflection system then
through an electrostatic analyzer. The beam at the target was
usually between four and tern micro-amperes. The prroton energy
spread was about 1/isoo of the protom energy. A thin lithium or
lithiue fluoride target (stopping power about 2 kev) was evapo-
rated on a disc of 0.002-inch platinum after the dise had beem
soldered across the end of a 3/b-ineh silver tube. The tube
wall thickness was 0.010 inch; the neutron transmission ratio
for this thickness is greater than 99.5 percent. A ring-shaped
sample to be bombarded by neutrons was placed in a cadmium holder
around the silver tube normal to the direction of the proten
beam, and co-plansr with the target. Conseguently, all the neu-
trons that left the lithium target in a small polar angle aebout

90° were intercepted by the sample.
L6]
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The emergy spread of the meutrom beam which the ring-shaped
sample intercepted was determined alwmost completely by the target
thickness and the finlte angle subtended by the sample; target
thickness effects are important only at the lower energles
( < 25 kev). The average neutron energy and its energy spread
at 90° from the target were determined both by feorward threshold
analysis (see Appendix I}, and by the less accurate method of
cbserving the shape of the 90% threshold as measured by & small
BF4 counter. The average proton emergy was taken to be the mid-
point of the enmergy spread due to the target thnickness and the
proton emergy spread. The neutron energy spread (AE,) was % 1
kev at 3 kev, £ 5 kev at 10 kev, and & 10 kev at 100 kev, in-
eluding the effects of the width of the rimg-shaped samples
(0.10 inch), the target thickmess, and the energy spread of the
proton beam. Since the aversge target thickness was the least
well known factor inm the resoclution, the targets were csrefully
picked so they would not cause the major spread in the energy in
eny region under study. For practical purposes the targets used
below Ey = 15 kev were lees than E, = 2 kev tnick.

As can be ssen from the discussion above, the resclution
(AE,/E,) was not very good in the emergy regiom from three kev
to fifteem kev. The effect of the poor resolutiom in this range
upon the experimental data was less than would be suspected at
first sight. The angular acceptance of the sample was the main
contributor te the neutron energy spread. The neutron energy
variation with angle was due principally to the center of mass

motion of the Li(p,n) resction. 4 simple geometrical calculation
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shows that around 90° with respect to the protom beam the neutron
flux per neutrom energy interval (number of neutroms/A Ey) is
approximately a constant evenm though the angular distribution of
the meutron intensity is 2 rapldly changing function with aungle.
Thus our emergy distribution sbout the nominsl energy was roughly
rectangular. 4 preclsely rectengular shape would imply that our
average capture cross section measurements were a true algebraic
mean. The faet that the neutron monitor used in this energy
region (BFy counter) had an Eglfz energy dependence (roughly the
same shape as the capture cross sectioms!) further reduced any
distortion of the average cross seection curve which might arise
from the rather large values of A E/E below fiftesen kev.

In order tc measure the average capture croess sectiom it is
necessary that the average resonance spacing be much less than
2 AE, so that the capture at each nominal neutron energy is due
to many resonances. This is true for most normal heavy elements,
i.e., those not tco close to a meutron magic number. However,
the same experimental technique can be used to locate well sep-
arated resonances in light or magie nucleil when tue spacing,

D > 2 AE,.

Since there was a continuocus generation of radiocactive
nuclei during an exposure, a correction was made for those nuclel
which had decayed during the exposure. This was done by record-
ing a neutron monitor cecounting rate at intervals which were
short compared to the half-life activated. The soumt C3; in every
time interval was them multiplied by the appropriaste value of

e~ 1 yhere A 1s the decay constant and ty was the time from



9
the 1®® interval to the end of the exposure. The sum %(C; e~ 1)
then gave the momitor count which would have been recorded if sll
radioactive nuclel had been formed instantanecusly.

The induced activity was measured with a thnin wall beta
counter, and the decay was followed for several half-lives to
insure the identification of the radicactive nuclide. The ini-
tial beta yields from the samples were at least turee times the
beta counter backgroumd, and no problem was encountered in making
this background correction. These ylelds remailued approximately
constant as a function of energy because, @s the capture cross
section decreased with emergy, the meutrom yield at 90° increased.
Egch sample was handled in exactly the same manner.

Of the eleven nuclides for wihieh capture cross sections
were measured, the following were activated in the form of thin
ribbons of the nmaturally cceurring metals wrapred around the LA
target holder; the dimensions (in inchea) follow: Ho1%(0, 002
x 0.10 x 8), Bn193, 2g107,109 4108 197 .na 7198 (each
0.001 x 0.1 x 12.0) and In'15 (0,001 x €.1 x 2.5). A4rsenie,
Uranium Oxide (U238), and Potessium Iodide (1'27) were pressed
in the form of rings 7/8 inch internal diameter, 1/10 inch in
length and 1/16 ineh in thickness., 7The EI sample could be con-
veniently used sinece the x40 natursl activity background wag very
much lower than I'28 agtivity being measured. The activation
measurements on U232 were not dome by the author. A ccaplete
description of the experiment, including the method of separating
the radiosective daughter products from Uranium, may be foumd in
the Ph.D. dissertation of Dr. Edward C. Bilpuahp
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For 13107. A51°9 a geparate expreriment was made using a
Gelger counter made out of thinm walled silver tubing three inches
long and 1/4 inch in dlswmeter. This Celger tube was placed near
the target so as to subtend the same polar angle as the foil
samples and acted both ag the sample being sctivated and the
counter for thne induced activity. 1t was comnected to an auto-
matic recording scaler which followed the S -~decay (after the
beam was ocut off), without having to disturb the counter. The
most reliable data om the rather short (24 second) half 1life ae-
tivity of Agil® was obtaimed im this way; the results of this
experiment for 53107 capture cross sections were in good agree-
ment with those of the foll activatlon.

In the experiments reported here, only the relative meutron
capture cross section as & function of euvergy was messured since
the methods most suitable for detecting activation below 120 kev
are unsstisfactory for absolute measurements. The zctivation
technique for nnaéurtn; eapture cross sectioms is restricted to
the fraction of nuclides (~ 25 percent) which can be activated
conveniently. This method has the great advantage that, in gen-
eral, separated isotopes are not needed; the nalf-l1ife allowsus
to assign the induced activity to the proper isotope. For the
same reason, chemical coupounds can also be used as samples in
nany cases.

The relative capture c¢ross section curves were normalized
to absolute measurements performed in other laberatories. These
latter experiazents are very difficult, and the sgreement between

measuresents by different methods is 2till not entirely satis-
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fagctory, but the avalleble date is gufficiently accurate for at
least & partial interpretation of our relative capture cross

section curves.

Neutron Foniltors

In order to measure the true shape of an activation croes
section curve it 1s necessary to measure the relative neutron
flux at each activation. This momitoring should depend on a
nuclear procese of known neutron cross section. ¥#¥e have chosen

the neutron-proton seattoriagla'iﬁ

and the B %(n oross sec-
tions as standards since these cross sections can be measured by
eimple transmission measurements. Ag a secondary standard we
have used a MoKibben ccunter as our neutron momitor.l® The BF,
counter used in the MecKibbem 1= six inches long with a dilameter

of one inch and filled to & pressure of 350 em (Hg) with enriched
31%,.
The total cross seetion of B® in tre region 3 kev to 100
kev was measured by Hohrer' ' with the 122° neutrom collimstor
described by Gibbems-la The potential cross section of boron
has been measured up to twenty kev and has the wvalue of 2.43
bnrn-.19 This potential cross section was them subtracted from
the total cross section of 310. In this manner we obtained
O(n,x)+ {n,u,s)=0,, which is equal to 642/ /E within statistical
errors. The results are shown in Figure 1. Similar results in
the ev region have been reported by Schmitt g&,al.ze Up to

seventy kev we find that Ona for B1O goee as 1/v where v is
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i3
the neutrom velocity. On the basis of the experisents about to
be deseribed, we suspect that the scattering cross section in-
ereases sbove seventy kev and that the reaction cress section of
819 continues as 1/v beyond one humdred kev. A 1/v dependence
for B19(n,a, r)147 nas also been reported by Gibboms ot gl.>t

Since o0 of 510 follows the 1/v law at least up te seventy

no
kev the "flatness of response" of the long counter (FeKibben)
wag tested in the following msnner. A bare BF3 counter surrounded
by Cd wae placed at 90° to the protom beam, and 1ts counting
rate was observed as a function of energy. At‘caeh corresponding
energy and at the same angle, the neutron flux was monltored by
the lomg counter. If the lomg counter was constant in efficiency
then the ratio (BF, counting rate)/(lomg counter rate) st each
energy would go aL 1/v. The results of this ratio are shown in
Figure 2. The experimental pointe have been normelized to the
s0lid line which is givem by Ghzfﬁnlfz. If we assume that the
long counter ie constent in efficiency thenm Figure 2 gives 0y,
for B° up to three hundred kev. Similar results on the same
assumption have been reported by Bichsel and Bonncr.zz

To show that the long counter is constant in efficlemoy at
the higher energies, s hydrogen recoil-counter was constructed.
Appendix II gives a detailed description of this recoil counter.
At zero degrees the neutrom flux was measured from 100 kev to
650 kev neutron enmergy. At the same angle and energy lomg coun-
ter measurements were takem. These two curves showed the shape
of the zero degree dirénrgntial eross sectien for tht L17(p.n)ao7
reaction.?3 For simplicity Table I shows the ratio (lomg counter)/
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(recoil counter). This table shows that this ratio does not
vary with energy frem 100 to 650 kev. The two experiments de-
geribed in the preceding paragraphs show that within experimental
error our long counter is constsnt in efficiency in the energy
regicns 3-70 kev and 100-650 kev and from Figure 2 1t appears
that this is also true from 70-100 kev,

Background Corrections

Neutrons were scattered toward the sample by the 0.002 inch
platinum backing of the target and also by the walls, floor and
atmosphere of the laborateory. Im order to correct for the ef-
fects of these scattered particles, a sample was placed in posi-
tion, and the proton energy was adjusted so that neutrons from
the Li(p,n) reaction were produced at 80° or less from the for-
ward direction. Hence, with the sample at 90°, no direct neu-
trons could bombard it, so that any observed activation could be
due only to scattered neutrons. The activation in this experi-
ment was almost indetectable and amounted to only a few per cent
of the 90° neutron beam asetivation. Except at the lowest neu-
tron energies used in these uoaaurnuant?, where the yleld of the
90° neutrons near threshold was very 10&, the scattered neutrons
contributed negliglibly to the activation of the sample because
most of the ﬁcutruna scattered emerge at forward angles in the
laboratory system and consequently have higher energies than the
90° neutroms; the latter are captured mueh more readily since

the average absorption cross sectiom in the kev reglon falls off
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as le%!Z or faster. The relatively large solid angle intercep-
ted by a ring-shaped sasple about the target was an equally im-
portant factor which reduced the relative importance of room
scattered neutrons amemg those causing activation.

The background due te scattered neutroms, although not a
problem so far as the activation of the sample was concerned,
was very ilmportant in the momitoring of the neutrem beam. At low
neutron energies a smell BP’ counter (2.5 imches long and 0.5
inch in dlameter) was used for this purpose. In order tc sub-
tend the same polar angle at the target as the sample, the coun-
ter had to be placed farther away so that 1t subtended only about
one-gixth as mueh solid angle as the sample. Hence, the room
scattered neutron background became appreciasble (although still
only about ten percent) and had to be measured with the help of
shadow conee. A 333 counter is, like the sample, relatively in-
sensitive to the high energy neutrons scattered from the room or
the target baecking, and for this reason we always prefer to use
@ bare BF5 counter as a monitor at least up to twemty iev.

The long counter, when used as a neutron monitor, has a
constant efficlency over a wide energy range and will detect
secattered and direet 90° neutroms equally well. Therefore, the
room scattered background and the target scattered background of
this neutrom monmitor were impertant correctioms. The room back-
ground depends on the total yield of the La?(p,n) reaction (above
back thresheold, 1.920 Hev.) and bence is a slowly varying fune-
tiom of protom emergy, but up te E, = 10 kev the 90° neutrom
yield is rapidly inereasing. Conseguently, in the region above
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about twenty kev, the scattered background is not a very impor-

tant part of the total flux observed by the long counter so that

it 1is the most satisfactory monitor from about fifty kev to sev-
eral Mev.



Chapter II
HMETHOD OF ANALXSIS

It is our purpose to analyze the observed capture cross
sections in terms of the parameters of statistical theory so as
to ocbtain the best fit to the data. Since considerable confusion
on nemenclature exists in the literature, we conslder it advis-
able to define the notation which we intend to use in this dis-
sertation.

1. 0,y = neutron capture cross section.

2. E = Energy of the incident neutronm.

3. Eg = Energy at a resonance.

4, A= )/21= 1/k = Dirac wave length.

5. B = Eadius of the target nucleus.

6. I = gpin of the target nucleus.

7. A4 = angular mom. of incident neutron.

8. _._r_-}g&-r:gw/z-&:u of the compound nucleus.
9. gg = (29+1)/2(21+1) = statistical weight factor.

(19]
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10. v, = penetration factor for neutromns of angular momentum £ .
vo = 1, v = k2B2/(1k282), v, = kUBY/[9+3(kR)%+(kE)Y]

11. ‘%) = Beduced neutron width st 1 ev of a rescmsnce with

angular momentum £ .

12. [

i K n(“( fE:,vl) = Neutron width of resonance at energy

E, with angular momentum £ .
13. [y = Gamma width of the rescmance.
14, [ = Potal width of the resomance at emergy Eg-
15. s = loeal level spacing in the nelghborhood of a given
resonance.
16. Dgpe = (neutrom emergy interval)/(number of rescnances of a
given angular momentum ¢ in that interval).
17. Dy = Dy x 2(2I+1)(22 +1).
18. Dy = Dy/(2J+1).
(D = Dg/2 = Dgpg for £ =0, I =0, and J = 1/2).
19. <r'n,.(”ﬂ>3> = (Q“’/n),, = neutron strength function
for orbital angular momentum X arnd spin J. In prineciple
this quantity may be a function of J. However, in genersl,
exrerimental numbers refer to the average over all J for a
given R (see 21 epn@ 22). The parentheses ( ) are used when
necessary to distinguish the index (4) from an exponent.
(P,/Do> J = (f_}/Do)J = ¥Y-ray strength function for spin J.
<(F,,J“’f!>,;» s (22 +1)"1 § & (,,n{l)/I,} g 5 “ﬁnil}/n
22. KlMygmyM = [g;J{zﬂl)] - Zag(R/pd ;= Ro
The average of a quantity is-usually denoted by putting a

20

21

bar at the top of it or gguivalently by ercleoaing it in braces )
The two notatioms are used interchangesably, according to conven-
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ience. Note that the symbel D alweys implies =n aygrage sracing.
Subseripts J =nd A indicate thet the given guantity refers
to meutrone of & particular A 2nd resomsnces of 2 particulsr J

whick can be formed with those neutrons. Thus

[-s,m (F/Po) .u] = [GJ "y /edsly = [S Ty/2 > ] 2 -

Subscripts are omitted whenever such omission does not lead to
confusion.

If we neglect any multi-level effects and ocomsider only the
Brelt-Wigner single level expression for capture them in the

neighborhood of a resonmance we may write

Oy = Bah Ty I/ [ (By-B)? + (M2/41] (1)

¥e can calculate the resonance integral by integrating oy
between the limite E -s;/2 and By + sj/2. Over this interval,
which contains a single resonance, r} is constant and f; is a
slowly varying functiom of energy and can also be considered con-
stant. Performing the integration and evaluating the constants,
we cbtaim the average capture c¢ross sectiom of a single resonance

over the interval s. This expression is:

{Ony) 44> #imgle reson. = 20°K2gg( [y/e ) /(T + [, ) (2)
The parameters F;, s, and F; differ from level to level. If O .
is measured with a2 neutrom spread 2 AE < Dypgs Tesonance effects
will be observed. However, we are now interested only in cases
where 24E, = 2 kev ) nohr and & swooth average capture cross

gection {as a funection of energy) 1s observed which depends on

the values of these parameters averaged cver nany levels.
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2% put we

F‘ iz expected to vary little from level to level
obtain different expressions for 5;34 depending on wnich one
of the various suggested distributioms for reduced neutron widths
Fn“’ is chosen. The gimplest assumption namely:
rntﬁ) = ﬁ (4 for all resonances yields:
(Opg Yo = 22 2egt Temgp) [T/t Tt T ] 5 (3)
In general one gets
Gt ey = 28 Rest Ty /o) [T/t Tr T2 ] 5 ®OT /7 Tdy )

where r(l‘ / f ) is & correction factor determined by the choice
of the probability distribution funetiem for ( [ ), P (2)) ana
is quite cleose to unity. The effect is illustrated for s-waves

in Figure 3 and more gemerally in Figure 4 for expomential, i.e.,
expl- [ (0, J" () asstrivution?>: 26 ang the Porter-Thomas,
1.e., Fn“’/ l"n(“ 17"V 2exp(- I, M 72 ) asstrivution. 27

At the presemt time the Porter-Thomas distribution of neu-
tron widths is widely accepted since it has thlorgtieal aes well
as partial experimental justification. The evaluation of
F( -f-', / Fn) g using this distribution was dome by E. G. lewehlj
with the result:

PIT, /T, = 2wt {1 - 2/ [ - BB ] /B ] 5 (5)
where b = [',/2 [, and H(/E ) = (2//) / ~t2q4 ana ' = (2/(T)e"P
are the tabulated error function and ltl dorlvativu.zs

It may be noted that eguatiom 4 1s eguivalent to the ex-
pressions obtained by lLane and Lwnnzg and Drtanor3e in & much
more complicated manner.

The averaged capture cross section was calculated by sum-

ming the contributions of different spins, J, for each given ang-
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ular momentum:

<°-nr>"' ; §<°7W>1; (6)

The simplest assumption for interpretation of capture cross
sections ignores all but the s-wave contributions. This inter-
pretation has been attempted even at eunergles as high as one

nav.31

For meny of the measured capiure cross sectioms, the av-
erage s-wave parameters are known from fast chopper and other
time-of -flight experiments in the ev region. Ihe shape of Lhe
relative capture ¢ross section gurves cap uever be predicted

Eith the assumption that only s-wave peutron gapture is lmportant,

but for some nucleons the s-wave contribution predominates below
about ten kev as may be seen from the results of detailed analy-
eis to be discussed later. The next simplest assumption has been
used with some success by Lane and Lgrnn.z9 They assumed that
both the neutron and gamma strength funotioms are independent of
neutron angular momentum and that the former hse a value of about
10'“. Thin'asnnnptlan fits the observed capture cross sections
of U278 quite sstisfastorily sbove ome hundred kev where three
or more neutron orbital ansulnr momenta ordinarily contribute
appreciably to the capture croes section. However the dashed
curve in Figure 3 (experimental data by E. G. Bilrnch13)-hoUn
that this simplifying assumption is umable to fit the trend of
the experimental points in the neighborhocd of twenty kev. The
urper selid curve which fits the experimental points satisfac-
torily is a four parsmeter fit which ignores the contribution of
d-waves. The lower solid curves show the separate s- and p-wave

contributions. HZstimates of the d-wave oontr{buticn indicate
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that it is negligible in our smergy reglom in most cases. This
low value of the d-wave contribution 3238 above forty five kev
is due im part to competition between d-wave inelastic scattering
and capture which is very unfavorable for the latter. At lower
energies than are ghown in Flgure 3, the s-wave contribution
decreases as E-1/2, but at higher emergies it is spproaching an
g~} dependence asyuptotically. The asymptotes of the p-wave
contribution are also indicated in the figure. The dotted line
in Figure 3 shows that it makes little difference whether a
FPorter-Thomee or an exponential distributicn is chosen for the
s-wave component; similar calculations show that the same 1s true
for the p-wave component. From Figure 4, page 30, it can be seen
that the curve fittimg would not even be affected greatly if the
distribution of neutron widths were ignored completely. In all
cur discussion, we actually assume the Porter-Thomas distribu-
tion.

There are two p-wave and one s-wave channels for an even-
even target nucleus and twice as many when the spin of the target
is one or more. Hence, there are six to twelve possible free
parameters in eguation 6. It iz impossible to obtasin sc many
parametere from the average capture eross sectiom data without
simplifying assumptions. If it is assumed that the strength
function iz the same for all J values of a particular neutron
angular momentum, the strength fumction beccumes f;J“’/n, =

F;‘“’/n. The assumption is probably correct for many cases (in-
cluding s-waves) but it should not be valid if there is an ap-

preciable spin-orbit coupling offectgz’ 33 for p-wave neutrons.
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In that case & weighted average: T_’:“/Du(zﬂ )t %(gff ) /D) .
is called the p-wave strength function. It is also of interest
to inquire inteo the J dependence of the parameters TZ/DJ and

[y /Dg. Stolovy and Harvey?* find empirically that [, /D; 1s

proportional to (2J+1 )"5/ %

in accordence with a suggestion of
Lang and LeCouteur. > Assuming a 2J+1 dependence for Dy, F,fnb
is at most proportional to (20+41)"1/%, Because of this weaker

J dependence, we have chosen to ecall ([, /D,) the ¥-strength
function and for the purpose of ocur analysis considered it in-
‘dependent of J and E, for a given neutron angular momentum.

I ;%/m; 16 indepentent
of J, if we assume a 2J+1 dependence on D a similar J dependence

wust be assumed for ﬁngﬂ).

Since it is generally considered that

The above assumptions reduce the free parameters in equa-~
tion 6 to four: [ %/, [0/, ([, /0g),, ana (T, /0,)..
Clearly the relative cross section curves (which are actually
measured) may be described by only three. The values of the
parameters (fﬂ./noin and ﬁn°/D are cbtaired from total cross
sectlon messuremente whenever they are avallable; the cbjeet of
the analysis is to determine the p-wave parameters as well as
possible.

It is generslly found possible to fit a capture cross sec-
tion curve under the assumption that the gamma ray strength func-
tions are the same for s- and p-wave neutrons when the mess num-
ber of the target nucleus is odd. On the other hand, whern the

8

target is even-evenm as in y238 and Pﬁla one must assume that

the p-wave gamme rey strength function differs from that of the
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s-wave by & large mergin. For instance, the poor fit (Figure 3,
page 25) to the U-° cross section under the assumption that the
two Y-strength functions are equal camnoct be improved by any
reagonable changes in the other mohrl. It has besn cus-
tomary in the past to assume that the s- and p-wave gamma ray
strength functions ere egual, and 1t does seem reasonable that
the radiation width (which is a statistical average over a large
nusber of gamma ray transitions) should not differ between s-
and p-wave neutrons. Heowever, 1t is guite reasomable that the
level demsities, Do , should depend on the parity of the enter-
ing neutron.

Consider, for instance, a wmodel similar to that studied by
Newson and Duncan. If the paring energy in the compound nucleus
is very high, an s-wave neutrom entering the Uzja nucleus can
enly fall into the hulfz level (which is the top subshell of the
ma jor shell between 126 and 184 neutrons) whereas a p-wave neu-
tron must fall inte the hplf: or hp3/2 subshells which are in the
82-126 skell. If the effective paring energy is sufficlently
high (which sppesrs to be the case ) the predominant mode of
excltation of the compound nuelel will be an sxcitation of in-
distingulishable palre of protons and veutroms. For the captured
neutron to go into cone of the negative parity states of the com-~
pound pucleus, a neutron pair must be excited inte the next
higher major shell to make room for the negative parity unpaired
neutron. While thls process requires a good deal of emergy, the
s-wave meutron in the 1/2" state ie also fsr sbove the lowest

energy subshell whiech 1t might occupy if there were no selection
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rules, thus capture into any of the three possible levels is
about equally unfavorable energetically. Under these circum-
stances the ratio of level densities for the s- and p-wave cases
is simply the ratioc of the number of econfigurations into which
indistinguishable palrs may be partitioned without exclting any
pair from one wmajor shell to smother. This calculation indlcates
that the level demeity (DJ') for either the 1/2” or 3/2" p-wave
compound nucleus, 0239, should be about three times that of the
s-wave (1/2%), im good agreement with the messured ratic. While
we have takenm a much simplified model for our exasple, it is suf-
ficlient to indicate the possibilities of difference in level den-
sities depending om the parity of the bombarding neutron.

If an odd proton or neutromn had been present in the target
nucleus it could change 1lts parity without the expendliturs of a
great deal of energy, s¢ that the parity effeet should be mueh
less important in the case of an odd A target. Thus we can un-
derstand on the basis of the shell model that the gamma ray
strength functions appear to be the same for s- and p-wave neu-
trons when the target iz odd and are cften gquite different when
the target is even-even. In fitting the relative capture cross
section curve for a nucleus of cdd mass number, there are then
only two effective parameters: the s-wave strength functiom
(usually known from total eross sections) and the p-wave strength
function which is then easily deterzinable in favorable cases.

For analysis of the experimental data, it was found caaler
to work with equation 6 divided by 2n°42. In this form each

channel of the s-wave contribution is approximately equal to
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/2 at low ewergy, and at highsr energies reaches

ggl I: ne fDJ)E
the asymptote, g J{z.-:u)( f". fﬁol'. A general ourve may be drauwn
on leog-log paper by plotting 6(m,?) J,8 divided by 21121123 J( r ;. /DJ)
versus the parameter, ( r“'n"/ ﬁ,-)zﬁ. This curve is valid for

any s-wave chanuel. _

If I # 0, there are two s-wave channels. With the assump-
tions given on the previous page, "general curves" for both chan-
nels can be sdded so thet & curve of (2n°A2 T‘, /De)'l <0;”.>’
versus | (2J+1) l:;/ T‘, ]g, can be plotted for a given target spin,
and this plot used to gemerate (2% #°)~1 <0;B.> g versus E, for
any set of s-wave parameters. Such a pleot is illustrated in
Figure 4 for the case 1 = 1/2,

The general p-wave comtribution to (27 4% [y /Bg)™t {07, ,)
for a particular target spin was plotted versus Lt2J+1)l:n/ I ‘]2/3-
In this case the latter parameter is proportional to
8 (1+(xB)2]72/3, where k = 1/4 snd B = 1.354/3 fermis. This
distortion of the energy scale which is negligible below fifteen
kev does not lead to any difficulty.

Using the above "general curves" for s- and p-wave neutrons
for a particular target spin, it 1s easlly seen that to a good
spproximation (within a few per cent), the J dependence of D; 1is
important only so far ae the absolute vslue of ( [y /Dg) As con-
cerned. The change in shape of <0;1 F>Jz , due to this assump-
tien is negligible. This fact is 1llustrated in the upper curve
of Figure &4, where the open circles are the calculated total
s-wave contributions for the case I = 1/2 with the assumption
that both [y /Dy and [,°/D are the ssmwe for both J = © and 1.
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The upper solid line has the shape, but not the absolute value
(@ifferent average parameters) of a single s-wave J contribution.
Similar considerations for p-wave neutrons lead to the same con-
clusions. For I > 3/2, even the J dependence of D; becomes un-
important compared to othei uncertainties.

With the above "general curves®” for a particular target
sepin, the analyeis of the average capture cross sections pro-
cceded as follows: '

(a.) A plot of the experimental (2n°a°) < 0, ) versus E_
was made on log-log traeing paper. (b.) The best known s-wave
parameters from other experiments were used to match the scales
of the "general s-wave curve for the particular target spin "with
those of (2 ﬁz x2)-1 < G‘;,} versus E,, and the s-wave contribu-
tion was traced on the experimental curve. {e¢.) The above two
curves were subtractéd to yileld (2r2a2)"! <o . p versus Ep,
and the difference was plotted versus the slightly distorted
energy scale, En[1+(kn)z]'2/3. (d.) The p-wave parameters were
determined by sliding the p-wave general curve until a goocd fit
is obtaimed.

If after the s-wave contribution was subtracted, the curve
did not have the characteristic p-wave shape over the proper
energy range, the s-wave parameters were adjusted. This is a
necesssry procedure te fit the capture cross sections since there
are always appreciable uncertainties in both the s-wave para-
meters and the absolute cross section.

Cther uork¢r337’ 38, 39 have programed eguation 6 for var-

lous computers sc that the experimental capture cross sectioms



32
could be fitted by adjusting parameters. The comparatively sim-
ple and flexible manual analysis described sbove was developed
in order to cobtaim a better physical insight into the curve fit-
ting process.

¥hlle 1t is convenlent to normalize our relative cross sec-
ticne te the most reascnable measuresent of absclute cross sec~
tion avalilable and then to use s-wave paramsters to subtraet off
the s-wave contridbution to the capture cross section, it is ob-
vious from examinaticon of eguation 6 that certaim ratios of para-
meters may be determined purely from the shape of the relative
eross section curve and independent of both the absolute ezpture
cross seotion amd the g-wave U -strength funection. The follow-
ing ratiecs of parameters may aluays be determined independently
of the absolute eross secticns or the s-wave parameters:
( Py /Dede/t Ty /glg ama <[M /D) 7 (r,/my),. The first ra-
tic is interesting in itselfl in that it appears to throw some
light on the effeet of neutreon parity on resonanceé spacing as was
discussed earlier. From the second ratlo we can determine the
p-weve stremgth functiom if the s-wave U-strength functiom is
known. Even when meither the absolute ecross section nor the
s-wave U-strength funmction is known, one can sometimes determine
the ratios: <[, (V0m) s {[00/m) , ama ROV /(7 o)y,
from which 2 value of the p-wave neutron strength function may
be obtained even though the absolute value of the cross sectiom
is not known. This scems to be the case for the cross secticn
ef Au197 which will be discussed later. The secomd two ratios
are not always detersinable, i.e., it sometimes happens that,
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even at the low energy end of the creoes sectiocn curve, f; for
s-waves 1s so much larger than F; that the former nearly can-
cels out and the capture cross section becomes almost independent
of the s-wave neutron strength functiomn. Also 1t sometimes hap-
peng that the shape of the relative curve is too simple (as will
be discussed later) to determine se¢ meny parameters. Hence the
uncertainty of the p-wave strength function determined by our
analysis is rather large if only the s-wave strength function is
avallable for normealization, but since the s-wave neutrom strength
function is practically always known either from direct mezsure-
ment or interpoletion, 2 useful estimate of f;(I’fB iz usually
possible. The estimate is much more reliable if ( r;/D.}. is
known, but when absolute cross snctlon‘taforlation is also avall-
able inconsistencies freguently appesar; it is usually possible to
eliminate them by adjusting the given parameters withim thelr
experimental errors, but im & few cases no value of the p-wave
strength function can be found which is reasonably consistent
with 211 the availeble data. It is eclear that the accuraey of
the p-wave strength functions will improve as the guality and
quantity of the supplezentary data incresses.

The uniqueness of the results of analysis will now be dis-
cussed. If the slope of the G, versus E plot changes abruptly,
and the change can be ascribed te the participation of p-wave
neutrons (d-wave neutrons de not usually contribute srpreciably
below a hundred kev) then the p-wave parameters can be determined
to within #+ 50 percent from the shape and absolute oross section

alone, without prior accurate knowledge of s-wave parameters
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(see Figure 6, page 38). However, in certain cases (see Figure
10, page 40) the cross section is very nearly sﬁooth and monc-
tonically decreasing. In such cases 8- and p-wave decomposition
is not easy and 1ts umiquencss 1s determined by the accursey of
the known s-wave parameters. In all cases the large guoted er-
rors are indicative of this uncertainty, amd the uncertainty in
ebsolute normalization.

In order to compare the p-wave strength function results
with optical model theory, the results from total éroos section
measurements have alsc been considered. Newson 31,;1}1 have
estimated fifl’/B from the total cross section measurements on
rather thin samples. In order to simplify analysis they assumed
that s-wave resonance contributions were negligibly ssall and
that f; » r; . HNelther of these assumptions is very accurate
at lower erergies. Necently, however, we have developed more
general methods of analysis which do not use any of the above
simplifications. Experimental values of s-wave strength func-
tions are used, a wore accurate expression for potential scatter-
ing cross section onplorod,“o and area aralysis curves with ap-
propriate corroetiangl are used in such a manner that no assump-
tion about relative magnitudes on lﬁn and fi is required. This
methed, which will be desecribed in detail Olllﬁhlri,hz is being
tried om & number of nuclel under various experimental conditions
and here we present only prelimimary results obtained for the

nuclei in our region of intersst.



Chapter I1I
INTERPEETATION OF EXPERIMENTAL RESULTS

The experimental results for cspture crcss seotions are 1l-
lustrated in Figures 3 and 5 through 14. The theoretlcal curves
shown in these figures were calculated according to equation &
using the parameters listed in Table II, page 58. The values of
the s-wave parameters used in the analysis as well ag the mneas-
ured values are listed with reference. These data agree within
quoted errors but are not exactly the same.

For a brief discussion of imdividual nuclei, we divide the
capture eross section measurements into twe groups. The first
group includes those nuclei for which unigus results could be
obtained by analysis of the capture cross section. The second

group may be called the “problem group."

GECUP I

!ﬂlxhﬂlnnl;onz The s-wave parameters for Mol 'C isotope are
L35]
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not known. Only those of the aggregate of even-csven Mo hotope%c’
are known with large uncertainty. 4s will be seen later, at
least the kmowledgs of the upper limit of the p-wave strength
function for ltolm 1; very important in the theoretical consid-
srations to be discussed. Using the lowest possible value of
( ﬁ‘/nei. = 1.0 x 10~% 2na agsuming ( ﬁ-lbo) i ™ (ﬁ,/ﬂo)p an
upper limit of f’;u)/D = 2,0x 10'“ was obtained. Figure 5 1l-
lugtrates the fit to the uparlnex\:tai data with the same asmlp\-
tions comcerning ( [,/D,) snd the "best fit" value of the p-wave
strength fumction which s |5 1//D = 1.0 x 107", Good fite
with 7=(1)/b < 1,0 x 10" are obtained 1f nigher values of
i /Dy)g ere chosen. Such cholce, however, nacessarily requires
( Py /Do), < ( Ty /D)y, & result which 1s not difficult to under-
stand in terms of parity effeets on s- and p-wave level spacings.
Ag can be seen in Figure 5 the relative capture cross sectliom
data was normalized to tha absolute measurements of Leipunsky
gt 81.%3 and Jommsrud st a1."* Absolute messurements by Haeklim
st a1

and %ﬂler“ are shown for comparison.

mlﬂ'?: The s-wave parameters of “:107 have been meas-

ured by a number of gronp:u"" b8, 49 and are in agrecement with
those derived from natural -uverso. From Figure 6 it is seen
that an excellent fit is obtained using these parameters. The
largest value of ( Iy /D,),, consistent with the uncertainties
of the msasureuent was chosen to fit the data asnd

(T /Bglp = F';-/DQ)p was assumed. The absolute O0,, measure-
ments used for normalization are by Macklin 2t n.“S, 51 at
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at Oak Eidge Natiocmal Laberatory.

ﬂzlxgglagz By fitting the shape of the relative capture
eross section of A51°9 with well known s-wave pnranetarl“7'u8'h9
and the assumption that ([ /Dgly = ([ /Dg),, absolute values
of the eross section are obtaimed which are in good agreement
with those obtaimed by subtracting the Agl’? oross ucums”
45,4% rrom that of natural silver.5? This fit 1s illustrated i
Figure 7. It is inferred that for Ag all the ablonuta cross sec-
tions due to Linenmberger gt .1. are too high by an approximate
factor of two. If we use thelr db-oluto values we are reguired
to assume a ([, /B,), at least about a factor of four larger
than the measured value.

;nﬂgn|}15: The relative capture cross section for the for-

mation of the 54 min. isomerie state was measured and is shown
in Figure 8. Absolute 0, measurements used for mormalization
are by Macklim, ot 21.%5 at Osk Bidge Natiomal Laboratory and
by Johnsrud ;1,.1.““ at the University of Wiscomnsin. This cross
atotieﬁ wag raised by 16 percent to account for the cross section
of the 13 see. half 1life ground statel (assumed to have same
shape). The mormalization for the total absorption cross sec-
tion was thus used for analysis. Using known s-wave parameters,
and ( Ty /Do)y = ( [y /Dglg the p-wave strength function is found
to be in the ramge (1.25-4.0) x 10™% with the most probable
value of I"n(l)/n = 2.0 x 10°%,
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395333?27: Thq capture cross section measuresments on
Iodine are shown im Figure 9. The relative messurements were
normalized te ths work of Booth gt 31.,53 Haecklin gﬁ,gl.,“s and
Johnsrud gt a1."* A good fit ecould be obtained with s-wave
parametere consictent with experimentally determined values

and the assumption that ( F,-/Da)p = (I:';./DQ)..

E:nn;n]?38= The experimental date on U238 yas not dome by

the author but by Dr. E. G. 811pueh.13 This data hasg been in-

cluded in this dissertation only for the purpose of the previous
discussion. The fit to the U238 aata shown in Pigure 3, page 25,
is insignificantly different from that shown in Bilpuch's thesis.

CROUP I1

Arsenic’”: The sbsolute capture cross section of As’> has
been measured by three different groups'>: 53 ™ ang tneir re-
sulte are in excellent agreement. The relative measurenents
normalized to these determinaticne are shown in Figure 10. Un-
less all these measurements are too high by an approximate fac-
tor of two, it is ncot peossible to fit our data with the known
parameters. Two different neasurements’’ ° of /b are in
good agreement, so that the discrepancy ls attributed to the
measured value of (ﬁ}!ﬁo).. In the fit shown in Figure 10 this
value was ignored and it was assumed that f;(l)fﬂ = 10°%, the
uppeér limit comsistent with total cross section measurements,

Under this assumptiom ( [} /D )  must be larger than the measured
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value by a factor of 2.3.

Bhaﬂ;u.lgaz The relative capture cross sections for the b4

sec. ground state and the 4.4 min. isomeric state were messured
and were found to have the same shape. UNo absolute capture
cross section measurements for ihlg3 are avallable at 25 kev,
where they are particularly sensitive to p-wave effeects. Diven
and Torroll'os‘ results at 180 kev are the basis of the scale in
Figure 11, Further, s-wave paraseters of Rhlaj are very poorly
knoun.’“ Hence it is possible to estimate f;(l)/D only roughly.
We have not attempted to show the rather arbitrary it in Fig-
ure 11. We can however estimate (see Figure 15) that Fn‘li,/n
lies within the range (1.0 te 4.0) x 10™%,

108
2;11;‘;;.}08: S-wave parameters for the ¥4~ 1lsotope are

not known. Only rough estimates cof s-wave parancters can be
wade fros total cross sectiom data on the natural -1amant55
since F‘IOB is a winor isotope.

A fit to the capture cross sectiom of Pa''° whieh is con-
sistent with the poorly knouwn s-wave perameters 1s shown im Fig-
ure 12, where the relative deta ls normalized to the absolute
measuresents of Kaeklin g% al. ,""5 snd Booth ef ﬂ-” Due to
the lack of accurate s-wave parameters and to the monotonically
decreasing nature of the cbserved capture ecross section, &
vnigue fit wae not possible. It was found that 2ll rescmable
fite required the conditlem ( I'y/Dy). < (T, /Dy)y. The p-uave
strength function could only be determined within a very large
error which is shown in Figure 15, page 53.
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ml??: ‘Gold belongs to the problem group because of in-
adequate kmowledge of the absclute capture cross sectlcom. Since
gold is monolsotopic with a convenient half life for B descay,
many experimenters have attempted measurements of tne absolute
capture cross section but the agreement 1is very poor (see BEL-
325.%%

The data shown in Figure 13 is normalized to messurements
by Booth gt al. (U.C.K.L.)5? and Johnsrud et gl. (WISCONSIN)
With this normalization, the fit te the experimental data is
in very poor agreement with the measured value of ( !_'i,. /B e, ).
(see Table II, page 58). Very recent measurements indicate that
nyeoﬁnt is proceeding from both dirsctions, i.e., very recent
unpublished results of H. W, Sehwitt and C. W, Cook of Oak Hidge
laticonal Laboratory using the shell transmission method indlcate
that the capture cross section at 25 kev is only 585 & 6C nmb and
very recent estimates of Fs for geld are higher than the previ-
ously acceptad 15170.56 Both of the above values bring the
neasured s-wave parameters and the absolute capture cross sec-
tion into better agreement.

Ag has already been discussed, the value of ’—;3 ‘”/D de-
teruined and ( F, /Da)p = { I—‘; /Do); is relatively independent of
the above diserepancies.

ﬂmm.]‘%: The average capture cross sectlon curve for
198
Py . is shown im Figure 1&. Our curve has been normalized to
the average of two absolute measuresents at 25 kev by Hummel and

Hamermeshd? and Booth gt !1-53 The sharp break that occurs

arcund forty kev appears to be a dramatic example of partial
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capture cross sectlons; a simllar break appears in the Pt196
curve which we were sble to measure with very poor statistical
seouracy because of its lomg half 1life and low iscotople abun-~
dance. %e cam not produce as sharp a break as is shown by the
experizental data by incoherent addition of possible partial
eross sectioms due to =- and p-wave neutrons. We are therefore
forced to conclude that both p- and d-wave neutrons are respon-
sible for the sharp rise in the capture cross section of Ptl93
at forty kev. Since none of the resonance parameters are known
for Pt end three different partial cross sections seem toc be in-
volved, we are umable to attempt & unique fit to the experimental
data. It is interesting to note that a smooth extrepclation of
the data in Figure 14 to higher emergies temds to colnclde with
the sbsolute measured cross section at ome Hov.sa
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Chapter IV
P-WAVE STBENGTH FUNCTIONS

Figure 15 shows p-wave stremgth functions ss determined
from the capture cross seotions. Also included are results
cbtained by re-analysis of the experimental data of Newson
31”51.11 aceording to the lines suggested in Chapter II. These
inolude results for As, Se, Sr, ¥, Zr. 7% 920 9% oy esults
for Sr*, Mo, Bh, Ag, Sn are obtained from the analysis of the
unpublished dats of Seth gt al. 2 Also included sre

[y 12/D for Miobium as messured by Bollimger gt at.>® and
Bocam‘.s_;z.so
functions of Indium, Silver, and Niobium, as obtailmed from cap-

Preliminary values of the p-wave strength

ture cross section measurements by Olbhon-,;;‘a1.37 are in

reasonable agreeaent with the above. For additional references

® FPart of the Sr date used in this avalysis is due to C, D,
Bowmen. See C, D. Bowmen Naster's Thesls, Duke Unmiversity (1958).

L52]
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see Table II, page 58.

The experimental results for p-wave strength functions are
in disagreenent with the prsdlctaanlj of a simple square well
ortical potential:

VeVoll +1 6§ ), r< B (7)
V=20 + 22 R
where E = r°A1/3

The experimental p-wave strength functions indicate a much
wider peak or pesks than the assusption of the above square well
optical potential would preduce. If we disregard the experimen-
tal evidence for the dip around A = 100, a very large value aré
would be required tec produce sc wide & glant rescnance, and such
a peak would have a maxiwum value of only about f;‘l)/b =
2.0 x 10'“; which i in obvious disagreement with the experimen-
tal data. Thus it is not pessible tc determine suitable para-
meters for the above optical potential which would reproduce the
width as well as the height of the cbserved strength fumction
peak.

The results for Mo %% and possibly Bn'"? suggest that the
distribution has a minizum or at least a plateau at A& = 100 and
two peaks at A =~ 92 and 110. The former has been reported pre-
7109111.11 Such a2 distribution would require that the results
for twe different VB? combinations giving pesks at A<~ 92 and
A = 110 be superimposed. The two values of VEZ at a given
atomic weight can be obtalned by requiring that either V or B
be two-valued. In the region of A where spheroidal deformations

of nuclel are expected, such a double peak in s-wave neutron



55
gtrength function (for which V must be single valued) has been
explained by considsring the two characteristic radil of a sphe-
roid, i.e., congidering B to be two-valued for & given A, Inm
the region of atomic weights, A4 = 75 teo 130, with which we are
concerned, nuclel are known not te possess any large intrinsic
guadrupole moments; thus V alone must be responsible for the
double peak, i.e., 1t must be dcuble-valued.

It is well known that high energy exveriments indicate size-
eble spin-orbit ecupling in the nuclear interaction. Eecent op-
tical model analysis of neutron ucatterin;gz and proton scatter-
1ng‘1 data from four te four hundred Mev has shown' that s defi-
nite spim-orbit potential must de included in the optical po-
tential. 4% lower energy Okazaki”® has deduced similer evidence
from neutron polarization studies. The generzl optical poten-
tial for neutrons must therefore include a spin-ordit part and
may be written as

Vir) = Vo(1#1 £ ) £(r)

+ (6+12] Y (n/2me)2(2/r)(  £(r)/or Mo -2 ) (8)
Af the samwe shape is assumed for real and ismaginary parts of the
potential. For a2 sguare well potential thie ylelds a §-function
shape for the spin-orbit potential. However, Okazaki has shown
that & sultable unifor:s spin-orbit potential can always be found
which will repreoduce the results of the §{-functlom potential.
Further, below twenty ¥ev, Fermbach finds no evidence of the
imaginary pvart of the spin-orbit potential. Thus we can write
the gimplified potential as:
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Ve =V, [141 + 6/2 {-1x(24)}] , rsB (9)
= 0 ’ r> B

A (L) -3 5 (2)

/e = 2e)™ T gyt Fmy ) (10)

= (2041)72 [(240) < FnJu)fnJ)+ + 2T 2 g "]
The solid curve in Figure 15 was obtained with the following

choice of parameters: Vg, = 41 Mev, = 0.02, §= 0.085 and B =
1.45 41/ fermis and 1s fouma to fit the experimental data reas-
onably well. The dashed curve represents another possible fit
with the parameters: V, = 41 Mev, § = 0.30, amd §= 0,085.
While no c¢laim is made here that these are by any means the best
fit parameters, it is to be noted that we have kept V,i> approx-
imately the same as that chosem by Feshbach, Porter and Heisakopf’
and our value of the spin-orbit potential = 3.5 Fev is in reason-
able sgreement with Okazaki's based on polarizaticn studles. The
fit at the minims near A = 102 and 130 might be improved by
rounding off the muclear potential.

It 1s felt that the expsriments described have definitely
shown that for p-wave neutromns there 1s an apprreciable spin-
orbit coupling term in the nuclear potential which brings about
2 splitting in the p-wave strength function peak rredicted by
the optical model =t an atomlic weight of about one hundred. Un-
fortunately, the evaluation of the p-wave strength functions was
not sufficiently precise to determine the maguitude of the spin-
ocrbit effect very accurately, but with improvement in experimen-
tal techniques and analyeis this should be possible in the not
too distant future. It was also found that for even-even nuclel
the s- and p-wave JY-ray strength functions can differ by a
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rolatively large factor, and this fact can be explained guali-
tatively by comsidering parity effects in the ghell model.
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Appendix I
AVERAGE TARGET THICKHESS

Since the measurement of average capture cross sections re-
quired only very modest neutron energy resolution, targets used
for the production of neutroms with the Van de Graaff protom beam
eoculd be thick compared to those necessary for higher resoclutiom
work. Evemn at the lowest neutron energies used in these measure-
ments, the effect on resclution due to a target of the order of
two kev proton stopping power was small compared to the energy
spread due to the angular acceptance of the sample. Above Fifty
kev, targets of the order of ten kev stopping power cculd be used.
Even though target thiokness had a megligible effect on the reso-
lution with which the measurements were made, the average thick-
ness of the target was ilwmportant in determining the nominal en-
ergy of the neutron beam.

Estimating the average target thickness from forward thresh-
old (in terms of protom stepping power) has long beenm the common
Iprooo&ure in neutron spectroscopy. This method had not been de-
veloped into an ascourate procedure, since previocusly the method
had been used extensively only to sscertailn that the target was
very thin. When an estimate of the thickness of a relatively
thick target was necessary, it was generally assumed that the

L63]
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proton stopping power was the erergy interval between forward
threshold energy and the energy at which the yleld of neutrons
at zoro degrees started decreasing. This method was of doubtful
acouracy beecause thin layers of 1ithium fluoride, of which a tar-
get consists, are known rnot to be of uniform thickness. 4 pro-
gram was earried out to find a better method of interpreting for-
ward thresheld measurcments in terms of average target thickness.

The total cross sectlion and the total neutron yield Just
above forward threshold of the Li(p,n) reaction has been studied
in detail by Newson and Willlsmeon®Z snd by Oibbems st 21.%7 It
was found that a broed 2-(2 = 0) resonance at approximately 1.9
Mev accounts for almest all the observed neutron yield from
threshold to about 1.95 Mev. This cross section can be expressed
in the form: "

O ™ %25J x/(14%)% (11)

where A= DeBroglie wave length of incident protoms.
gy = (29 + 1)/2(21 + 1)
1/2
X= [/ L=Ci(e&, -E.)E 1" = ratio of the
» P P LI neutron and
proten partial
widths of the
resonance.
Et = neutron threshold of Li(p,n) resction.
Newson gt zl. found the constant C = 6 fitted the data with
reascneble accuracy whils Macklin and Cibbons determined the
value ¢ = 5.2 1 0.3. The comstant, C, 1s @ifficult to determine
accurately by means of total yleld or total c¢ross section meas-
urements since forward threshold erergy must be determined by the

same data.
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The above equation was used to calculate the differential
eross section of the Li(p,n) resction at zero degrees up to
sbout fifty kev above forvward threshold. 2Since the resonance
dominating the cross section in this energy range was an s-wave
resonance, the reaction was assumed te be isotropic in the center
of mass system. With the above assumption, gecometrical consid-
erations led to the following expression for the differential

cross section at zerc degrees:

()"pn{azo) - Ton i]‘ - 0.5 (1 - [% # (52 - 92)1;‘2]292},,2 )'/2-
050 -[1- G- 02 /2222172 § 1700 (12)

where ANO= small solld angle subtended about zero degrees.

€ = polar angle defining an.

y =7 [(8p - B)/E,] 22
The above expression is velid only for small © such that the
approximation sin 9 ~ 6 and cos® = 1 can be made. Also the
equation does not apply when y< 6. This condition cccurs
slightly above threshold (about one humdred ev for € = 0,051
rad) where all the neutron yleld from the reaction is contalned
within an.

At back threshold (protom cmergy at which neutroms emerge
into angles greater than ninety degrees) the last major term in
equation 12 goes to zero and should be ignored at higher proten
energles. Thls is due to the fact that the center of mass veloc-
ity towards zero degrees is ne longer greater than that of a neu-
tron emitted at an engle of 180° in the center of mass and the
lower energy neutron group is no longer present at the forward

angles.
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At protom energies greater than about four kev above forward
threshold, the expressiom for the differential eross section for
the Li(p,n) reaction (equation 12) can be approximated by the
following expression within % 2 percent:

Conl® = 0) & Gpp [ + 320/52] ©2/(2202)  (13)
Therefore, in the energy region where this approximation is
valid, there is not a strong dependence 0 ,(aq ocoa), and the
finite solid angle which a counter subtends has a swmaller effect
on an sxperimental mzeasurement.

The differentisl cross section is experimentally measurable
only with a target which has negligible stopping power for pro-
tone. Even an apprroximate exrerimental measurezent of such =
cross section is very difficult near forward threshold where the
cross section is rapidly varying. The validity of the oniaulq-
ted differential cross section could be determined with the use
of a very thick target (stopping power greater than E, - Ey), 1.0,
& measurement of what should be the energy integral of the dif-
ferential cross section from threshold to the proton energy.
Such a measurement has the advantage that the roughness of the
target layer has no appreclable effect on the yield so long as
there are no bare spots énd there are no impurities in the lithium
or lithium compound. This is due to the fact that protoms which
are above forward threshold all pemetrate sbout the same number
of lithium atoms per sguare centimenter per kev energy loss.
Such a thick target threshold would be affected by the protom
beam resolution and protom straggling but these effects are
appreciable only for ths first few kev.
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A forward threshold taken with the Nekibben counter and a
very thick lithium fluoride target is showm in Figure 16.
Lithium fluoride was used instead of lithium since & lithium
metal target deteriorates upon exposure to air and may not have
an egual number of lithlum atoms per kev energy loss for protons.
The protom rescluticn was 1/2000 for the measurement of this
threshold. The experimental data is normalized to the solid
line which is the integral of the differentlal cross sectiom
from taresheold to the energy plotted. A triangular resclution
of 1/2000 was folded into the calculated curve to take account
of the spread in the proton energy. Intégration of the differ-
ential cross section was done by integrating equation 12 numeri-
cally up to an energy of four kev; equatiom 13 was integrated
analytically above this Qﬁtrgy. At thirty seven inches from the
target the McKibben inu assumed to have an active counting radius
which subtended an angle of 0.051 radians. This assumption had
little effect on the shape of the calculated curve. Comparison
of the shapes of the calculated and experimental thick target
threshold curves shows that the assumptions used to derive the
differential cross section seem to be valid to a good approxi-
mation. It has been shown with a BP3 counter that our HeKibben
counter has & flat response over the neutron energy region cov-
ered by this thick target threshold curve (see Chapter I, Momi-
tors).

From the normalization required tec matech the experimental
data in Figure 16 with the calculated curve, it was possible to
calculate the efficiency of the FeKibben counter. Since the
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calculated differential cross section was dependent on © 2
above four kev, thls efflciency could best be determined in
terms of the nmeutron flux at the face of the MeKibben cocunter
and the MeKibben counting rate. Using the constant, C = 6, as
determined by lou-on,gx.az,,éz the stopping power for protons
of lithium ard fluorine,™ and the fact that the MeXibben was
thirty seven inches from the target, the followlng relation was
derived: |

O.L5RBR = @ (14)
where B ig the counting rate of the lNeKibben at a2 distanée of
thirty seven inches from the target and ¢ 4s the neutrom flux
at the same position.

The sbove result is in good agreement with two other ex-
perimental measuresents. Usimg the hydrogen recell counter de-
sceribed in Appendix l1I as an absolute neutrom flux moniter, the
result 0.52 E = ¢ was obtained. This measurement was done at
neutron energies of from 100 to 650 kev, but sinoce the effic-
iency of the KcKkibben counter is supposedly flat in the kev
region, the energy difference should not be important. The other
measuresent of this type was dome by E. G. Bilpuch using a cali-
brated neutron source. This neutror source was a three curie,
antimony-beryllium source which was borrowed from Oak Eidge
Kational Laboratory (calibrated by the National Bureau of Stand-
ards). The neutrons emitted had an average energy of about
twenty five kev with an energy spread of plus or minus a few kev.
By plecing the Hekibben counter the standard thirty seven inches
from this source, the relation 0.48 E = ¢ was obtained. It
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should be noted that ths results of both these experiments are
in good agreement { % 6 percent) with equatiom 14 which was
based upon the differentlal cross sectiom of the Ii(p,n) reasction.
These calibrations, of course, assume the use of the same B?s
counter (cme ineh in dlameter, six inches long, amd filled with
enriched nl"r, at @ pressure of fifty em of Hg) in the Mekibben.

Since the integral of eguation 12 was Justified by thick
target thresholds, it was possible to interpret forward threshold
curves of targets wnich were of a thickness useful for the rel-
ative cspture c¢ross section measurements. From the calculated
thick target threshold curve, an ideal forward threshold curve
fer a uniform target of finite thickness is easily dorivné.
Each increment of a target ma# be considered as an indeprendent
contributor to the threshold curve sinece, to a good approxima-
tion, protons lose energy linearly as they proceed through a
target whbich 1s not teo thick. Thus, an ideal forward thresheold
curve for a relatively thin target cam be produced by displacing
the calculated thlck target threshold curve by the stoping power
of the target thickness desired and subtractimg this curve from
the original calculated thick target threshold curve.

The experimental forward threshold curve for a LiF target
ef 1.6 kev average stopplng power is shown in Figure 17. The
s0lid curve is the calculated forward thresheld curve (for a 1.6
kev stopping power target) which best fit the experimental data.
This calculated curve belonged to a family of ealculated curves,
corresponding to a variety of target thicknesses, which were
used to determine target thickness by a method to be described.
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We attribute the deviation of the experimental data from the
caloculated curve to the roughness of the LiF target, protenm
straggling, ard the protom resolution. The calculated and ex-
perimental threshold curves do not reach agreement until far
above threshold energy. For the case showm, the curves d¢ not
sateh until sbout 25 kev above threshold energy. Thus the effect
of roughness of the target is quite large near forward threshold
because the differential cross section is such a strongly peaked
funetion near forward threshold energy.

The method of fitting 2 forward threshold curve for a rel-
atively thin target with a calculated curve (in order to find
the everage thickmess of the target) involves the fact that the
two curves should join =2t the extrapolated forward threshold as
well as at an energy far from forward threshold and that the
area under the experimental and caleulated curve should be the
same. The firat two conditicns are usually sufficient, however,
the third is ususally a good check and improves the accuracy of
the result. Under the experimental conditions used, the normal-
ization between the calculated curve and the experimental thresgh-
cld could be determined with the use of a thick target threshold
by the method already described (see Figure 16, page 68). At
this laboratory, forward threshold curves are usually taken with
the use of a proton charge integrator go that the number of
FeKibben counts for go many microcoulombs of protom charge are
recorded st each protom erergy. Since it was possible te nor-
mallize the calculated threshold curve to a certain number of

microcoulcombs (usually twenty), a family of forward threshold
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curvee for various target thioknesres was calculated to corres-
pond to the possible experimental data. By pletting the experi-
zental threshold curve on the same scales, and matohing the for-
ward threshold energies it was possible to determine the average
target thickness by cbserving whichk of the high energy asymptotes
of the calculated curves the experimental data joined, Usuzlly
this result was checked by determining whether the area cf the
two curves was the same. This procedure was thought advisable
since the calibration of the NeKibben coumter uné not checked
by taking a thick tasrget forward threshold before sach target
thickness determination. If for some reasom the efficliency of
the MeKibben counter had changed, then a discrepancy in the areas
of the calculated and experimental curves would have appeared.
The above method of determining average target thicknesses is
only appliocable when the target is compeosed of a pure lithium
compound or uncontaminated lithium nstal.

Hesults of the study of target thicknesses indicated that
the peak yleld in & threshold curve was not always a good ilndi-
cation of the average target thickmess. In eyvery case it was
found that the average target toickness was somewhat greater
than the energy f:ﬁﬂ forward threshold to t§n poak of the nnur
tron yield; how much greater depended onm the rcoughness of the
target, which seemed to vary comsiderably. The reason for this
effect 1z belleved to be that the differential cross section of
the Li(p,n) reaction 1s peaked jJjust above forward threshold and
thus the neutrom yleld from a target will drop as soon as appre-
clable numbers of prectoms penetrate the far side of ths target
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with energies above forward threshold. This drop in yleld would
indicate the exact target thlckness only if the target were unl-
form, however, target layers are known not to be uniform and
there is usually an appreciable guantity of target material which
is ocutside the minimum thickness of the target.

The degree of roughness of a target was found to be deter-
mined to a large extent by the vacuum under which the target was
evaporated. If the pressure exceeded about 0.5 x 10°% am of
mercury during evaporation, it was found that the resulting tar-
get was very rough, and thus would cause sn unnecessarily lsarge
resolution spread if used.

Lithium fluoride targets did not show any appreciasble de-
terioration in air, while lithium metal targets apparently be-
came rougher as well as thicker (due to LiOH formation) when ex-
posed to the atmesphere. This alone, however, would not make
such targets inferior to LiF targets, since after exposure,
lithium targets have a stopping power within a few percent of
that of a lithium fluoride target which produces the same neutrom
yield. The fact that the lithium targets appear to become
rougher if the target is exposed te alr makes lithium fluoride
targets more desirable under many c¢ircumstances.

The experimental arrangement tdr thi weasurement of relative
capture oross sections was such that targets had to be evapo-
rated in an external evaporator amd thus exposure to air was
necessary. Due to this faet, it was thought negessary to study
average target thicknesses in the manner whioh has been desoribed.

Several of the capture c¢ross section curves which had originally
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been done ueing thin lithium metal targets were repeated at the
lower energles (less than fifty kev) with LAF targets of average
target thickness determined by the methods deseribed in this ap-
pendix. It was found that early empirical interpretations of
the average thicknese of the lithium metal targets were valid in
most cases to withim the accuragcy necesgary for the eapture
cross section messurements. Such empirical interpretations of
forward thresholds were not consistent, howsever, in certain
cases where the lithium xzetal targets were very rough.

During the activation measurementes the MeKibben counter was
situated at ninety degrees with ronpaﬁt tc the protom beam.
Periodically it was necessary to check whether the target had
been danaged during use. Since 1& was not desirable to move thi
MeKlbben during the activation measurements, another method of
observing the comndition of the target was devised. The small
BFB counter used as a monitor below twenty five kev was used for
this purpose. This counter had a response which decreased as
1/2;" 2, It can be shown that the mimety degree neutron yisld,
Just above back threshold, from a lithium target of relatively
low stopping power rises approximately as 8:/2 after the protons
penetrate the far side of the target with an energy greater than
" that of back threshold. Thus a back threshold curve takenm with
the BP3 counter rose approximately linearly until the far side
of the target was pemetrated by protons of emergy greater thanm
back thresheld and them the back threshold curve had a broad
plateau. Such a ninety degree threshold curve takem with the
5?3 counter (1.2 inches from the center of the target to the
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mid-point of the axis of the counter) is shown in Figure 18. By
meaguring such a baeck threshold curve at the start of the activa-
tion measurenents and at later intervals, the condition of the
target was known at all times since changes in the back threshold
curve were easily interpreted. Back threshold measurements were
also a good check on the thickness and roughness of the target as
determined by the other methods described.
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Appendix 11
HYDBOGEN RECOIL COUNTER

A hydrogen reccil counter was coenstructed for the purpose of
measuring the relative efficiency of the NeKibbem counter over as
large a neutrom energy range as possible (up to about 650 kev).
The recoil counter was not used directly as a neutrom monitor in
the capture cross section experiments since its counting rate was
low, compared to the McKibben counter, and background corrections
were more difficult.

A recolil counter pattermed after that of Allen end Fgr;ulca65
was constructed with only mimor structurel changes which made it
feasible to build the counter in the Duke University Instrument
Shop. A scale drawing is given in Figure 19. Structural materi-
als were kept to a minimum to avold ummecessary neutron scatter-
ing. The outer wall of the counter was designed te be at ground
potential and formed no part of the active counting volume. This
cuter wall was capable of being evacuated and should have been
able to withstand & maxisum internal pressure of two atmospheres.
The center wire of the counter was of 0.004 inch platinum wire
and was thoroughly cleaned and inspected under a miceroscope to
insure uniformity. The ceunter wire was supported at both ends by

kevar seale wnlch acted as insulators; the external kover seal
L78]
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(see Figure 19) was used as the poeitive voltage terminal. Im
erder to assure a uniform, radial electrie fisld around the cen-
ter wire, 1t was necessary te restrict the counting velume with
the 0.25 inch dlameter, brass fileld tubes which surround the
genter wire at both ends of the counting volume. These fleld
tubes were grounded to the outer wall of the counter. Inside
the fiecld tubes, the center wire was surrounded by 0.020 inch
diameter rickel tubing to rrevent pulses originating between the
center wire and the field tubes. The inner fileld tube and kovar
seal were soldered to z stainless steel nut which secured this
asgenbly to the mica support; the latter also supported the 1.81
inch braseg oylinder which formed the cathode of the counter.
The ends of this brass cylinder were rolled under to further
assure a uniform field to the center wire and to prevent high
voltage arcs. The cther end of the brass cylinder was also se-
cured to a mica support, arnd & voltage lead was brought out from
the cylinder through a kovar seal so that it could be at & neg-
ative potential with respect to the fileld tubes and center wire.
Thus, the active counting velume of the counter was defined by
the imner ends of the field tubes and the imner surface of the
1.81 irnch diameter brass cylinder which acted as the cathode.

The center wire of the counter was designed to be at e high
positive potential, the fleld tubes at ground potential and the
brass cylinder at a negative potential. The ratio of these two
voltages was fixed by the condition that the fleld tubes must
lie on a zero potential surface in order not to distort the

electric field between the center wire and the cathode. For the
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particular counter constructed, the ratioc of pesitive to negs-
tive voltages should be 2.1. As long as this condition was sat-
isfied to within the order of tem perecent, the ragail counter
was found to aperata‘satisfaetorily. It was naceiasry to mount
a preamplifier directly behind the counter since the additional
capacitance of coaxial cables decreased the pulse heights sig-
nificantly.

& recoll counter as shown in Figure 19 should be capable of
measuring an absolute flux of monocenergetic neutrens in the en-
ergy range of from about thirty kev to one Mev. However, such a
neutron emergy range cammot be covered without changing the op-
erating conditions or'the recoll coumter. Jom multiplication,
observed pulse height, and end effect correctiong decrsase with
increasging gas pressure for ccnstant high veltage on the coumter.
In 2 given snergy range a compromise must be made among the above
fectors since a given counter can sustain & limited high voltage
without breaskdowm. It was foumd that the counter ylelded sult-
able pulse height spectrums for meutrens in the energy range of.
from 100 to 650 kev when filled with ome atmosphere of hydrogen.

Figure 20 shows a differential pulse height spectrum for
neutrons of two hundred kev average neutron energy from a lithium
target which had a proton stopping power of aprroximately twenty
kev. This spectrum was tekem with 1,900 volts on the center
wire and one atmosphere of hydrogen in the counter. 4&n ideal
pulse height spectrum would be ome im which all pulse heights
vp te that corresponding to the zaximum neutron energy were
equally probable, and then have a sharp cut off. Two effects
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make such a spectrum impossible to attain: (a) 1npuritiaa in
the gas, and (b) recocll protons either sntering o leaving the
active counting voelume {or hitting the cathode wall) befcre they
have lost all thelr energy by lonizing collisions with hydrogen
molecules. Both the above factors cause the pulse height cut
off tc be less distinet and the spectrum not to be flat up to
cut off,

Hydrogen must be very pure in order to be sultable for use
irn 2 hydrogen reccll counter. Impurities usually have very dif-
forent neutron cross seotlicns and lonization properties froa
those of hydrogen, and thus change the pulse helght spectrum and
destroy the accuracy of an absolute flux calibration. The re-
coll counter was provided with two gas inlets as can be seen in
Pigure 19, page 79. This was done in case 1t were necessary to
build & constant flow gas purifier for the counter. Such a pro-
cedure was not carried out since 1t was found that Eesearch
Crade Hydrogen provided by Fatheson Company was pure enough fer
our purposes. A metal filling system with diffusion pump, dry
ice trap snd liquid air trap was constructed for filling the
counter with hydrogem. The evacuated counter snd filling sys-
tem wers heated to a temperature of about 100° C geveral times
before filling tﬁa counter in corder to minimize outgassing of the
metal parts during or after the fillimg of the counter. Heating
tec 2 higher tesperature was not possible bhecause of several soft
sclder Jjoints in the counter. Outgassing of the counter after
filling was evidently not very serious since the quality of the

exrerimental pulse height spectra did not deteriorate noticeably



over a perliod of several weeks.

Neutron flux could be measured with the counter described
above by placing the ccunter axis parallel on the neutron beam
and recording the pulse height on a multi-channel analyzer. It
is easily seen that the area under the differential pulse height
spectrum is proportional to the neutron flux to which the counter
is exposed if corrections are made for end effects and for the
variation of the neutron-proton scattering cross section with
neutron energy. A differential pulse height spectrum is taken
instead of an integral count slnce it is neceesary to extrapo-
late the pulse helght spectrum back to zero pulse height in order
to eliminate electrical nolse. An integral count would have been
sufficient 1f the recoll spectra were very close to ideal, so
that the count could have boen blased above all eleetrical noise
and it could have been assumed that the spectrum was flat below
this bias.

The neutron flux i1s related tc the area under the differen-
tial pulse height spectrum in the following manner:

A{counts/see) = n & (By) N(E,) (15)
where A = area under pulse height spectrum per second.

n = atoms of hydrogen contained by the active
counting volume.

0{Eg) = neutren-protom scattering cross section for
neutrons of E, energy.

H(Ey) = end effects correction.

§ = neutron flux of Ej energy.

For the particular counter constructed, the above relation re-
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duces to:
d=7.33 (p/76) 4/(0 N) . (16)

where p is the pressure in centimeters of mercury, and 0 is in
barns.

The neutron scattering cross section of hydrogen has been
measured to one hundred kev by Ha-kot.lk These naasurémnnta are
in excellent agreement with theoretical caleulatioms in BNL-325}5
Since the reecoil counter was used at emergies up to 650 kev, the
values of crfﬂﬁl above one hundred kev were takem from the theo-
retical calculations mentiomed sbove.

The end effects correctiom, N(E,), for & recoil counter has
been considered in detail by Skyrme, Tumnicliffe, and Ward, %6 ana
Allen and Fargulea.65 Such corrections are negessary because
some of the recoll protoms enter or leave the =ctive counting
volume (or strike the cathode wall) before they have lost 2ll of
their energy. These corrections depend upon the radius and
length of the couptar as wall as on the neutron smergy, 1.e., the
average effective range of protons im hydrogen. Using the ap-
propriate integrals evalusted by Skyrme gt al.,®® ana aE/ax for
protons in hrdfagtn ag measured by iaxl,67 ¥(Ey) was caloculated
to be 1.042, 1.092, end 1.33 for neutron emergies of 250, 500,

" and 1000 kev respestively when the reseil scuater is filled with
one atwosphere of hydrogen.

The experiment in which the reeoil counter wss used (meas-
uring the relative efficienmcy of the HeKibbem counter) was carried
out using neutrons at zero degrees from a twenty kev stopping

pover lithium target. With this experimental arrangement, the
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measuresments could not be extended below one hundred kev becsuse
of the low energy group of neutrons emitted by the target at
these lower nominal energies. The recolil counter (12.31 inches
effective distance from the target) and the lNeKibben counter
(57 inches from the target) were placed so that they subtended
the same effective solid angle, thus the recoll counter was be-
tween the target and the FoKibbem cocunter. The reeoll counter
was removed when a count was being takenm by the FeKibbem. A pro-
ton charge integrator was used to assure that the recoil counter
and the MeKibben counter were exposed to the same number of neu-
trons per square centimeter. The reproducability of this pro-
cedure was found to be about : 2 percent, wihich was within the
desired experimental accuracy. The use of zero degrees for this
experiment had two advantsges: background due to gcattered neu-
trons was negligible and the positioming of the two counters was
much less eritical. The results of the sbove experiment have
been discussed in the body of this thesis and were shown in
Table I, page 15.

A pecond experiment to measure the relative efficiency of
the NeEibben counter from thirty kev to one hundred kev was also
attempted. For this experiment the pressure of hydrogen in the
counter had to be reduced so that the counter would produce
pulses well above electrical nolse. A hydrogen pressure of ten
centimeters of mercury was found toc be satisfactory for this en-
-ergy region. In order to observe the pulse height spectrum in
this energy range with minimum experimental difficulty the hy-
drogen counter was placed at zero degrees with respect to the
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proton beam and a spectrum was taken st neutrom energles of
about thirty and one h;adrod kev., The center of mass motiom of
the Li(p,n) reaction just above forwerd threshold produces a neu-
trom beam at zero degrees of apprexiwnts}; thirty kev energy. A
reagonably good pulse height spectrum uéc produced by thirty or
cre hundred kev neutrons, but it was not possible to messure the
efficieney of the FeEibben counter relative teo that of the re-
coll counter at a neutron energy of thirty kev. The neutron beam
wae unstable because of the rapld change in neutron flux with
proton energy and the emission angle of the neutrons. However,
the experiment did indicate that the hydrogen counter was capable
ef measuring the flux of monocenergetic neutren beams in the en-
ergy range from 30 to 100 kev, as well ae from 100 to st least
650 kev.

A gsecond attempt to measure the flatness of responee of the
MeKibben counter in the energy renge of thirty to one hundred kev
was made at ninety degrees with respecet to the protom beam where
a reasonably moncenergetic neutrom Tlux is avallable. When this
procedure was followed, the pulse height spectrum from the hy-
drogen eountir wag very poor due to neutrons scattered from the
forward angle. Since the background due teo scattered neutrons
was large compared tc the counting rate from the desired mono-
energetic neutron beam, a reasonably accurste interpretation of
the pulse helight spectrum of the recoil counter was not possible.
Thus the experiment to measure the relative efficlency of the
HeEibben counter for neutrons of energy between thirty and ome
' hundred kev was not feasible. The recoll counter was therefore



g8
used as a standard only above a neutron energy of one hundred
kev. The Bm(n, o) cross section was found to be & satisfactory
standard at lower energies (see Chapter 1, Momitors).
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