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ABSTRACT i

The Angular Distributions and Energy Spectra of Photoneutrons from
Heavy Elements
by Gordon S. Mutchler
Submitted to the Department of Physics on October 4, 1965 in partial fulfill-
ment of the requirenment for the degree of Doctor of Philosophy.

The energy spectra of photoneutrons from Bi, Pb2'08, Pb207, Pb206,
T1,Hg, Au, W, Ta, Er,Ho,Sm, Pr, La,I,Sn, and In were measured at 249, 760
and 156° relative to the photon beam from the MIT Linear Accelerator.
Bremsstrahlung spectra were used with endpoints of 15,14 and 13 MeV. The
reutron energies were determined using a time-of-flight spectrometer with
10 meter flight paths and 8 ns resolution. Subtracting the 14 MeV (or 13 MeV)
lata (properly normalized) from the 15 MeV (or 14 MeV) data yields neutron

spectra generated by an equivalent photon spectrum peaked at 14 MeV (or 13 -
VIeV) with a FWHM of 2 MeV.

The angular distributions of the photoneutron spectra from these three
rremsstrahlung spectra were analyzed in the form W(e)=ao+a1Pl(cose)+a2P2(cose).
1] was found to be approximately constant with energy for each target, and to
‘ange from -0.07 to +0.05 with statistical errors of £0.02 and estimated sys -
ematic errors of 10.09. Therefore a; was assumed to be zero for all targets,
nd the angular distributions are presented in the form W(O) =a,ta,P,(cosO).
‘he anisotropy (aZ/ao) was found to increase with neutron energy. The low
nergy photoneutrons (< 3 MeV) are isotropic (azla0=0) and the anisotropy is

maximum at or near the neutron endpoint. This maximum value of the ani-
otropy shows marked shell effects. It is a maximum (-az/ao=0.6 to 0.7) near
1e closed shell nuclei Pb208 and Pr, and it has a minimum (-aZ/ao=0.15 to
.3) between these two closed shells, in the region of the deformed nuclei.

The neutron difference spectra are characterized by an isotropic eva-
oration component which dominates at low neutron energies, and an aniso-
opic resonance direct component which dominates at high neutron energies.
he transition from one component to the other is quite abrupt, typically tak-
1g place in an energy interval of about one to two MeV,

It was found to be possible to fit the neutron difference spectra with
ie theoretical curve dN/dEn=const Enocw(U)+kS(En), where w(U) is the level
:nsity of the residual nucleus at an excitation energy U, oc is the inverse
ipture cross section, and S(E,)) is the energy spectrum of the direct compon-
it. The data was analyzed using three approximations for the level density,
Xp 2'\/a3/2U]/(U+t)3/2, [exp NazU]/(U+t)2, and exp (-E,/T), where t is given
r the equation U=amt2 -t. S(En) was calculated using Wilkinson's model of the

ant resonance. In the above equations, an, (or T), and k were the only adjus-
ble parameters.

}I‘he values of a, generally follow the predictions of Newton, a2=K(j_z +
+1)A2 3. K was found to be 0.067. The fraction of directly emitted neutrons,
defined as the integral of the direct spectrum divided by the integral of the to-

l spectrum, was found to be about 14%, and approximately constant with A, the
1SS number.

The.sis Supervisor: William Bertozzi, Associate Professor of Physics
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Chapter I

Introduction

A. Purpose of the Experiment

Photonuclear reactions have long been considered an important tool
for studying the nucleus. Unlike reactions initiated by nucleons, where
neither the structure of the nucleus, nor the nuclear interaction with the
incident particles is known, photonuclear reactions have the advantage that
the electromagnetic field properties are well known. It has not been possible
to take full advantage of this avenue of research because of a number of prac-
tical difficulties in performing photonuclear experiments. Specifically,
these are a relatively small yield and the problems of analyzing the results,
due to the continuous bremsstrahlung spectrum. The ideal experiment would
consist of shining a variable -energy monochromatic photon beam of known
intensity on a monoisotopic target, and measuring the energy spectrum,
angular distribution and polarization of all reaction products along with
the relevant cross sections. The nearest this ideal has been approached
is in the series of experiments by W. John et al (1), on deuterium and beryl-
lium using 2. 75 MeV gamma rays from Na24. This method is necessarily
limited to these two targets. Other experiments (2) using monochromatic
gamma ray beams from nuclear reactions are hampered by low yields. More-
over the photon gpectra in such reactions generally consist of more than one
line. Most research on photonuclear reactions has been done with the brems-

strahlung spectra from electron machines.

The early experiments were performed using betatrons and synchrotirons,
Photon absorpt‘~n cross sections were measured by irradiating targets and
measuring the activity induced in a sample as a function of the incident brems-
strahlung endpoint energy. Various methods (3) have been devised which per-
mit the calculation of the photon absorption cross section from the yield curves
thus measured. All of these methods are very sensitive to small errors in the

measurement of the yield, to inaccuracies and lack of knowledge of the shape

12




of the photon spectrum, and to the uncertainties in the correction for neutron
multiplicity above the (y, 2n) threshold. Another disadvantage of this proced-
ure is the fact that (y, p) reactions almost always lead to either stable or
very leng-lived isotopes. Thus only the o(y,n) + 20(y, 2n) + o(y, np) etc cross
gection is measured. One could measure both the angular distributions and
energy spectra of photoneutrons with nuclear emulsions. * Until recently,
this has been the most widely used method. However, emulsion scanning is
very laborious. A program of study of a broad range of targets would re-
quire a prohibitive amount of time, if good statistical accuracy were desired.
Another commonly used method of determining the angular distribution of
fast photoneutrons is the use of threshold detectors. * The photoneutrons

are detected by the radioactivity induced in the threshold detector by the (n, p)
or (n,a) reaction. The disadvantages of this system are the low (n, p) and
(n,a) cross sections, the experimental uncertainty in the values of these cross
sections, and the meagre spectral knowledge obtained for the photoneutrons.
Such detectors clearly only measure the integral of the neutron flux times the

(n,p) or (n,a) cross section from the threshold to the neutron endpoint.

The situation is a little better in the case of fast protons, deuterons,
alphas, fission fragments, etc. The energy spectrum and angular distribu-
tions of energetic charged particles can be determined by measuring the
energy loss in a scintillator or emulsion. ** With the introduction of high
resolution solid state detectors, it has become possible to measure the energy
spectra of charged particles with great accuracy. However as Z increases,
charged particle emission is suppressed by the coulomb barrier. Therefore
below about 20 MeV photon energy, in the region of heavy elements one can

generally only study the neutron spectra.

Introduction of high-current linear accelerators has led to the feasibil -

s
References to many such experiments will be found in Tables XXXIX and
XL, of Chapter V of this thesis.

Aok

The (v, p), (y,2), etc, experiments are to0 numerous to list individually
here. A listing of these experiments can be found in a comprehensive bib-
liography of photonuclear reactions by M. E. Toms (4).



ity of two new techniques: photon monochromatization, and photoneutron time -
of -flight spectrometry. Photon beams with a relatively narrow spectral inter-
val are formed from the in-flight annihilation of positrons. However the con-
version from electron to positron beams have typical efficiencies of 10_5, and
the radiator must be a thin, low- -7 foil to preserve the narrow photon spec-
trum. Thus at the present stage of development, very weak gamma beams

are produced. For the most part the experiments are limited to total cross
section measurements without spectral information of the emitted particle (5,
6, 7). On the other hand, time-of-flight techniques used with high-current
limacs allow a measurement of the photoneutron energy spectrum and angular

distribution with relatively high counting rates.

A system combining a photon monochromator and a neutron time-of-
flight spectrometer has been developed for use in conjunction with the I1linois
betatron (8). The electron beam is passed through a thin radiator, and the
energy of the scattered electrons is determined with a magnet analyzer.
Electrons radiating photons of the desired energy can then be selected. The
energy of the photoneutrons in coincidence with the selected electrons is meas-
ured by their flight time over a 1.5 meter flight path. In principle this is a
close approach to the ideal experiment discussed above. In practice the re-
quirement of only one photon per resolving time of the electronics‘results in
very low counting rates. Typical experiments require on the order of 100 hours
of beam time to accumulate about 10,000 counts. Thus it would be very time

consuming to study a broad range of targets.

A photoneutron time -of-flight spectrometier was developed by Ber-
tozzi, et al (9) for use with the MIT linear accelerator and used to investi-
gate the possibilities of measuring photoneutron spectra. This work was
reported in ref 10. The equipment was later expanded to include angular dis-
tribution measurements, and the machine current was increased by an order
of magnitude (11). More recently the experimental groups at Harwell (12),
Rensalaer Polytechnic Institute (13), in the USSR(14) and others are also using
time -of -flight spectrometers in conjunction with high-current linacs. At present

these groups only measure photoneutron spectra at one fixed angle, usually



900. In view of the counting rate limitations imposed on the emulsion and
monochromator experiments, and limitation of the single angle of other time-
of -flight facilities, the MIT facility is, for the present, uniquely suited to the

measurement of the angular distributions of photoneutron en®rgy spectra.

It was therefore decided to make a systematic survey of the angular
distributions of the energy spectra of photoneutrons from the giant resonance
of elements heavier than tin. The high counting rates available with this
equipment makes it possible to perforfn measurements at several maximum
bremsstrahlung energies to assist in removing the ambiguities introduced by
the continuous photon spectrum. The bremsstrahlung endpoints were chosen
to approximately straddle the giant resonance. Elements lighter than tin

were not included because of machine energy limitations.

B. Description of the Giant Resonance and Corresponding Nuclear Models

In this section and the following ones, the experimental data collec-
ted from photodisintegration experiments and the niuclear models developed
to explain these results will be briefly discussed. The references cited are
not intended to be exhaustive. Rather, they are merely intended to give ex-
amples illustrating the more pronounced features of the photonuclear reac-
tions. A comprehensive bibliography of photonuclear reactions has been
compiled by M. E. Toms (4). There are several extensive articles reviewing
nuclear photodisintegration: Wilkinson (15), Levinger (16), Shevchenko (17),
and Fuller and Hayward (18). The reader is referred to these reviews for a

more detailed discussion of the experimental results and nuclear models.

Previous experiments have shown that the absorption of photons by nuc-
lei leads to several possible reactions. These are the elastic and inelastic
scattering of photons, single and multiple particle emission (where energeti-
cally feasible), and, in the case of the very heavy elements, fission. Becéuse
of the coulomb barrier, neutron emission is the predominant particle reaction
for elements with Z > 20. Photon emission rapidly becomes negligible above
the photoneutron threshold. The striking feature of the absorption cross section

[o(Ey) = oy, n) + o(y,p) t aly, 2n) + o{y,np) + oly,y) * o(y,y') etc] is the strong




resonant behavior common to all elements in the periodic table (19). This is
commonly called the 'giant resonance" for photon absorption. It is also seen
in the inverse reactions, (p,y), (n,y), etc (20). This thesis examined the

(v, n) spectra produced by photons in this resonance region for several ele-
ments with A > 100.

Throughout the greater part of the periodic table, the photon absorp-
tion peaks at Emz 80A_1/3 MeV (21). At lower mass numbers Em falls
below this line and is roughly constant at 20 to 23 MeV below A =~ 40. For the
nuclei of interest in this thesis, Em varies from 16 MeV for Sn to 13.5 MeV
for Pb. The width of the giant resonance at half maximum is roughly 5 to
7 MeV throughout the periodic table (22). Near the region of closed shells,
the width decreases to 4 MeV. In the region of nuclei with large deformations,
such as Ho, the photon absorption cross section splits into two resonances:
one at about I%MeV, the other at about 16 MeV. The lower resonance is

very narrow (about 2 MeV); the higher resonance is about 4 MeV wide (6,18).

Soon after the giant resonance had been observed experimentally, it
was found to be due to electric dipole absorption. This was indicated by the

following:
(1) At the energy of the giant resonance the wavelength of the

incident photon is greater than the radius of most nuclei. Thus it is
expected that the dipole term will be dominant.

(2) The cross section integrated over the region of the giant
resonance is almost entirely exhausted by the electric dipole sum rule.

(3) The angular distributions of the emitted protons and neu-
trons are symmetric about 90°. With the inclusion of a considerable
admixture of electric quadrupole or magnetic dipole transitions, the
angular distributions would be asymmetric.

Provided that the interaction between the nucleons does not involve
exchange forces or velocity-dependent forces, the integral cross sections of the
dipole gamma absorption will not depend on the structure of the ground state or
the model used (23). Thus

2 2

. . 2n e B NZ NZ
= = —_— - 1
chl(EY) dEY —— X 0.06 y MeV -barns (1)

If exchange forces are taken into account, the integral absorption cross section

has the form NZ -
fo_ (E)dE = 0,06 —F(1+4) (2)



where A depends on the type of interaction between nucleons. Bethe and
Levinger (23) have shown that A = 0. 4 for an equal mixture of exchange and
ordinary forces. Experimentally, the photon absorption cross section integra-
ted up to 25 MeV for the heavy elements is about 1. 3 measured in units of

0. 06%2—' MeV-barns (18). This indicates that the dipole strength is indeed
exhausted and in fact requires A>0. However the data is not accurate enough

to draw unambiguous conclusions regarding the mixture of forces required to

produce A>0.

It shquld be pointed out that above 20 MeV in the heavy elements, the
photoprotron angular distribution (24), and to some extent the photoneutron angu-
lar distribution (25) show a definite forward peaking. This requires the interfer-
ence of a positive parity transition with the electric dipole absorption, and has
heen interpreted as indicating electric quadrupole absorption (26). Theoretical
estimates indicate the possible existence of a quadrupole resonance at about
10 MeV higher than the giant dipole resonance (17). At the energy of this experi-

ment (< 15 MeV) the guadrupole transitions may be completely neglected.

Historically, two apparently different models have been proposed to ac-
count for the features of the dipole absorption resonance. The first is the col-
lective or hydrodynamic model, in which the nucleus is treated as a fluid with
the protons and neutrons vibrating against one another. The second is the inde-
pendent particle model (IPM), in which the nucleons make transitions between
two shells of some shell model description of the nucleus. Several forms of the
collective model were proposed by Goldhaber and Teller (27). Steinwedel and
Jensen (28) showed that their second hypothesis (in which the total nuclear density
remains constant and the relative proton-neutron densities change when the col-
lective mode is excited) predicts Ern = 82A_1/3 MeV. This model was later
extended to the deformed nuclei by Danos (29) and others, where it made another
striking prediction borne out by experiment. The model predicts that the giant
resonance should split into two peaks: one due to oscillations along the axis of
symmetry with energy ﬁwz, and one perpendicular to the axis of symmetry with
energy hwj. If the nucleus is prolate (as the rare earth nuclei are), ﬁwz< ﬁ‘*’_L'

This splitting of the giant resonance has been observed in many deformed nuclei (7).
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Fuller et al (21) has shown, with the use of polarized holmium targets, that
the lower peak is associated with oscillations perpendicular to the symmetry
axis and the upper peak is associated with oscillations along the symmetry axis
as predicted. However the collective model makes no attempt to explain the

photoproton and photoneutron yields, and their angular and energy distributions.

The independent particle model attempts to explain the giant resonance
by invoking nucleon transitions from one shell model orbit to the next upon ab-
sorbing photons. In the case of the harmonic oscillator all such transitions
have an energy Rw, and the absorption is a delta function for this energy (about
8 MeV). In a more realistic potential, a great many shell model El transitions
are in general possible at many energies. Wilkinson (30) has shown, from
direct computations using a square well, that the possible transitions do tend to
cluster in energy about the energy of separation from the next major oscillator
shell. This comes about because (a) levels of a given sequence such as 1s, lp,
l1d, . . ., or 2s, 2p, 2d, . . . , still follow each other at approximately equal
intervals near the top of the Fermi surface; and (b) the matrix elements are much
larger for the transitions that were allowed for the harmonic oscillator (one os-
cillator quantum transitions) than for those which were forbidden (multiple quan-

tum transitions).

He further finds that the important transitions which make up the giant
resonance correspond to absorption by closed shells. Absorption by nucleons in
unfilled shells is spread over a large energy (about hw). In addition, all of the
nucleons (except the valence nucleons) become involved in the breaking up of a
closed shell so that this absorption accounts fof a major part of the integrated
cross section, and exhausts the sum rule. This surprising result is explained
by the fact that the downward transitions (stimulated emission) are counted nega-
tively (31). Thus the low lying states, A, which are inhibited from making up-
ward transitions, A — B, because the higher states, B, are filled, make a con-
tribution to the integrated cross section by preventing negative downward transi-
tions, B — A, from the higher states. In this way one can think of the contribution
from a lower shell being passed upwards from shell to shell until it comes to

the Fermi surface.
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Wilkinson's model has several difficulties. He predicts the A dependence
of Em, but the energy difference between oscillator shells is only 7 to 8 MeV, in
the medium to heavy elements, whereas Em is 13 to 16 MeV. Since particle
binding energies are typically about 7 MeV, many of the single particle states
excited in Wilkinson's model occupy the region of negative energies. As a result
nucleon emission would be suppressed and the calculated yields less than the ex-
perimental ones. He corrects the value of Em by introducing an effective nucleon
mass M* = %to account for the many-body character of the system. This in-
creases Em to the proper value, and much better agreement with experimental
yields is obtained. Wilkinson's model of the giant resonance neglected the inter-
action between the particle excited by the photon and the resulting hole in the
closed shell. Since the particle and hole are strongly correlated they exert a
large effect on one another. In the spirit of the single particle shell model, all
pair interactions between nucleons are approximated by a self-consistent central
potential. However it is well known that in addition to this central potential,
there is also needed a so-called residual interaction between pairs of nucleons
(or holes) which does not lend itself to a reduction to a central potential (17).
Considering only closed shell nuclei, the Hamiltonian can be written as

1
H = TH +3Z2 W, 3
25 Wi (3)

where Hi is the Hamiltonian of the independent particle of hole, and Wij the resid-
ual effective particle-hole interaction. The true wave function of the nucleus

can be represented by

Y = Zc ¢ (4)

n nn

where the d) are the single particle functions of a central potential used as a
basis for the expansion. In an actual calculation, the mixing of states is taken
into account only within the limits of one major shell. Therefore the basis
functions, d)n, are truncated to include only those d)n making up the two major
shells involved in the dipole transitions. That is, the hole state is a linear com-
bination of the qbn of one major shell, and the particle state is a linear combina-

tion of the ¢n of the next higher major shell. From the equation

Hy = Ey (5)
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and equations 3 and 4, one finds the matrix

(B - E) 850000, %<¢f‘¢: W ;. 4> 1]
which is diagonalized to find the dipole state energies. In the above, Ei and
Ef are the energies of the unperturbed single particle states, and
<¢;’ik ¢? lWij |¢i'¢ > are the off-diagonal elements; i denotes the hole states and
j the particle states. Ef - Ei would be the energy derived from the Wilkinson
model for a given potential without the assumption, M* = —1\2/[, of an effective
mass. Another approximation commonly used in these calculations is the use
of the energy levels of A -1 and A+1 nuclei to determine the values of Ei and
Ej' These levels are found by pickup and stripping reactions (32). This takes

into account the nucleon interactions in the A+1 or A -1 nuclei.

The physical features of the result of this diagonalization were first
pointed out by Brown and Bolsteri (33). They showed that if one made a
number of special assumptions (rejecting weak transitions, taking all single
particle transition energies to be Eo’ and equating all the radial integrals),
one obtains a high-lying collective dipole state which absorbs all of the dipole
sum. That is, a 'schematic' particle-hole interaction introduces sufficient
coherence in the single particle model to elevate a few of the man, dipole
states to the correct energy region and concentrate the bulk of the dipole
strength in these few states. Detailed calculations have been undertaken by
many authors on C12 (34), O16 (35), Ca40 (36), Pb208 (37), and other elements.
These calculations do indeed predict a few states containing most of the dipole
strength at the appropriate energies. In the case of light nuclei, agreement
was good not only for the position of the dipole resonance and its integral value,
but also for the characteristics of the nucleon spectra (36). Poorer agreement
is found in the medium to heavy nuclei, where only the position of the giant
resonance is correctly predicted (38). This may be explained by the increas-

ing importance in the heavy nuclei of more complicated configurations such

as two-particle-two-hole states.

The above discussion concerns closed shells only. Calculations in-

volving unfilled shells are quite difficult and are not generally available. As
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Wilkinson (30) has pointed out, the transitions due to valence neutrons are
much weaker than those from the core. The primary effect of an unfilled
shell therefore is to widen the giant resonance. Thus he correctly predicts

a minimum in the width of the giant resonance at closed-shell nuclei.

As the number of nucleons in a shell decreases (from the filled shell)
a region is reached where the nucleus becomes deformed. The collective
model correctly predicted a splitting of the giant resonance in this case.
Wilkinson has attempted to investigate deformed nuclei using the IPM (39).
Using the nuclear levels scheme of Nilsson (40), he calculated the energies
of the parent type £ =£+1and 20— 20 + 1* transitions in a deformed potential.
He found that the giant resonance is still predicted bhut it is widened. If the
deformation is large enough (6 = 0.3), the giant resonance splits into two peaks.
In addition there was tendency for the transitions in the higher energy peak to
come from the larger values of , the projection on the nuclear symmetry
axis of the individual j of the nucleon in question, while the smaller Q values
are found in the lower peak. Classically, high values of  correspond to or-
bits lying in the plane of the minor axes of the ellipsoid, and low values of
to nucleon motion in planes at right angles to this. This is in agreement with
the predictions of the collective model. The more complicated particle-hole
interaction calc.ulations have been extended to deformed nuclei by Nilsson et
al (41) for Mg24 and C12. In dipole transitions AQ = 0 and AQ = T, ag=o0
corresponds to states excited by that component of the dipole moment opera-
tor dy, which is parallel to the symmetry axis, and AQ = T1 corresponds to
d It perpendicular to the symmetry axis. When they perform the rather in-
volved calculation, Nilsson et al find that there are a few dipole states contain-
ing most of the dipole integrated cross sections, which are elevated in energy,
as in the spherical case. Also the levels resolve into two groups, with the
AQ = 0 transitions forming the low energy peak and AQ = t1 transitions form-

ing-the high energy peak. Thus the IPM, with the inclusion of the residual

*Throughout this thesis the notation nf refers to the harmonic oscillator nota-
tion. £is the orbital angular momentum and n is associated with the number
of nodes of the radial function. Specifically, n is the number of nodes (inclu-
ding the origin) minus £ v
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particle -hole interaction, can describe all of the gross features observed in

the giant resonance.

C. Energy Spectra of Emitted Nucleons

In the resonant single particle model of Wilkinson, one particle absorbs
the entire photon energy, and the resulting energy spectrum of emitted par-
ticles will be made up of several components. Some particles will emerge
directly with no further interactions with the nucleus; these are called 'reso-
nant direct" particles. Others will emerge after suffering some inelastic col-
lisions with nucleons; and still other particles will be emitted directly as knock-
ons from internal collisions. Finally there will be some particles that are lost
ina statisticalmixing with the consequent formation of a compound nucleus. Un-
fortunately, one would expect all of these components to be important since for
the energies used, the mean free path for these inelastic collisions is the same
magnitude at the nuclear radius (42). Nevertheless, in order to make a com-
parison with experiment, the features of the particle spectrum will be dis-
cussed from the point of view of compound nucleus decay and the resonant

direct process with no inelastic collisions.

The energy spectrum of nucleons emitted from a compound nucleus of
excitation EY is given (43) by the equation

dN __
a8~ By oclEy) o0 (©

where Erl is the energy of the emitted particle and oC(En) is the cross section
for the formation of a compound nucleus by the absorption of a nucleon of en-
ergy En into the residual nucleus at an excitation energy U = EY - Et - En.

Et is the threshold for the process, and w(U) is the density of levels in the
residual nucleus at an excitation energy U. The dominant term in this expres-

sion for neutron emission is the parameter w(U), which has the form (44)

2NaU

112
w(U) = (ﬁ) e (7

For proton emission, the coulomb barrier is important at low energies, as

it decreases oC(En) considerably.
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The energy spectrum of the resonance direct neutrons depends largely
on the assumptions made about the energy distributions of the hole states in
the residual nucleus. Wilkinson spread these hole states over several MeV.
Then the spectrum of particles impinging on the nuclear boundary from within
the nucleus is roughly constant with energy, extending from zero energy to an
energy given by EY - Et' The probability for direct emission is proportional
to the appropriate potential barrier penetration factors Tﬂ(En)’ for a nucleon of
orbital angular momentum { and energy En’ and the strength, fg’ of the tran-

sitions leading to neutrons with angular momentum £ (39).

Authors who have dealt with the particle-hole interaction type calcula-
tions (36) generally use discrete hole states, corresponding to their basis
wave functions. Then the neutron energy spectrum is concentrated at high

energies. The direct spectrum is calculated (17) from the equation
rai
r

where ra is the partial width for particle, a, emission to the state i, and [

o (E) = olE) (8)

is the total width. The widths, I"ai, are estimated (43) from

i = 3 2kvgTyR) (9)

where k is the wave number of the outgoing nucleon, yi is the reduced width
for the transition to a given level of the residual nucleus when a nucleon is
emitted with orbital angular momentum £, and T2 is the barrier penetration
coefficient.
2 ) 2

Yi i %}T* z‘ ;132| (10)
where C% . is the coefficient of the particle-hole states making up the dipole
state. The sum is performed over all configurations making a contribution
to the state of the residual nucleus in question. These calculations have
praved successful only for nuclei with low A where more complicated con-
figurations are not important (36). In the region of the heavy elements, the
calculated resonant direct spectrum is appreciably shifted to higher energies

than the experimental spectra (38).

23




D. Angular Distributions

The angular distributions of the resonant direct neutrons is given by

Courant (45) as

we) =1 +%sinze (11)
B _10+2 Y B _12£-1 -
wher‘eA =277 for £ —¢ +1 andA = >0 for £—£0-1

These equations make some definite predictions about the transi-
tions involved. If %> 1.5, then the reaction involves some neutrons making

£ -0 —4£=1 transitions. If% = 0, then the reaction is necessarily £=1 —

¢ = 0 transitions. Finally if 2 < 0.5, £ —-£-1 transitions must be involved.

However the above equations do not include the effects of the neutron spin.
These are taken into account by Heiss (46). Then the angular distribution is
still given by equation 11, but B/A depends on the total angular momentum, j,
of the neutrons in the initial state as indicated by equations 12 and 13 (shown
on the next page). In equations 12 and 13, K£+

1

The other radial integrals, KJR+1’

(r), etc, are the initial and final radial wave

is defined to be the integral

3 .
dr r gﬂ’j(r) fg+ etc, are simi-

0 l,j+l(r)'

larly defined. gy j(r) and f£+1 41

functions of a neutron with an orbital angular momentum £ and total angular
momentum j in the initial state, and orbital angular momentum £+1 and total
angular momentum j+1 in the final state. (See ref 46 for details of these

functions.) 6 4+ 6+0: etc, are respectively the phase shifts of the final wave

etc. The matrix element KJ corresponds to

functions f2+ 01

1,j+1° fg L3

g—¢ -1, j—j, etc, neutron transitions, etc.
It is immediately apparent that the simple predictions of Courant's ap-

proximations are lost due to the interference terms between different final j's.

For example, the £ = 0 — £ = 1 transition now has

jtl J+l

2
B _ z\Km\ + 6‘K£+1 ﬂﬂ‘cos(é +5,,) -
A j+l 2 j 2 1
|K + 2Ky, -4|Kﬂ+1Kﬂ+1‘cos(6+++60+)
2
If the transition is pure sl/Z - p3/2, i 1; if it is 81/2 - pl/ , % =0,

Only if the two j values have equal strength and the phase shifts add up to 0 or
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27 does B/A =00, as in the Courant formulas. As a result of this, it has be-
come practically impossible to predict the angular distribution, unless the
neutron wave function and phase shifts are calculated using a reasonably good

model of the nucleus.  This has been done by Heiss for several nondeformed

nuclei. (Of course, for j > 1,-—% :‘:% for both spin orientations.)

If the photon interaction is purely dipole {or any pure multipole, for
that matter) the neutron angular distribution is fore-aft symmetric and (for
dipole) no more complex than sin2 O. Inclusion of the next higher multipole,
E2, involves another parity and thus the possibility of cos © terms. The angu-
lar distributions for photoneutrons including E2 terms is given by Eichler and
Weidenmuller (26). Their equations are for spinless particles, and are there-
fore the same order of approximation as Courant's equations. The complete
angular distribution with spin orbit coupling and all multipoles is given in

terms of the Racah algebra coefficients by Fujii (47).

Eichler and Weidenmuller find that the angular distribution of resonant

direct nucleons is given by

w(©) = a+bsin26+Acose+BsinZGCose (15)
where a and b are proportional to e}, the effective dipole charge, and A and
B are proportional to ZeZkY, the effective quadrupole charge. kY is the photon

wave number. For protons

_eN _ 1 -~ .z
e, =—a ~ 3° e, = el >~ e (16a)
A
and for neutrons
_e_zw_l' ~__ez —~ _e_

where e is the electron charge, Z the number of protons in the nucleus, N
w

the number of neutrons, A =N + Z, and IkYI =5

>"‘Agtually this is an overly pessimistic view of the problem. The relative
transition strengths calculated by Wilkinson allow one to choose the domi-
nant transition and to estimate the magnitude of the interference terms, al-
though not the phase shifts. Thus it is generally possible to reduce the limits
on the possible angular distributions.
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According to Eichler and Weidenmuller, the cos © term can be com-
parable to the dip.'ole terms at Ey::: 20 MeV for protons, and a lconsiderable
fore-aft asymmetry might arise. This has been observed in many cases (24).
On the other hand the effective quadrupole charge of the neutron is less than
1 per cent of the effective quadrupole charge of the proton, so that the fore-
aft symmetry of photoneutrons is preserved. However fore-aft asymmetries
have been observed for neutrons (25) for bremsstrahlung energies between 20
and 55 MeV. * Recently an attempt has been made by Quirk et al (48) to relate
the observed forward asymmetry in the fast photoneutron angular distributions
to the corresponding forward-peaking photoproton angular distributions. It is
suggested that some of the protons excited in the absorption process are not
emitted, but undergo collisions with other nucleons. The angular distribu-
tions of the resulting knock -on neutrons will have the same qualitative appear-
ance as the proton angular disiribution producing it, that is, a peak in the
forward direction. Using a Fermi gas model, they estimate the mean free
path for a proton to collide with a neutron in nuclear matter, and they predict
that this mechanism will increase with increasing mass number and proton
energy. At A =210, photoneutron asymmetry is not expected below about
EY = 20 MeV since the proton mean free path rapidly becomes larger than

the nuclear radius with decreasing energy.

Whatever mechanism causes the forward peaking of the photoneutrons,
it requires E2 photons. As has been mentioned earlier, the quadrupole giant
resonance is expected to occur at a higher energy than the dipole giant reso-
nance. In Pb, the quadrupole giant resonance has been estimated to occur at
about 21 MeV, in good agreement with the results of proton and neutron angu-
lar distribution measurements. Since this experiment will be dealing with
much lower photon energies (EY £15 MeV), the directly emitted neutrons

are expected to by symmetric about 90°.

In a final word about angular distributions, the statistically emitted

neutrons are well known to be symmetric about 90°. In addition the statis-

o,

“References to many photoneutron angular distribution measurements will be
found in Tables XXXIX and XL of this thesis, Chapter V.
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tical model implies that there will be a strong tendency toward isotropy.
According to Ericson (49) the angular distribution of evaporated neutrons is

given by

2 E
4 MR rot 2
W) o 1+ 3 7 >T  COS o (17)

if the angular momentum of the emitted nucleon is totally uncorrelated to the

angular momentum of the incoming particle, and is given by

WO a 1, sin@ < JIf (18a)

If the angular momentum of the emitted nucleon is completely aligned with
that of the incoming particle,

It Ig o
isinG sin © >—T- (18b)

W(O) « —Tz—r—arcsin

In the above equations, T = nuclear temperature (about 1 MeV) M = nucleon
mass, R = nuclear radius, 7 = r1g1d body moment of inertia (——MAR ),

Erot = energy of rotation = ﬁ I /2'r, I = angular momentum of the compound
nucleus, and j £ angular momentum of the residual nucleus. In the case of
the giant resonance, the excitation energy is large enough to make a wide
range of j f's available. Therefore the angular momentum of the emitted
particle is not correlated to I and the angular distribution is given by equa-

tion 17. For Bi (I =—(2’— 11)

-4 2
W(©) =~ 1 + 4x10 cos ©O (19)
Therefore in addition to symmeitry about 90°, the evaporated neutrons are

expected tc be isotropic.
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Chapter II
Apparatus

A. General Description

A plan view of the MIT Linear Accelerator facility is shown in Fig. 1.
Electron bursts with an 8 ns width and a repetition rate of 120 per sec are
generated by pulsing a Peirce-type cylindrical beam electron gun located in
the high voltage terminal of a 2.0 MeV Van de Graaf. The electron source is
a 7.65 mm diameter Siemens Mk-81 capillary-type cathode with a peak emis-
sion of 5 amperes. The Van de Graaf injects about 750 ma at 1.5 MeV into
the first section of the MIT 17 MeV Linac. Approximately 100 ma of this
current is accelerated to within 10 per cent of the accelerator's maximum en-
ergy, which is variable from 2 to 17 MeV. This beam is momentum-analyzed
to 4 per cent FWHM by a 60° bending magnet. A peak current of 40 ma reaches

n
the bremsstrahlung radiator, a 10 mil tantalum foil backed by 1—- of carbon.

This carbon block stops the electron beam and the current colleczted by it is
used to monitor the linac electron beam as described in section C. The pho-
ton beam emerges from the bremsstrahlung radiator in a cone with half angle
equal to 150 MeV-degrees due to multiple electron scattering in the thich tan-
talum radiator and carbon block. That is, 60 per cent of the photon beam
intensity is inside a cone making an angle € with the beam. The product of

a
this angle 6. and the incident electron energy is 150 MeV-degrees. There is

no collimation of this gamma ray beam.

The (y, n) target was suspended 33 cm from the bremsstrahlung target
at the intersection of the bremsstrahlung beam and the three neutron flight paths.
1
Cylindrical targets were suspended by a thread; flat targets were taped to 5 "

plastic rods and oriented at 40° to the photon beam (Fig. 2).

The neutron energies are determined by measuring their flight times to

the three neutron counters located at 24_20 to the beam at 12.0 meters, 75_20
to the beam at 9.4 meters, and 155éo to the beam also at 9.4 meters. The coun-

8
ters are cylindrical liquid-scintillator proton-recoil detectors coaxial with the

neutron beam.
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B. Neutron Detectors

The three proton-recoil neutron detectors are cylindrical brass con-
tainers 5'' deep with an inside diameter of 14'. Each is filled with 12 liters
of toluene in which is dissolved 0.2 gm/1 of P-Bis[2-(5-Phenyloxazolyl)]-Ben-
zene (POPOP) and 4 gm/1 of P-Terphenyl. The active volume is viewed by
three 5' photomultiplier tubes (RCA 7046) mounted with their axes at 5° to
the detector axis with their photocathodes immersed in the liquid. The walls
of the brass container are coated with a suspension of magnesium oxide in

sodium silicate to increase the reflectivity.

A block diagram of the detector circuitry is shown in Fig. 4. Pulses
from the anode have a rise time of 6 ns, a width of 15 ns and vary in ampli.-
tude over three orders of magnitude. When the output of a photomultiplier
exceeds %ma into a 120 Q load, it triggers a 15 ns fast pulse shaper. Large
pulses are limited to 10 ma by diodes. Such a large pulse may trigger the
pulse shapers more than once, but as the timing is done on the first pulse,

this does not affect the resolution.

An intense flux of scattered gamma rays arrives at the counter after
each machine pulse. This large gamma flash paralyzes the photomultiplier
circuitry and results in excessive tube noise for a few microseconds after-
wards. Therefore the tubes are biased off by applying - 100 V to the first
focusing gfid, G1l, thus trapping photoelectrons in the cathode region. (Tube
noise is apparently generated by the residual gases which are ionized by the
heavy electron flow.) A +200 V gate pulse 1.2 psec long is applied to Gl about
0.10 pusec after the beam pulse, to turn on the photomultiplier. Since the high
resistivity of the photomultiplier would prevent the grid-to-cathode fields
from building up rapidly, an open grid of fine platinum wire is placed against
the face of the photomultiplier and grounded. This allows the grid-to-cathode

fields to follow the 80 ns rise time of the gate pulse.

The neutron energy threshold, below which a neutron is essentially un-
detectable, is determined by the photomultiplier gain and the pulse shaper

threshold. The +200 V gate pulse feeds through the tube base circuitry and
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causes 0.1 to 0.2 ma pulses in the anode circuit. Hence the pulse shaper
threshold was set at 0.5 ma to obtain the maximum sensitivity while discrim -
inating against the gate pulse feed through. The tube gain was set so that 50
to 70 per cent of the photoelectrons from the cathode resulted in more than
0.5 ma anode current. Under these conditions the neutron threshold was about
—% MeV. (This discussion assumes the maximum gain that was normally used.
The counter in the forward direction was run at much lower gains, as will be

discussed later.)

C. Beam Monitoring
a) Analyzing Magnet

The energy of the electrons reaching the bremsstrahlung target was

kept to within T2 per cent of the average value by the magnet analyzing sys -

3n

tem. Carbon entrance slits at the end of the linear accelerator, having ag

aperture and a length of é', define the position of the incoming beam. A mag-
netic field bends the beam in an arc with a radius of curvature of 12", The

high erergy component of the beam is focussed at the center of the exit slits
3n
4

are 74 cm from the (y, n) target. Nickel shot and wax are used to shield the

which are made of brass slugs 2 long with a I% ! aperture. These exit slits

(v, n) target from gamma rays and neutrons originating at the slits.

The analyzing magnet's field is monitored by the output of a coil ro-
tating at 3600 rpm in the magnetic field. The coil's 60 cps AC output is com-
pared to the output of an AC generator mounted on the same shaft to correct
for variations in rpm. The energy scale of this monitor is calibrated by
measuring the endpoint of the energy spectra of photoneutrons from deuterium.
The mean electron energy reaching the bremsstrahlung target can be regulated

to about 1 per cent using the 'flip" coil meter.
b)\_ Charge Integrator

The insulated carbon block backing the tantalum target is connected to
a 0.05 ufd low-leakage capacitor in an electrometer circuit (see Appendix II,

section G). In this circuit, when the capacitor voltage reaches about 1 V
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. -0
(corresponding to about 5x10 = coulomb of charge), the electrometer acti-
vates two relays, one of which shorts the capacitor to ground, while the other
advances a mechanical register. In this manner the integrated charge deliv-

L.
ered to the bremsstrahlung target during an experiment is measured.

D. Time-of-Flight Spectrometer
a) General Description

Fig. 3 is a block diagram of the flow of signals in the spectrometer,
As an electron burst from the Van de Graaf passes through an iris, located
in the drift space between the Van de Graaf and the first section of the linac,
a timing signal To is generated. This pulse starts the time-to-pulse-height
convertor (THC) and after a suitable delay, turns on the photomultipliers in
the counters. The THC is stopped at time T by a pulse from the first counter
that detects a neutron, and a pulse whose height is proportional to the time
(T - To) is sent to a Nuclear Data 1024-channel analyzer. Routing pulses,
triggered by the detection signals, direct the analogue pulse to one of four
groups of 256 channels. The first three groups accumulate time spectra from
the three counters. If more than one detector registers a neutron following a
beam pulse, the event with the shortest flight time is entered in the fourth
quadrant, which accumulates these coincidence spectra. In some cases coun-
ting rates as high as 15 counts per second were encountered, which corresponds

to a loss of 10 per cent of the counts.

b) Detector Circuitry

The neutron detector circuitry is shown in block diagram form in Fig. 4.
The output of each of the three photomultipliers triggers a 15 ns fast pulse shaper
with a rise time of 2 ns. Each of the three pulse shapers has two 1 V outputs.
One output from each pulse shaper feeds a triple coincidence circuit which opens
a 30 ns wide linear gate. The other three outputs are added and go to the linear
gate through 30 ns of delay. If a triple coincidence has occurred and the gate
is open, the summed pulses pass through and are presented to the THC as the

time T pulse. The leading edge of the summed pulse is formed by the leading
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edge of the first pulse to reach the summing circuit, and hence the timing is
done on the first photon to be detected by the photomultipliers. The leading
edge of the summed pulse has a rise time of 2 ns and an amplitude of 2 to 3 V,
depending on how the summed pulses overlap. If the gate is closed (less than

three simultaneous pulses ) the feedthrough is less than 0.1 V.
c) Time-to-Height Convertor

A portion of the electron beam from the Van de Graaf injector is col-
lected on the iris in front of the first section of the linac and fed to an ava-
lanche circuit. The iris pulse is 5 to 15 V with a 1 to 2 ns rise time. The
avalanche circuit has a 1 V threshold and an output (To) of 20 V, 3 ns wide.
The fast rise time of the iris pulse and low avalanche threshold result in a

To time jitter of less than 1 ns.

A block diagram of the THC is shown in Fig., 5. The T0 pulse causes
a cag icitor to be connected to a constant current source, and triggers a 2 pusec
univibrator. This opens a gate in each of the three time T lines and allows the
pulses from the counters to pass. The first time T pulse to arrive at the THC
disconnects the capacitor, and after a delay, opens a gate that samples the
voltage on the capacitor. This voltage (0 to 3 V, 1.25 pusec) is the analogue
pulse sent to the multichannel analyzer through a 5 usec delay cable. If more
than one counter transmits a pulse during the 2 psec that the THC gate is
open, a coincidence circuit routes the analogue pulse to the fourth quadrant
of the analyzer. Finally, the capacitor is discharged 8 usec later by the

'restore dump''line.

The analogue pulse applied to the multichannel analyzer passes through
a gate circuit in the analyzer. This gate is opened with a pulse generated by a
univibrator triggered by any time T pulse that passes the time T gate (Fig. 5).
{lence the analyzer is capable of analyzing an event only if a To pulse and a
time T pulse have reached the THC. In addition all pulses and logic signals
going to the analyzer are delayed 5 psec. This insures that spurious pulses
(such as voltage surges cn the power lines from the modulator) are not analy-

zed, since the é.nalyzer is not operative until 5 usec after the machine pulse.
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Resolution tests using the time spread of coincidence between detected
pairs of positron-annihilation gamma rays indicate a timing resolution of less
than 5 ns for the entire spectrometer system. These tests were made by pla-
cing two neutron counters face to face about 3 m apart. A Na22 source was
placed midway between them. Pulses from one counter were used as a T0 sig-
nal to turn on the THC, and pulses from the other counter were delayed with
273 feet of RG-63 cable and used as & time T pulse to stop the THC. A time
slope of 1ns/channel was used, and the spike due to annihilation gamma rays
was found to be about 4 to 5 channels FWHM. This is the time resolution

with two counters. The resolution of a single counter could be as low as 3.5 ns.
d) Calibration

In this experiment the energy of a neutron is determined by measuring
its flight time over a 9.4 or a 12 m flight path. In order to avoid the ambigu-
ity introduced by the several electronic delay times due to photomultipliers,
etc, one measures an interval of time which is the neutron arrival time rela-
tive to the arrival time of the gamma rays scattered by the (y, n) target in the
bremsstrahlung beam. The neutron flight time is then this interval plus

31.6 ns, which is the flight time of the scattered gamma rays (over 9.4 m).

The channel corresponding to the gamma ray flight time is determined
by gating the photomultipliers on before the machine is pulsed. Then the
time T pulse is delayed with a standard cable and a second group of channels
are populated in the analyzer. The number of channels between the groups is
used to determine the time slope of the THC in ns/channel. This can be meas-
ured to about%channel out of 100. The average value of the time slope was
4 075 t 0.025 ns/channel and it did not vary more than 0.5 per cent during the

course of the experiment (about one month).

The differential linearity (the variation in At/channel over the range
of channels used) was measured by turning on the THC and a counter with a
pulser and measuring a time spectrum of a radioactive source. When 2500
counts per channel had been accumulated and the data corrected for counting

losses (see section A of Chapter IV), the spectrum was a straight line between
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30 ns and 1200 ns with a slope representing a fractional change in the counts

per ns of - 2){10-5 ns_l. As will be pointed out in section A, the approximations
used in correcting for the counting losses cause the curve to slope down at later
times. Therefore the spectrum is horizontal to better than 2 per cent in 1000 ns.
Since 70 per cent of the points lie within one standard deviation of the average
value, the local variations in At/channel are less than 2% per cent. This is
more than adequate for the present experiments. Below 30 ns the spectrum
increases sharply, reaching a peak at 0 ns. This is due to the fact that the

time T pulses are from 15 to 30 ns wide. Therefore pulses occurring from

- 30 ns to 0 ns are still present when the time T gate is opened at 0 ns and

hence increase the counting rate near 0 ns.

The width of the channel groups populated by the bremsstrahlung flash
in a calibration check corresponds to the over-all time resolution of the time-
of-flight spectrometer, including the width of the electron beam. This was
about 8 ns FWHM (determined by increasing the time slope to 2 ns/channel),
which corresponds to about 0.5 MeV FWHM energy resolution at 10 MeV neu-
tron energy, and 0.025 MeV FWHM at 1 MeV neutron energy.

The time delays of the cables have been previously calibrated (9) by ob-
serving the frequencies of standing wave resonances established on the cables
with one end short circuited. The sequence f, 2f, 3f, . . . , nf, with 5Sn<10,
was measured for each cable, allowing a sufficiently precise measurement of {
to determine the time delay of each cable to about% ns. Cables ranging in
length from 75 to 275 feet were used. The delay was found to be 1.23 ns/ft for

RG-63 cable.

The time-of-flight and energy of a neutron are given by

t = 4.075(C -Co) +31.6+D (20)
K
_ K 21
4 En t2 , (21)
where 4.075 = time slope of spectrometer in ns/channel
C = channel in which the neutron count appears
C0 = channel in which the gamma flash appears without the cable

delay D
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31.6 = flight time of the gamma rays in ns
D
K

e
delay of the cable placed in series with T0

a constant proportional to the flight path length

In these equations, the timq slope, 4.075 ns/channel, and the delay, D, were
found using a value of 1.23 ns/ft delay for the RG-63 cable. The value of K
and the flight time of the gamma rays depend on the flight path length. If one
assumes that the neutrons interact approximately half way through the counter,
one obtains K = 0.470 T 0.05, where the limits correspond to taking the flight
path length to the face and to the back of the counter.

An independent check of the neutron energy scale had been made (50)
by measuring the transmission through carbon (20 gm/ cm3) of the spectrum
of neutrons from a beryllium target. In this measurement the familiar features
of the C12 total neutron cross section are observed. These energies were con-
sistent with a choice of K = 0.480 * 0.005, and 1.23 T 0.01 ns/ft for the delay
cable. Since the exact length of the flight path is in doubt, and the origin of
the gamma flash (and hence of the gamma ray flight path) is uncertain to one
foot**, the set of parameters derived from the carbon calibration was used in

this experiment.

In addition the value of K for the 24° counter was determined by com-
paring peaks in the Pb208 photoneutron spectrum measured at 24° and 76°.
These peaks were 1.88 MeV and 0.62 MeV as determired by the constants for

the 76° counter. This corresponds to K = 0.787 t 0.015 in the 24° counter.

*The purpose of delaying the time T, pulse with cable D is to suppress below
channel zero some of the 'empty'' channels that represent times before the
arrival of the first photoneutrons. When a time calibration is made, this
cable must be removed in order for the gamma flash to appear on the analy-
zer. Therefore this delay must be included in the neutron flight time.

**The gamma flash could originate at either the (y,n) target or the bremsstrah-
lung target.
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Chapter III

Experiment

A. Experimental Procedure

The neutron time spectra for the separated lead isotopes, Pb208, Pb207,

206
and Pb , and 14 other elements were measured at three angles: 155.625° T
0.125°; 75.75° £ 0.125°; and 24.375° £ 0.125°. The targets used are listed in
Table I, with their dimensions, masses, and geometrical factors (which will

be explained in section D).

The data were taken using bremsstrahlung endpoints of 15 and 14 MeV
with a time slope of 4.075 ns/channel. In addition the photoneutron spectra
from the separated lead isotopes, Pb208, Pb207, and Pb206, and from Bi, TI1,
Au, Hg, and Ta were measured using a bremsstrahlung endpoint of 13 MeV
with 4.075 ns/channel time slope, and using a 15 MeV endpoint with a time
slope of 2 ns/channel. In the latter case, the purpose was to obtain better
statistics and energy resolution for the high energy neutrons. The low energy
neutrons were suppressed during the runs made with a time slope of 2 ns/chan-
nel by making the time T gates only 0.5 psec wide instead of the 2.5 psec width
that is used with a time slope of 4 ns/channel. This allowed the use of higher

beam intensities without encountering severe counting losses due to coinciden-

ces between two counters.

The data were taken in cycles of approximately 6 hours. A cycle con-
sisted of a time calibration, a deuterium run, a uranium run, several data runs

with different targets, and finally a background measurement without a target.

The time calibration, as described in the previous section, was made
by determining the anaiyzer channel corresponding to the flight time of the
scattc::'red gamma raye. Its position was found to shift by about two channels
during the course of a day. This change was probably due to small changes in
the THC or analyzer zero points. As this drift was slow and regular, the ana-
lyzer channel corresponding to the flight time of the scattered gamma rays was

interpolated linearly between adjacent calibrations. It is felt that the channel
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Table I

Targets
Element Mass in grams Dimensions and Shape Geometrical Factor®
Bi** 61.3 1%” E‘“dia cyl 1.9
Pb208 99.8 4 cm dia, —i “thick disk 1.0
Pb207 94 .4 4 cm dia, 3—72"thick disk 1.0
Pb206 95.6 4 cm dla,3—; thick disk 1.0
T1 110 3 cyl, 1"){% ldia 1.0
Hg 68.2 lgux—;'”dia bottle 1.0
Au 104.2 2" dia, —l”thick disk 1.04
W 224 2" dia, 37 ”thlck disk 1.06
"

Ta 1) 217.5 2'""square, — 16 thick 1.09

2) 192.1 2"d1a,'£ thlck“disk 1.06

'

3) 85.75 l—i' square,—l% thick (hex) 1.00
Er 235 2" square,—g—”thick 1.09
Hon3 150 l%nxz” dia bottle 1.00
Sm 196 2'""square, —g—”thick 1.09

'
Pr 177 square, g' thick 1.09
La 116.5 2" dia, %”thlck disk 1.06
"
I 151.2 l%ndia, 1—}1— deep bottle 1.00
'

Sn 113.2 5 rcl)'ds, I—Z‘::x‘g-' dia 1.06
In 121.8 1% dia, *1-% thick disk ) 1.00
U 92 l—g”x 1—;'-” dia cyl (hollow,—- 16 walls) 1.00
CD, 45 1-4-x1-5 aluminum can ---

*for counters at 156° and 240. All geometric factors for the 76° counter are
1.0 as discussed in section D.

**except one run with 13 MeV bremsstrahlung endpoint, with following target:
Bi 205.6 2" dia, 3" thick disk 1.06
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corresponding to t = 0 ns was thus determined to better than one channel.

The deuterium target consisted of 2.76 moles of deuterated polyethylene
in a thin-walled aluminum can. The deuterium runs were used to determine the
endpoint, energy spectrum, and relative intensity of the bremsstrahlung beam.
For this purpose, deuterium has the advantage of a one-to-one correspondence
between neutron and photon energy. Also the photodisintegration cross section
is well known experimentally and theoretically. A recent calculation of the
deuterium photodisintegration by Partovi (51), which has been very successful

in fitting the existing experimental data, has been used in this thesis.

The uranium runs were made with a 92 gram cylinder about —l—lg"thick.
These runs were used to monitor difierencen in the counter efficiencies due
to differences in geometry, detector threshold, and neutron absorption in the
fiight paths. Uranium was used because it has low (y,q) and (v, f) thresholds
which results in a high counting rate even for low bremsstrahlung energies.
The angular distribution of the emitted neutrons has been measured in this
laboratory using a 14 MeV endpoint bremsstrahlung beain (see Appendix III).
For this reason most of the uranium runs were made at 14 MeV, even if the

cycle in progress involved a different energy.

B. Background and Shielding

The positions of the counters and the shielding used in this experiment
is shown in Fig. 1. The linear accelerator and the target room are enclosed
by iron-loaded concrete walls 14"thick. The counters are enclosed in 3 to
5 inches of lead shielding made of 2'%3'x6' lead bricks covered with several
thicknesses ofisnlead sheet. This shields the counter from scattered gamma
rays ('skyshine') and low energy cosmic ray secondaries. Water tanks 5 ft
thick are placed as shown in the figure to shadow the counters from the in-
tense sources of gamma rays and neutrons formed by the collimating slits at
the end of the machine, the walls of the curved wave guide in the magnet, and

the material in the path of the photon beam as it leaves the target room. The

walls of the target room, and the extra iron and concrete blocks shown in the

diagram are also an important part of the shielding from these intense gammas
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and neutrons.

Figure 6 gives a more detailed view of the shielding placed in the tar-
get room. The neutron flight paths emerge through three hcles about 8 inches
in diameter. The hole for the 76° counter is offset from the machine axis
and almost perpendicular to the gamma beam. As a result this counter has
the best shielding from the bremsstrahlung target and does not view any por-
tion of the target room in the direct path of the beam. The 156° flight path
passes close to the bremsstrahlung target and the 156° counter views the wall
of the target room struck by the gamma beam. Several 2-ft long concentric
iron pipes have been inserted into the hole leading to this counter to reduce
the area viewed to less than 3" diameter. In addition, as much iron and wax
as possible was inserted between the bremsstrahlung target and the flight path.
Since the 24° counter is in the forward direction, the face of the collimator
intercepts an appreciable flux of photons. Therefore it is made of wax, to
avoid generating photoneutrons near the flight path. Additional shielding of
about 12" of carbon is placed between this collimator and the bremsstrahlung

target.

With all of this shielding in place, the background level in the three
counters was still unacceptable at the highest bremsstrahlung energies used.
It was apparently due to one or more of the following causes:

1) Background counts produced by the gamma flash exciting a long-
delay component in the scintillator.

2) Background from the cloud of positrons injected into the environ-
ment of the target sample by the bremsstrahlung flash. The positrons
form ortho-positronium in air which decays with a mean life of about
150 ns.

3) Background due to gamma rays from the accelerator dark current.
_Since the r-f decay time in the accelerator cavities is about 1 psec
after the beam pulse, it is possible to accelerate electrons emitted
from cathode material sputtered onto the focussing grid, stray electrons
in the linac from Van de Graaf internal arcing, or electrons produced
by ionization of the residual gas by the original electron beam. These
gamma rays are characterized by an envelope similar to the r-f envel-
ope in the cavities.

4) Background arising from neutrons porduced in materials other than
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the (y, nj target and directly detected by proton recoils in the counters.

This is ordinarily of little importance for bremsstrahlung energies

less than about 13 MeV, but it can be important above this, especially

beyond the (v, n) threshold of aluminum, since much of the material
surrounding the target is aluminum.

In the 156° and 76° counters the background due to (2) and (3) are pri-
marily low energy gammas, 0.51 MeV for positronium and less than 1 MeV for
dark current gamma rays, Compton-scatiered at large angles by the (y,n) tar-
get or the bremsstrahlung target. These gamma rays were greatly reduced
by inserting lead and bismuth absorbers in the neutron flight paths. About 1"

of lead plus 1' of bismuth was found to give the best signal-to-noise ratio.

These photon filters also improve the background due to (1) in all counters.

This added shielding was sufficient to reduce the background in the
156° detector to the desired level (about 3 per cent of the photoneutron counts
at 1 MeV from a typical target with a machine energy cf 15 MeV). The 156°
and 76° backgrounds have the same value below 13 MeV machine energy, but
at 15 MeV a larger number of counts appear at late flight times at 156°. These
are presumably low energy neutrons generated in the aluminum walls of the
target box in the path of the gamma beam. Such neutrons would have to pene-
trate a substantial amount of shielding or be scattered several times to reach
the 76° counter. However they can enter the 156° flight path either directly
or by small angle scattering. The 156° collimator aperture could not be made
smaller, so this background had to be accepted. (The portion of the target
box viewed by the 156° counter was lined with wax which somewhat reduced
the neutrons generated in the aluminum wall.) Below 2 MeV the background
was from 3 to 4 times that at 760, but was about the same at higher neutron

energies.

" The background at 24° was so large that 3" of lead and bismuth in the
flight path still did not reduce it to a tolerable level. As this much lead rep-
resents a large neutron absorption, it was doubtful if the signal-to-noise ratio
was actually being improved. It was found that lowering the gain of the photo-

tubes greatly reduced the background. From this it was deduced that the gamma

flash was depositing such a large amount of energy in the scintillator that the
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single photons emitted in the tail of the long scintillator decay components
were numerous enough to cause a triple coincidence within the resolving time
of the detector circuits. Reducing the gain required more photons per coinci-
dence and thus discriminated against these photons. However it also reduced
the low energy neutron detection efficiency. It was found that the 24° counter
could not be operated with a threshold lower than about 0.9 MeV at the higher
machine energies. This still left a large amount of background with a time
dependence that seemed to follow the r-f envelope. Since the counter is at 240,
the dark current gamma rays still have an appreciable fraction of their energy
(2'to 4 MeV for 5 to 15 MeV gammas) after Compton scattering. In this energy
region the attenuation of photons in lead is about 4 per cent per gram and, for

1 to 10 MeV neutrons, about 2 to 3 per cent per gram. Therefore placing extra
lead in the flight paths does not improve the signal-to-noise ratio rapidly. 2"
of lead and 1" of bismuth were used. In addition the flux of the Compton-scat-
tered gammas is much larger at 24o than at, say, 76o (about 10 times larger).
The background-to-photoneutron ratio at 24° was about 5 to 16 times that of
the 76° counter at high neutron energies (2 to 8 MeV) and the 24° counter ef-

ficiency was very small below 1 MeV.

The background shapes as a function of flight time are shown later in
Fig. 9 of Chapter IV (section A). Table II lists some typical photoneutron data

after background subtraction and the corresponding backgrounds.

C. Uranium Ratios

In order to calculate the angular distributions one must know the ratios
of the detector response as a function of neutron energy. The photoneutron
spectrum from uranium was used for this purpose. The uranium data taken
with 14 MeV machine energy was corrected for counts lost due to THC dead
time and coincidence losses, and the background was subtracted (see Chapter IV,
sections a and b of part A). This data was th:.a summed and converted to an en-

ergy spectrum with 0.4 MeV bins.

The ratios of neutron counts at angles 156° and 76° and at angles 24° and
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Table II

Photoneutron Energy Spectra and Background from a

15 MeV Bremsstrahlung Spectrum

Data

5341
9347
9835
8184
5547
3726
2196
1402
1068
772
587
440
390
266
206
118
43

156°
Bkg
826
548
342
208
130
85
51
31
23
20
18
16
14
13
13
12
11
10

Data

5058
8333
8654
7318
5287
3515
2300
1609
1212
1007
872
778
681
452
366
237
86
16

76

o

Bkg

438
228
135
78
57
44
36
30
26
26
23

22
22
22
22
23
26

Data

24

0]

Bkg

42
97
149
194
230
225
197
171
146
126
110
97
86
79
72
66
61
56



156O were calculated and are listed in Table III. These ratios for uranium

are given by
W,(8,) g;n, AQ,

R(6,/6 W, (0 g1, 58, (22)
where WU(ei) = the angular distribution of the uranium neutron spectrum at
angle Gi
n, = efficiency of the detector at angle ei
g. = neutron absorption in the lead and bismuth photon filter in

the flight paths at angle ei
AQ.

i
All of these quantities, except possibly AQ, are functions of neutron energy.

solid angle subtended by the detector at angle ei

The solid angles subtended by the 156° and 76° counters were identical. The
thresholds of these two counters were set as close together as possible by
equalizing the low end of the uranium photoneutron spectra. This resulted in
nearly identical detector efficiencies, especially at neutron energies above

2 MeV, where small differences in the thresholds have a negligible effect on
the efficiency. The neutron absorption in the photon filters was approximately
5 per cent less at 15.60 than at 76° due to the different amounts of lead and

bismuth (see Table IV).

The solid angle subtended by the counter at 24° wes 0.6 of the solid
angle subtended by the 156° counter due to the longer flight path. This 24°
counter has a much higher threshold (0.9 MeV vs 0.25 MeV) and hence a lower
efficiency. In addition the neutron absorption is nearly twice as great as that

at 156° due to the extra inch of lead in the flight path.

To illustrate the use of the uranium ratios R(ei/ej), consider the data
for element A. The ratio of the counts at angle 91 to the counts at angle Gj at
a given neutron energy is given by

Clo)  Wy(6)gn; 40,
Ce,)  W,(0.)gn. A0,
( J) o J) BN, A

(23)

WA(ei)/WA(Gj) is the ratio desired. Thus



Table III

Uranium Photoneutron Spectra Ratios

40
gi:;g;n %[%-Z)—) Error R 1752(—? Error R 12546% Error
(MeV) U
0.6 1.00 0.005 0.967 0.006 0.008 0.125
1.0 1.00 0.005 1.069 0.006 0.055 0.018
1.4 1.00 0.005 1,067 0.006 0.155 0.013
1.8 1.00 0.005 1.068 0.007 0.251 0.012
2.2 0.99 0.005 1.058 0.009 0.289 0.017
2.6 0.98 0.005 1.049 0.010 0.323 0.017
3.0 0.97 0.005 1.019 0.014 0.356 0.017
3.4 0.95 0.005 1.010 0.016 0.362 0.020
3.8 0.93 0.0075 1.000 0.017 0.389 0.023
4.2 0.915 0.0l 0.980 0.019 0.429 0.023
4.6 0.910 0.015 0.960 0.021 0.434 0,028
5.0 0.900 0.020 0.940 0.023 0.440 0.034
5.4 0.890 0.025 0.930 0.028 0.430 0.035
5.8 0.885 0,0275 0.920 0.030 0.420 0.043
6.2 0.880 0.030 0.915 0.034 0.400 0.050
6.6 0.910 0.04 0.950 0.038 0.380 0.050
7.0 0.950 0.03 0.99 0.045 0.370 0.067
7.4 0.960 0.02 1.00 0.050 0.360 0.082
7.8 0.960 0.01 1.00 0.050 0.355 0.11
8.2 0.960 0.01 1.00 0.050 0.350 0.12
Wyt )

W is the ratio of the angular distributions of the uranium photoneutron

» spectra at angle ei to that at angle ej from McConnell (52)

R(ei/GJ.) is the ratio of the measured uranium photoneutron spectrum at angle
Gi to that at angle Sj for a 14 MeV bremsstrahlung spectrum. These measured

uranium spectra have been corrected for counting losses.




Table IV
Thickness of Shielding in Flight Paths (In Inches)

Angle of Counter Bismuth Lead
o 5 7
24 3 1 3
0 3 1
76 1 16 14
156° 1 1
Table V

Geometrical Factor

Number of Neutrons in the Ratios of Neutrons Geometri-
Target Intle;'groal 1.471(:)% 3.0 l\;[:g 1?\]60//1:1]60 2130511\1560 cal Factor
172 3771
Tantalum
lél'dia 26,562 24,785 26,335 1.08 £ 0.008 0.99 t0.02 1.00
2''dia 15,343 15,155 14,777 1.01 £ o0.01 0.96 t 0.02 1.06 £ 0.01
2""square 19,847 20,314 19,355 0.98 T 0.01 0.98 T 0.02 1.09 t 0,01
Bismuth
cylinder 71,823 72,482 56,943  0.991%t0.005 0.99 to0.01 1.00
disk 36,546 39,268 25,915 0.93010.007 1.006%0.015 1.064%0.00

Bismuth runs include scattering corrections.

All runs include corrections for detector efficiency and neutron absorption in
the photon filters.
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C(ei) WA(Gi) giniAQi WU(GJ.)gJ.nJ.AQ;i WA(ei) WU(e )

/R(©6./6) = X = ~—x (24)
C(ej) i’ WA(ej)gjnjAQj WU(ei)giniAQi WA(ej) WU(Gi)
or
W,(6.) C(e.) W (&)
A7 i U i
a1 _ /R(©./06)) (25)
W, O, co)* .
AeJ) ‘93) WU(GJ) i7j

Thus the uranium data allows one to remove the efficiency, absorption and
solid angle factors, if the angular distribution, WU(ei)’ of photoneutrons from
uranium is known. This has been measured at this laboratory by Dr. D. B.

McConnell (see Appendix III) and is tabulated in Table III.,

D. Geometry Effects

Because of the stringent shielding requirements of the 24° and 156°
detectors as described in Chapter III, section B, the collimators of these coun-
ters were made to view as small an area as possible. Therefore a series of
runs on different sized targets were made to determine if either of these coun-
ters were being shadowed, as a visual inspection suggested that they might be.
The 76° counter, with its 8'' diameter hole was assumed to view the entire

target.

For this purpose three runs were '1lrnade using tantalum targets witI'Q the
following geometry: (a) 2'5{2"ﬁquare, % thick, (b) 2''diameter disk, 3—72- t'l;xick,
and (c) 1% diameter disk, % thick. Visual irspection showed that the IT
disk was small enough to be seen by the 24° and 156° counters. The total num-
ber of neutrons counted in this series of experiments, and the ratios NI/NZ

and N3/N from 1.4 to 3.0 MeV are given in Table V.

1

The last column of the table lists the geometrical factor. It is the fac-
tor required to normalize the ratio of NI/NZ for each target to the ratio NI/NZ
for the' smallest target. It represents the geometrical shadowing of these tar-
gets at 156°. As can be seen from the fourth column, the same factor is re-
quired for the 24° counter within the accuracy of the data. The geometric factor
for each target is listed in Table I. Since the lead targets are only 1" in dia-

mzater, they have a factor of 1.0. All 2" square targets have a factor of 1.09
and all 2''diameter disks have a factor of 1. 06 except gold. The gold target
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consisted of loose chips in a 2" diameter plastic container. The chips did not
fill the container to the top, and the shadowing was therefore reduced. Based
on observations made with a transit, the geometrical factor for gold was es-
timated to be 1.05. The tin target was approximately 1-;— square. The geo-

metrical factor for tin was estimated to be about 1. 06,

An additiona}' check was made using tvxro different Rismuth targets: a
2'"diameter disk,—- thick, and a cylinderﬁ long and% in diameter. The
cylinder was small enough to have a facter of 1.0. After the effects of neutron
scattering in the disk target had been taken into account, the geometric factor
was 1.06 as expected. Neutron scattering must be taken into account because
it distorts the angular distribution by different amounts in the two targets (see
Appendix I). Neutron scattering could be neglected in the comparison of the

three tantalum targets because they are the same thickness and were placed

with the same orientation to the gamma beam.

E. Detector Response.

To derive the photoneutron energy spectra from the raw data, one must
determine n(En), the detector efficiency, and g(En), the neutron attenuation due
to the lead and bismuth photon filters in the neutron flight paths. Ideally the
efficiency of the neutron detector should be determined experimentally. How-
ever the lack of a calibrated source of monoenergetic neutrons made this im-
possible. Instead, the detector response (gn) was determined by two different
indirect methods. The first method consists of estimating the detector re-
sponse from the photoneutron spectrum of deuterium, measured at 76°. Be-
cause of the proton resoil, the neutron energy is approximately one -half the
gamma ray energy. Thus a 15 MeV bremsstrahlung beam produces neutrons
with a maximum energy of only about 6 MeV. Furthermore statistical accuracy
of the deuterium data is such that the detector response cannot be determined
to the desired accuracy above about 4 MeV neutron energy. Therefore this
method is used to determine n(En)g(En) from 0.4 to 4.0 MeV. The second meth-
od consists of calculating the detector efficiency, n(En), from the n-p and n-C

scattering cross sections (Appendix IV). At low neutron energies, the photomul-
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1

was taken from ref 55. The angular distribution of multiply-scattered elec-
trons was taken from ref 56. In order to simplify the calculation, electrons
multiply-scattered outside of the solid angle subtended by the (y,n) target at a
given layer of the bremsstrahlung target were assumed to contribute no photons
to the beam. Those inside this solid angle were assumed to contribute photons
with a Schiff spectrum. The calculation should enable one to estimate the
range of validity of the Schiff spectrum. Table VI lists the ratio, R, of the
calculated thick target bremsstrahlung spectrum, to the Schiff thin target
spectrum, normalized to unity at 3.5 MeV gamma ray energy. The results

deviate from unity by less than 5 per cent below 9.0 MeV.

Also listed in the table is the result of a calculation estimating the neu-
tron scattering in the deuterium target (see Appendix IV). The numbers listed
are the ratios, C, of the 'scattering-corrected' photoneutron spectrum to the
measured spectrum. The values of C are listed for the neutron energies, En’
corresponding to the gamma ray energies, Ey’ listed inthe first column. The

next column lists C/R normalized to 1.0 at En =1.2 MeV.

According to equation 26 and the definitions of R and C, the true detec-

tor response is given by
gE)NE ) = g(En"(E)E (27)

Except near 3.0 MeV neutron energy, where the carbon scattering cross sec-
tion has a large resonance, and hence the calculated neutron scattering in the
CD2 target has some structure, C/R is 1.0 ¥ 0.02 from 0.4 to 4.0 MeV neutron
energy. Thus gn = g'n' from 0.4 to 4.0 MeV. At higher neutron energies, the
calculated thick target bremsstrahlung spectrum diverges from the Schiff spec-
trum causing C/R to increase rapidly. The values of g'n' are shown graphically
in Fig. ‘ 7.

The second method of estimating the detector efficiency is to calculate
it from the n-p and n-C neutron cross section. * This calculation is outlined

in Appendix IV, Detection of a neutron occurs indirectly through the kinetic

o,

The n-C cross section is needed because the scintillator is toluene.
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Table VI
Thick Target Bremsstrahlung Spectrum and

Neutron Target Scattering Corrections

e
E, R E_ C %

3.0 0.98 0.40 1.15 0.98
3.5 0.99 0.65 1.19 1.00
4.0 1.00 0.95 1.2l 1.00
4.5 1.00 1.20 1.21 1,00
5.0 1.00 1.40 1.21 1.00
5.5 1.00 1.70 1.20 1.00
6.0 1.00 1.96 1.18 0.99
6.5 1.00 2.20 1.17 0.98
7.0 0.99 2.46 1.15 0.97
7.5 0.98 2.13 1.13 0.96
8.0 0.97 3.00 1.11 0.95
8.5 0.96 3.25 1.13 0.98
9.0 0.95 3.50 1.14 1.00
9.5 0.94 3.75 1.14 1.00
10.0 0.93 4.00 1.14 1.02
10.5 0.91 4,30 1.13 1.03
11.0 0.90 4.55 1.13 1.05
11.5 0.87 4.80 1.12 1.07
12.0 0.86 5.05 1.12 1.08
12.5 0.84 5.30 1.1} 1.10
13.0 0.81 5.65 1.10 1.13
13.5 0.77 5.8 1.10 1.19
14.0 0.67 6.1 1.09 1.36
14.5 0.49 6.4 1.08 1.83
15.0 0.37 6.65 1.07 2.41

*
Normalized to 1.0 at En =1.2
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energy transferred to a proton in an elastic collision. The efficiency of the
detector for a neutron of a given energy therefore depends primarily upon

the n-p scattering cross section at that energy. However a given energy neu-
tron yields a continuous energy spectrum of recoil protons. The fraction of
detected recoils is proportional to (En - Eo)/En. Eo is the lowest energy neu-
tron capable of producing a scintillation that the electronic circuitry can re-
spond to, ie, the threshold. The threshold was estimated by linearly extrapol -
ating the low energy end of the photoneutron spectra to zero counts. This gave
a value of 0.3 MeV or less. The czlculation of detector efficiency outlined in
Appendix IV was made using the value of 0.3 MeV. The results are tabulated

there in Table XLIII,

At neutron energies comparable to the threshold, the photomultiplier
electron multiplication statistics, circuit drifts, and multiple scattering in
the scintillator contribute to the uncertainty of Eo' and affect the validity of
the calculated shape of n(En). Above 2% to 3 MeV, however, the efficiency
shape is essentially determined by the n-p scattering cross section. Even
when plural scattering effects are considered, the calculations show that the
shape is quite insensitive to the precise value of the threshold used (see Appen-

dix IV).

The detector response is found by multiplying the calculated values of
n(En) by g(En), the neutron absorption, calculated from the total neutron cross
sections listed in ref 53. This product is the solid curve in Fig. 7. The broad
minimum from 2.0 to 6.0 MeV neutron energy is due to the maximum in the
lead and bismuth cross section in this region, and the sharp drop below 1.5 MeV
is due to the non-zero threshold. The structure at 3.0 and 7.5 MeV is due to
structure in the carbon scattering cross section. The structure at 3.0 MeV
has not i)een observed in the deuterium photoneutron spectrum. It is possible
that the assumptions made in the calculations (such as elastic scattering from

carbon nuclei) have exaggerated the influence of this structure.

The results of the two methods of determining gn are shown in Fig. 7.

The X's are the values of gn determined from the deuterium photoneutron spec-
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trum using a Schiff thin target photon spectrum with a 15.0 MeV endpoint and
C/R =1.0, (ie, g'n'). The solid curve is the calculated values of n(En) from
Appendix IV multiplied by g(En) calculated using the total neutron cross sec-
tion from ref 53. The values of g'n' were normalized to the solid curve at
En = 2.4 MeV ( the circled point in the figure). The vertical scale is the per
cent of incident neutrons detected. he two methods were normalized at this
low energy because of the structure in the calculated curve around 3.0 MeV,
and the large statistical scatter in the experimental points around 4.0 MeV.
The dotted line is the solid curve multiplied by R/C. If the calculation of the
thick target spectrum and the neutron scattering in the target were correct,
the experimental detector response (g'n') would fit the dashed line rather than
the solid curve. The statistical scatter is large, but it appears that the data
favors the solid curve rather than the dashed curve. This is probably due to

approximations made in the thick target calculations.

As was mentioned at the beginning of this section, gn was taken equal
to g'n' from 0.4 to 4.0 MeV, and equal to the calculated values (solid curve in
Fig. 7) from 4.0 to 10.0 MeV. The values of gn used in the data reduction are
listed in the last column of Table VII. Neither method determines the absolute
scale of gn accurately, only the shape. This is sufficient for the present ex-
periment, which deals with neutron energy spectra, not absolute cross sec-
tions. Therefore the errors in gn listed in Table VII do not contain an estimate
of the uncertainties of the absolute value of gn. They refer to the uncertainties

in the shape only.

Once gn has been determined, equation 26 can be used to determine the
experimental bremsstrahlung spectrum. The photon spectrum for a run with an
endpoint of 14 MeV is shown in Fig. 8. The solid curve is a Schiff spectrum fit-
ted to the data from 8.0 to 12.0 MeV. The fit is very good, especially from 10 to
13 MeV. Actually if the Schiff spectrum had been normalized in a lower energy
region, say 4.0 to 10.0 MeV, the solid curve would apparently lie higher than
the data near the high energy end, as one would expect from the thick target

calculations. In any case, the thick target calculation seems to overestimate

60



Table VII

Detector Response

E, gn A(gn)
0.6 0.170 0.002
1.0 0.270 0.003
1.4 0.283 0.003
1.8 0.269 0.003
2.2 0.240 0.004
2.6 0.209 0.005
3.0 0.185 0.005
3.4 0.175 0.006
3.8 0.165 0.007
4.2 0.170 0.008
4.6 0.177 ¢, 000%
5.0 0.180 0.0609
5.4 0.184 0.009
5.8 0.198 0.01
6.2 0.198 0.01
6.6 0.203 0.01
7.0 0.206 0.01
7.4 0.200 0.01
7.8 0.200 0.01
8.2 0.205 0.01
8.6 0.208 0.01
9.0 0.209 0.01
9.4 0.207 0.01
9.8 0.204 0.01

%
Calculation assigned 5 per cent errors.
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the deviation from the Schiff spectrum., The experimental points are not

zero above 14.0 MeV as the Schiff spectrum predicts. This is due to the

4 per cent spread in the electron beam energy. Throughout this thesis, the
bremsstrahlung endpoint will be referred to in terms of the endpoint energy
EO, of a Schiff spectrum that is fitted to the data, rather than the endpoint of
the experimental spectra. This is done because the tailing off at the tip fluc-
tuates with the machine tuning, and hence the Schiff spectra endpoints charac-

terize the photon spectra in a more fundamental manner.
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Chapter IV

Treatment of Data

A. Preliminary Treatment
a) Coincidence Correction

The first step in the reduction of the data is the correction for counts
lost due to coincidences. The counts recorded in the analyzer are less than
the number of neutrons detected for two reasons. First, if a counter detec-
ted more than one neutron during a beam burst, only the first neutron will be
recorded since the THC is inoperative for 8 usec after it receives the first
pulse. There was no provision for determining the number of such events
electronically. Second, if two counters detect an event during a beam burst,
neither event is stored in the block of the analyzer corresponding to these
counters. Instead, the first event in time is stored in the fourth quadrant of
the analyzer, and the second event is not recorded. In the case of triple events
(either single counts from three counters, two counts from one detector and
one count from another, or three counts from one detector), the first pulse
is stored in the fourth quadrant (or in the last case mentioned, in the quad-
rant corresponding to the proper counter), and the other two are lost. Events

of higher multiplicity are so rare as to be unimportant.

If two counters each detect a neutron during the same beam burst,
neither count is recorded in the analyzer blocks 1 to 3, regardless of the or-
der or time of the two signals. Therefore the resulting distortion of the spec-
tra is a uniform reduction in amplitude. That is, to correct for counting loss
due to signals from more than one counter, one need only multiply the stored
data by a constant, independent of the channel in which the data is stored. On
the other hand, if two neutrons are detected by the same counter, the first
count will be recorded and the second lost. Therefore one must apply a cor-

rection that increases with increasing channel number.

The two different types of counting losses affect one another only if

there are at least three neutrons present, two from one counter and cne from
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another, and hence their interaction is a second order effect which will be
neglected. One should calculate the loss due to two neutrons from one coun-
ter after correcting for the loss due to two neutrons from separate counters.
This is due to the fact that the number of counts lost due to coincidences be-
tween two counters has been measured, while the number of counts lost due

to self coincidences must be calculated. Therefore a more accurate correc-
tion for the losses due to self coincidences can be achieved if the other cor-
rection is performed first. Since the effect of the self coincidence losses

on the two counter coincidence losses is of second order, the correction for
two counter coincidence losses can be calculated to a high degree of accuracy,

without having performed the self coincidence correction.

For each set of experimental data the following are known:

n, = total number of recorded counts from the counter at angle ©;
Nc = total number of recorded coincidences between two counters
T = duration of the run, in seconds

T = inverse of the repetition rate (?l- = 120/sec)

The purpose of the calculation is to find the actual number of counts, Ni’

from the counter at angle ©;. For each counter

= n, + + (hi
Ni n, Cii + Cij + Cik (higher orders) (28)
where Cii = counts lost due to self coincidences in counter i
Cij‘ Cik = counts lost due to coincidence with counters j and k respectively.
Let 1—\1—i = Ni - Cii’ then, neglecting higher orders
N = + + 2
N, n, Ci.'i o (29)
and for low counting rates
~ T (NN 30
and
I(N.N. 1
Cik = F(N;N) (31)

In the above expressions T/7 = number of beam bursts. Also the recorded
coincidences, Nc’ are given by

N, + NN, + N, N) (32)
which is half the number of neutrons lost from two-counter coincidences.

Nc = —(N
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Equations 29, 30, 31, and 32 are combined to give

<5 . e
N1 n, + NC 11.,N2N3 (33a)
— L
N, = n, +N_-IN N, (33b)
5 . : -
N3 n, NC TNINZ (33c)

2 n3, Nc’ T, and T are known quantities. These equations yield

three fifth order equations in NI , I\TZ’ and N3.

where nl, n

However, the above equations are derived on the assumption that the
counting rate was maintained at a constant value for precisely T seconds.
This implies that all beam pulses were identical and there were T/t pulses.
The MIT linac does not have such stability. The beam can fluctuate widely
from pulse to pulse. Over periods of an hour, the machine requires tuning,
which results in the loss of an unknown number of pulses. Therefore in the
analysis of the data, the measured value of T was used as a first approxima-
tion in equations 33a, b, and ¢, which are then solved for ﬁl , NZ’ and N3.
These values are then used to calculate a value of Nc’ called Né, from equa-
tion 32. This is checked against the measured value of Nc’ and T is varied
in small steps until N(': = Nc to.s per cent. In this manner an effective value
of T, called T, is found, which is always smaller than the measured T. The

corresponding values of ﬁi are used to correct for losses due to two counter

coincidences. The data in each channel is multiplied by the constant ﬁi/ni.

To calculate the correction for self coincidences, consider the chan-
nel x, with a real counting rate of m(x). The number of counts recorded per
unit time in channel x will be

m'(x) = m(x) P(x) (34)
where P(x) is the probability that there were no counts in channels 1 to x - 1
during tilat unit time. The probability that there was no count in channel y

during a unit time is given by the zeroth Poisson distribution

O
Py =B om0 . m(y) (35)

and hence the probability that there were no counts in channels 1 to x -1 is
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x-1
x -1 x-1 -|.= m(y))
P = JU P(y) = T ™0 y=l (36)
y=1 y=1
where m(x) = Ni(x)i‘_ = number of counts per beam burst in channel x.
Therefore x -1
5 (y)T’
Ni(x) = Ni(x)e (37)

The self coincidence rate is low enough to approx1mate this equation by
x 1

N.(x) = Ni(x)e y=1™ (38)

using the value of T fcund above.

To check these calculations, radioactive sources were placed near
each of the three counters such that the counting rates were in the same ratios
as those encountered in an experiment (3:3:1). The rates were similar to the
higher rates encountered in these experiments (about 25 counts/sec total).
Each counter was allowed to accumulate data for 20 minutes with the other
two dlsconnected from the THC, to determine N Data was then accumulated

for 16— hours with the three counters connected to the THC.

The accumulated data was treated as described above and the results
are listed in Table VIII. In Table VIII A, ﬁi meas is the counts from counter
ei measured witl. the other counters disconnected to eliminate coincidence
losses due to two counters; n, is the number of recorded counts from counter
ei with the three counters operative. Ni cale is the number of counts from
counter ei corrected for losses due to two counter coincidences. This meas-
ured value of T was 30, 620 sec; the calculated value of T, called T, was
29,700 sec (a difference of 3 per cent). The last two columns list the ratio of
n, and Ni cale © ﬁi meas® {8 canbe seen from these last two columns, this
correction is good to within the accuracy of the check.

In Table VIII B, A is the sum of the data in counter ei from 140 to
220 ns, after the two counter coincidence correction has been applied to the
data, and B is the sum from 880 to 960 ns under the same conditions. A' and
B' are the sums of the data from counter 91 from 140 to 220 ns and 880 to 960 ns

respectively, after the self coincidence correction has been applied to the data.
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Table VIII A
Comparison of Measured and Calculated Correction

for Coincidences Between Two Counters

Counter _ n, N. cal
Angle N, n, N, = —£aC
imeas i icalc N. .
Gi imeas imeas
156° 374,000 326,920 373,147 0.874 0.998
1
+ 2
T 14
76° 365, 800 316,409 362,374 0.865 0.991
1
+ .1
24° 91, 360 72,091 90, 441 0.789 0.990
+,1
T2 >
Table VIII B
Comparison of Spectral Shape Before and After
Self-coincidence Correction (Spectrum Corrected
for Coincidences Between Two Counters)
Counter A B B Al B! B
Angle A Al
ei 140-220ns 880-960ns 140-220ns 880-960 ns
156° 21,498 19,906  0.926 24,969 24,498 0.981
t 0.01
76° 20,474 18,990 0.928 23,869 23,392 0.980
t 0.01
24° 4,069 3,990  0.981 5,125 5,079 0.991
" t0.02
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A comparison of the ratics B/A and B'/A' (which would be unity in the ab-
sence of a self coincidence counting loss), shows that the correction leaves
a slope representing a fractional change in the counts per nanosecond of
about —2x10_5 (ns)_i_. which is probably due to the substitution of 1_\1-1 for Ni

in equation 37.
b) Background Subtraction

As was explained in Chapter III, section B, the background shape re-
mains constant, but the magnitude varies with the tuning of the accelerator.
Therefore it was necessary to normalize the background magnitude for each
set of data. A standard shape was determined for each counter for a given
set of running conditions and energies. Then the background was normalized
to the data in the region between the neutron endpoint and the earliest chan-
nels containing background data. The normalization was performed separa-
tely for each counter, and the background was subtracted. Table IX lists
three examples, Pb206, Er, and Pb207, with various bremsstrahlung end-
points. The sum of counrts in the normalization channels is listed for each
counter. Also shown is the statistical accuracy of this sum. In general the

level of the background is determined to 10 per cent.

Figure 9 shows a typical time spectrum with the amount of background
and the region over which the normalization took place. To see what a 10 per
cent error in the magnitude of the background means, refer back to Table II
where the number of counts and the amount of background for each 0.4 MeV
bin is given. The background is only a few per cent of the 76° and 156° data
except near the neutron endpoints. At 240, the background is 10 per cent to
100 per cent of the data, and presents a much more serious error in the data.

c) Time-to-Energy Spectrum

AN®© 1)
' The data now consists of time spectra—AT taken in 256 chan-
nels. The time spectra are converted to energy spectra by summing the
time spectra over those channels (or fractions of channels) corresponding

to the desired energy bin.
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Table IX

Examples of Background Normalization Statistics

Brem. Counter Number of Counts Statistics of
Target Endpoint Angle in Normalization Counts

Energy ei Channels (per cent)
pp200 15 MeV 156° 63 12
76° 260 6
24° 280 6
Er 14 MeV 156° 170 8
76° 306 6
24° 260 6
pp20”’ i3 MeV 156° 88 11
76° 150 8
24° 115 10
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2
A’ne) 2 Awe)
AE 00 gl atag AF, (39)
AEn = E2 - E = 0.4 MeV, where t1 corresponds to energy E and t2 cor-

responds to E 1\? In the following discussions the delta notatlon will be re-
©)
placed by W In all calculations involving neutron spectra, equations

using this latter quantlty will be evaluated at E =—;(E2 - El)’ using the
APN(O, ) a2 N(O, )
value of ————= AE A AQ for dE do )
d) Correction for Neutron Detector Efficiency, Target Scattering
and Collimator Shadowing

d N(G.)
If —/——— 4E. 49 is the neutron specztrum incident on the counter at e in
n d N'(el)
the absence of all distortions, and ﬁdﬂ,— is the measured neutron spectrum
n
corrected for coincidence losses and background, then
o r o
dZN(156°) i dZN'(156°) S(156 ,En)f WU(156 ) (402)
- RGO 0 (T o
dEndQ dEndﬂ R(176°9/76 )g(En)n(En) WU(76 )
o
ﬂﬁ _ _aw(ze®) SU6EY (40b)
1
dE_dQ VE d2  g(E )n(E)
O 0
d’N@e®) | dPNi(ee®) SO E) T Wi(24) AQ o (40¢)
TF a0 = HT 40 o o o
dEndQ dEndQ R(249/156°) WU(156 ) AQZ4°

where S(Gi, En) the fraction of neutrons transmitted through the target at

angle Gi and energy En’ plus the fraction of neutrons scat-

tered into angle ei at energy En. (Table XLI, Appendix I)

f = the inverse geometrical shadowing factor for the detectors
at 156° and 24°, fis unity for the detector at 76°. (Table I,

Chapter III)

R'(ei/ ej) = ratio of uranium spectra at angle ei to that at angle ej.
(Table III, Chapter III)
g(En)n(En) = the detector response of the 76° counter. (Table IV,

Chapter III)
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W)

ratio of uranium angular distribution at angle ei to that at

WU(ej) W, (240)
angle O.. (Note that oy = 1.0) (Table III, Chapter III)
A ] WU(156 )
40

20 o 0.6, the ratio of the solid angle subtended by the 24° coun-
6

15 ter to that subtended by the 156° counter. AQ156° = AQ, 0.

The factors f, R(Oilej), WU(ei)/wU(ej)‘ and g(En)n(En) are discussed and

tabulated respectively in sections C, D, and E of Chapter III. The factor

S(O., E ) is tabulated and discussed in Appendix I.
i’ n 2
d N(Gi)

dE,dQ
ing in the (y, n) target, by shadowing by the collimators, by neutron absorp-

The neutron energy spectrum is modified by neutron scatter-
tion in the photon filters placed in the flight paths, and by the efficiency of the
neutron detector. The factor S(ei’ En) corrects the measured neutron spec-
trum for the effects of target scattering. The factor f corrects for collima-
tor shadowing. The factor g(En) corrects for neutron absorption in the photon
filters and n(En) for the detector efficiency. Finally the data from the 24°

counter is corrected for the difference in solid angle.

The photon filter absorption g(En) and detector efficiency n(En) were
determined for the 76° counter only. These quantities were measured rela-
tive to counter 76° for the counters at 156° and 240, with the use of uranium

neutron spectra as described in Chapter III. Thus in equation 40a,
1 WU(l 560) 1

- 41
2 o600 colB) ~ W (6% R(156%/76)g(E jn(E ) 1%

and in equation 40c, 1 WU(240) :
~ = 41b
8,40(E )1, ,0(E ) W, (156%) R(24/156°) (41b)

In this last equation, only neutron spectra of 24° relative to 156° are deter-
mined. The absolute neutron spectra for the 24° data has not been calculated
because this quantity is not used (see section B of this Chapter). Of course
they cbuld easily be calculated.

B. Angular Distribution

The angular distributions are presented in the form
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w(e) = a, + a P1 + a, P2 (42)

where the P's are the Legendre polynomials. Remembering that the data was

taken at angles 61 =156 1 - 63, 92 = 760, 6, = 240, a, and a, are given by

3 1

a, (1 -RI)RZ[(3coszez -1) - (3cosze1 - 1)]
a, (3cos®; - 1)[2c0s0, + R,cos6,(1 -R))] - (3cos‘ez - 1)(1 +R|)R,cosO, (43a)
_iz_ ) 2[2cose3 + chosez(l —Rl) - R2c0s63(1 +Rl)] 430)

a 2 2

o (3cos 63 - l)[Zcose3 +R2cosez(1 - Rl) - (3cos 92 -1)(1+ Rl)chose3

_ dN(24°) ,dN(156°) dN(156°) ,dN(76°)

where R] = dE, /dEn and R2 “aE, /dEn

As can be seen from Table II, the background at 24° is very large and
the counting rate is about One-third of the rates at 156° and 76°. As a result,
the data at 24° are subject to large statistical uncertainties. To improve the
statistical accuracy of the ratio, R1 was calculated for two energy bins: 1.4
to 3.8 MeV and 3.8 MeV to the neutron energy endpoint, instead of the 0.4 MeV
bins used for RZ' (The sum is started at 1.4 MeV because of the low counter
efficiency below this energy.) R1 for the various targets fell between 0.93
and 1.05 in the low energy bin with an average statistical errcy of 0. 02, and
between 0.92 and 1.14 with an average statistical error of 0.08 in the high en-
ergy bin. (The errors of course varied from run to run. See Table X.) The
results are listed in Table X for data from 15 MeV bremsstrahlung runs. The

errors quoted are statistical errors only, and do not include an estimate for

systematic uncertainties,

Since low energy neutrons are predominantly statistically emitted, and

therefore fore-aft symmetric, one would expect R, to equal 1.0 for the low en-

1
ergy bin at least. However the experimental values of Rl differ from unity by
more than the statistical errors for irnany targets. Therefore the effect of the

following systematic errors on R | were investigated.

(1) Variations in the counter threshold. Because the 24° counter
threshold is much higher than that of the other two counters, its efficien-
cy is more sensitive to small changes of the threshold in the low energy
bin. The counter efficiency is proportional to (En - EO)/ En (see section
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Table X

Ratio of Photoneutron Spectrum at 24° to Spectrum at 156°

Element

208 *

207
206 *

Sn

In

!,

R

summed from
1.4 to 3.0 MeV

1.046
1.017
1.011
0.988
0.992
1.024
1.008
0.935
0.944
0.944
1.022
0.974
0.930
0.930
1.01

0.928

1.273
1.312
1.301
1.272

ARl

.023
.018
.017
.018
.017
.018
.020
.023
.025
.018
.024
017
.020
.020
.031
.020

o O O O O O O O O O ©o oo o o o o

0.018
0.024
0.023
0.026

b
Two different measurements were made.
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Ry

summed from
3.0 MeV to En

1.069
1.045
1.092
0.931
0.994
0.996
0.985
0.965
1.005
1.141
1.075
0.955
0.924
0.965
1.05

0.992

1.397
1.524
1.259
1.47

ARl
0.084
0.075
0.08
0.074
0.063
0.06
0.085
0.096
0.090
0.064
0.092
0.052
0.074
0.08
0.115
0.089

0.054
0.105
0.083
0.096



E of Chapter III) for neutron energies necar the threshold Eg (0 9 MeV).
However if the threshold shifts to Ej, R, should be corrected by

(Ep - EQM(Ep -E}). First R] is assumed to be unity for the low energy
bin, then the value of E} necessary to correct R, to R'l = 1,0 is calcula-
ted, and finally the above correction is applied to the 24° spectrum.

The results are tabulated in Table XI, along with the values of E} for
each target. The corrected value of R is listed for each target for the
high energy bin. After the correction, R, falls between 0.93 and 1 15
in the high energy bin with statistical errors of 0.08. It required at
most a 6 per cent change in E, to normalize the low energy bin to unity

(2) Background normalization. The magnitude of the background is
known to about 10 per cent, which represents a sizable uncertainty in

the data in the high energy bin. In addition, the background shape at

24° did not appear to be as constant as in the other two counters. The
background was resubtracted to make R; = 1.0 in the low energy bin,

The results and the per cent change, AB/B, in the background are lis-
ted in Table XI. R) falls between 0.95 and 1.28 with statistical errors

of 0 08. A change in the background of up to 28 per cent was required

to normalize the low energy bin. A few cases required an unrealistic
amount of background (ie, background was added, rather than subtracted).

(3) Counting losses due to simultaneous counts in two counters. From
equation 33 it is apparent that the counting losses for the counter at angle
ei are equal to N, -%Nij. Since N, is measured, errors introduced
by the coincidence calculation will be primarily due to the term Tf?Nij.
That is, the per cent error will be proportional to A(T/T)(N-Nk/Ni).
(Errors due to ANj and ANy will be smaller by the factor (T/T).) Since
the counting rate in the 24° counter was one-third that of the other two
counters, its error can be as much as 10 times as great. * Since the
result of the coincidence correction is to multiply the entire spectrum

by a constant, both energy bins will be equally affected. Therefore the
low energy bin was normalized to unity and the high energy bin was cor-
rected by the factor required to do this. The results are listed in Table XI
along with C, the coincidence correction calculation from equation 33 and
AC/C, the per cent change in C required to normalize the low energy bin
R; falls between 0.97 and 1.21 with an average statistical error of 0.08 in
the high energy bin. The largest variation in C was 7 per cent,

Four sets of data have been excluded from the above discussion. These

are I, Sn, In and a second W run. These runs were made at a time during which

<

AF)NINZ 5
A
T N3 N N1
A
1 [2\N3N, NZZ
T| N o o
for counting losses in counters at 24~ and 156 respectively, and N,,N._, and N

are the total number of counts in the counters at 156°%, 76° and 24° respectively.

<10, where A3 and Al are the errors of the correction

A
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Table XI
Corrected Ratio of Photoneutron Spectrum at 24°
to Spectrum at 156°
(Summed from 3.0 MeV to En )

max
' En -Eo R, After - R1(3.0 _Enmax)
RI"RE & Background RI"R.(1.4-3.0)
n o/ Renormalization 1

Element Rul E(') R.l % R.l C %
Bi 1,058 0.861 0.97 0.17 1,022 1.39 0.05
Pb208 1.090 0.890 1.07 0.09 1.080 1.40 0.01
0 1.042 0.885 1.01 0.06 1.028 1.40 0.02
Pb207 0.933 0.911 0.96 0.05 0.942 1.36 0.06
Pb206 0.996 0.907 1.01 0.02 1.002 1.46 0.01
" 0.990 0.879 0.95 0.12 0.973 1.45 0.02
T1 0.983 0.893 0.97 0.03 0.977 1.40 0.01
Hg 0.978 0.951 1.11 0.21 1.032 1.27 0.06
Au 1.017 0.944 1.12 0.15 1.065 1.38 0.06
W 1.154 0.944 1.28 0.28 1.209 1.50 0.06
Ta 1.069 0.880 1.02 0.11 1.052 1.45 0.02
Er 0.960 0.918 1.02 0.10 0.984 0.03 1.53
Ho 0.938 0.956 1.08 0.18 0.994 1.56 0.07
Sm 0.978 0.956 1.14 0.22 1.038 1.53 0.07
Pr 1.047 0.891 1.02 0.02 1.040 1.36 0.01
La 1.009 0.958 1.17 0.16 1.069 1.34 0.07
w 1.097 1.65 0.27
I | 1.162 1.27 0.31
Sn ‘ 0.968 1.14 0.30
In 1.156 1.17 0.27
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the circuitry was later found to be defective. The pulse-routing circuitry
misrouted coincidence pulses to the analyzer. As a result, the data was im-
properly corrected for counting losses (Nc was not known). Therefore these

runs have been included only in the third case.

In conclusion, R. differs from 1.0 by more than the statistical errors

(about 0.02) in the low e;ergy bin for many of the targets. However the low
energy bin can be corrected to unity by small changes in the threshold (about
6 per cent), the coincidence correction (7 per cent), and larger changes in
the background (20 per cent). Varying the threshold results in very little

change in R, in the high energy bin, varying the background has a sizable

1
effect on R1 in the high energy bin, and changing the coincidence correction
affects both bins equally. In general in the high energy bin, R1 =1.0 1 0.08,

after the low energy bin has been corrected to unity.

_ dN(24°) /dN(156°)
1 dEj, dE,
in the threshold, background magnitude, and the coincidence correction cal-

Since the ratio R is so sensitive to small changes
culation, it appears that the systematic errors in this data are larger than
the statistical errors, especially in the low energy bin. Therefore Rl is
assumed to be 1.0 at all energies for all the elements used, and this value

1s not inconsistent with the experimental measurements. The theoretical

reasons for choosing this value of R, are outlined in Chapter I, section D.

1
Using this assumption, a, = 0.0,

1
2(1 - Rz)
- —— : and W(O) =a_+a,P,(6) (44)
o (3cos 63 -1) - R2(3cos 62 - 1)

The angular distributions are presented in this thesis in this form. They

are plotted as -az/ao Vs En for each of the 17 targets used in this experiment.
These graphs are in Chapter V. The error bars on the data points include an
estimate of the systematic errors discussed below. Systematic errors due

to background magnitude, changes in thresholds, and coincidence corrections
are negligible for the 156° and 76° counters. The neutron scattering in the

target, S(e'i, En), increases the ratio Rz by an appreciable amount (up to 8 per
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cent). As is explained in Appendix I, S(Gi, En) is estimated to about 20 per cent.
The other two systematic changes in the ratio RZ--the geometry correction, f,
and the correction for differences in detector response--are known with better
accuracy. The geometry correction decreases R2 by 0 to 9 per cent T 1 per
cent, depending con the target shape. The detector response difference is an
increase of about 5 per cent T per cent. The net result is a shift in R2 of

up to 10 per cent t3 per cent depending on the target shape. Therefore the
systematic uncertainties in RZ may be larger than the statistical errors at

low neutron energies.

2
o _dN . d N(©)
One more quantity will be needed.———dEn, the integral of IE an °ver
n
the angle 6. 5
d N(6) _ dN
dEndQ = dEn n2=0 anPn(cos O) (45)

Since the giant resonance is a dipole interaction, this sum is approximately

given by 2
dNG)  gn
iE a2~ dE [1+ aZPZ(cos ei)] (46)
n n
Solving forg—lg- one finds
n 2
dN | dN(el) Pz(cosel) d N(6,)

(47)

dEn I—PZ(cosel) dEndQ Pz(cosez) dEndQ

where 61 and 92 could be any two angles; 91 = 156° and 92 = 76° have been
used. Then

2 o 2 o
dN - 0.63 d N(156") +0.637 d N(76")

dE T dE_dQ dE_dQ (48)
n n n

156° and 76° were used because the data at these angles is the most reliable.
Also, since these counters are approximately 90o apart, these data are the

most sensitive to Pz(cos 0).

C. Difference Spectrum

In the interpretation of a photoneutron spectrum produced by a brems-
strahlung spectrum, serious ambiguities are introduced by the question of

which photon was involved for a particular neutron. To alleviate this problem,
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two sets of experiments have been performed at different maximum brems -
strahlung energies, 15 MeV and 14 MeV (three sets in the case of the elements
near lead, with maximum energies of 15 MeV, 14 MeV, and 13 MeV). A neu-
trorrenergy spectrum from somewhat monoenergetic photons can be obtained
by means of a properly normalized subtraction. If o(EY) is defined as the
photon absorption cross section, p(EY') as the bremsstrahlung spectrum caused
by electrons of energy E, and dN(En, Ey)/dEn as the neutron spectrun integra-
ted over angles for a photon of energy Ey’ then the neutron spectrum caused

by the bremsstrahlung spectrum of maximum energy E1 is given by the expression

E
dN(En’El) / 1 dN(En,Ey)
0

dE N dE
n n

G(EY)pE1 (EY) dEY (49)

The difference of two such neutron spectra caused by the bremsstrah-

lung spectra pEl(Ey') and pEz(EY) is given by

aN(E,E ) / B AN(E, E, )
= = o(E )[p, (E)-Kp_(E )] dE (50)
dE_ o dE_ Y OE Ty E, v Y

where EY is the average energy of photon absorption due to the photon difference
spectrum and K is an arbitrary normalization constant. K is adjusted so that

where A represents the energy interval E1 - EZ'

Figure 10 shows pEl(Ey) and pEZ(EY) where E1 =15.4 MeV and E2 =

14.4 MeV. The dashed curve is the difference of the two photon spectra where
K has been adjusted so that Pa =0 at 11 MeV. At lower energies pAiS negative,
but since G(EY) goes to zero below 10 MeV, this does not seriously affect the
results. .The photon spectrum was determined by measuring the photoneutron
spectrum from deuterium at each electron energy used.

dN
D, ]

p(E )= (52)
v aE T o (E Je(E n(E )

where OD(Ey)’ the deuterium photodisintegration cross section, is taken from
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calculations by Partovi (51), and g(En)n(En), the detector response, was

given in Chapter III, Table VII.

Figure 11 shows a ploi of G(Ey)pA(Ey) for a few representative cases.
These absorftion curves are all localized at EY:: 14.0 MeV with about 2 MeV
FWHM and EY = 14.4 MeV in the deformed region and near praseodymium.
The absorption curves for the 14 to 13 MeV difference spectrum are localized
at ny 13.2 MeV with about 2 MeV FWHM. The values of G(Ey) were ob-
tained from refs 5, 6, 7, and 57. Thus the photon difference spectrum cor-
responds to a photon beam with about a 10 per cent energy spread, which is
a great improvement over a bremsstrahlung spectrum, despite the larger

statistical errors introduced by the subtraction.

When the two deuterium runs in Fig. 10 had been normalized to the
same integrated charge (as measured by the current collected on the carbon
beam stopper) and PA set equal to zero at 11 MeV, K was found to be 1. 44,
In the case of the 14.4 to 13 MeV difference spectrum, K equals 1.33 when
Py Was set equal to zero at 10 MeV. Therefore the neutron spectrum resul-
ting from the photon difference spectrum is given by

dN(En, Ey) dN(En, E1 5) dN(En, E14)

dE_ ~ dE_ -K dE_ (53)
dN(E E

n
aE

)
for a 15 and 14 MeV set of data, for example. In the above equation 15
dN(En, E1 4)

and i have been normalized to the same integrated current, and
n

K =1.44.

n

It was noticed that neutron spectra from deuterium runs made at the
same energy but on different days did not agree in magnitude to within statis-
tics. The integral number of photoneutrons, normalized to a unit charge,
varied from the average value by 6 per cent (rms) with a maximum deviation
of 12 per c;ent. This is far outside the statistical fluctuation since a typical
run contained about 20,000 counts (0.7 per cent). This fluctuation was appar-
ently caused by small changes in the current measuring device (see section C

of Chapter II) such as fluctuations in the electrometer gain, and variations of

the leakage current. Since the fluctuations in the charge meter reading seemed
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to vary slowly, an attempt was made to normalize any given experimental run
to an accuracy better than the 6 per cent normally found. First, ail of the
deuterium data for a given bremsstrahlung endpoint was averaged. Then the
two deuterium runs closest in time, Before and after, to an experimental run
with a particular target were selected. Their per cent deviation from the av-
erage value for all deuterium runs of the corresponding energy was calcula-
ted, and extrapolated linearly to the time that the run under discussion was
made. In this manner a correction to the charge reading could be determined.
As an example, two Pb?'o8 runs made on different days differed in magnitude
by 10 per cent using the uncorrected charge readings. After correction they
differed by less than 1 per cent. However not all runs are immediately ad-
jacent (within 2 to 4 hours) to deuterium runs (as the two runs in the example
were). A series of short deuterium runs made over a period of 6 hours in-
dicated that the normalization can shift appreciably in this short time. There-
fore there will be an error in the normalization, which however should be less
than 6 per cent. -
dN(En,E )

Y

After making these corrections, the neutron difference spectra,dE_-
n

were calculated for the 17 targets used, with EY = 14,0 MeV, and with
EY = 13.2 MeV for the elements near lead. In addition the difference spectra
were computed at each angle separatelyv. From this data it is possible to cal-

culate the angular distribution of the difference spectrum.
dN(E_,E )

dE,
ments with E = 14.0 MeV. Two neutron spectra (either 15 and i4 MeV or

Figures 12a and 12b show a plot of Vs Erl for all of the ele-

Y
14 and 13 MeV) and the difference spectrum are plotted individually in Chap-

ter V. These are plots of log—g% . ,—{- vs E .
n £ n

D. Level Density and Direct Component
a) Separation into Components

As outlined in the first chapter, the statistical model of the nucleus
predicts that the neutron spectrum from a compound nucleus is given by

aN

dEn = CEnocw(U) (54)
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= a constant

s

=

®

o]

)

Q
1

oc = the inverse capture cross section
w(U) = the density of levels in the residual nucleus at an excitation
energy U, for
U = EY " Ey - o) (55)
where Eth = the neutron binding energy
6p = the pairing energy

and EY has been defined in the previous section. The pairing energy, 6p,

is the energy required to break the last neutron and/or proton pair. This
energy is subtracted from the residual nucleus excitation energy to account
for the pairing effect seen in nuclear level densities (58). The values of 6

calculated by Nemirovsky and Adamchuk (59) were used.

The level density has been estimated by Lang and le Couteur (60),
using the Fermi gas model, as

2Nau

w(l) = S—— | (56)
(U +t)
where a is the Fermi gas level density parameter, U = atz - t, and m depends
on the assumptions used (60). In this thesis the data has been analyzed using

both m =%and m = 2.

In equation 54 above, oC(En) represents the cross section for the for-
mation of the compound nucleus from a neutron of energy En incident on the
residual nucleus with an excitation energy of E*. Such cross sections are not
generally known, so they have been approximated by using the ground state
cross sections calculated from the optical model. The values of o calcula-

C

ted in refs 61 and 62 have been used. The values of GC for En = 0.6 to 7.0 MeV

for several representative elements are given in Table XII.

-The neutron difference spectrum shown in Figs. 12a and 12b clearly
cannot be fit with equation 54 over all neutron energies. At approximately
3 to 4 MeV these spectra exhibit a sharp break in slope, and show a larger
number of high energy neutrons than equation 54 would predict. Furthermore,

statistically evaporated neutrons are expected to be isotropic, while the angu-
lar distribution curves plotted in Figs. 105a and 105b (Chapter V) show that the
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Table XII
Optical Model Capture Cross Sections for Representative

Elements as a Function of Neutron Energy

En 116 127 140 152 165 168 170 181
0.6 1.92 2.17 3.39 3.52 2.96 2.74 2.64 2.29
1.0 1.87 2.42 3.34 3.18 2.65 2.47 2.40 2.21
1.4 1.92 2.52 2.96 2.74 2.34 2.25 2.21 2.22
1.8 1.98 2.46 2.62 2.41 2.19 2.16 2.16 2.35
2.2 2.02 2.36 2.37 2.23 2.14 2.16 2.19 2.49
2.6 2.06 2.26 2.22 2.15 2.15 2.21 2.25 2.55
3.0 2.10 2.17 2.14 2.12 2.18 2.26 2.31 2.53
3.4 2.10 2.09 2.10 2.10 2.24 2.30 2.34 2.47
3.8 2.06 2.03 2.08 2.11 2.28 2.31 2.33 2.39
4.2 2.00 2.00 2.06 2.13 2.28 2.30 2.30 2.32
4.6 1.94 1.97 2.05 2.17 2.26 2.26 2.26 2.27
5.0 1.89 1.95 2.05 2.20 2.22 2.21 2.20 2.23
5.4 1.85 1.93 2.07 2.20 2.16 2.16 2.16 2.22
58 1.81 1.92 2.09 2.17 2.12 2.12 2.13 2.22
6.2 1.78 1.91 2.10 2.11 2.09 2.10 2.11 2.22
6.6 1.76 1.92 2.09 2.06 2.06 2,09 2.10 2.23
7.0 1.75 1.93 2.05 2.00 2.05 2.08 2.10 2.25
En 184 197 200 204 206 208 209
0.6 2.25 2.62 2.81 3.11 3.27 1.75 1.39
1.0 2.23 2.71 2.90 3.15 3.27 1.94 1.55
1.4 2.32 2.99 3.16 3.31 3.36 2.27 1.92
1.8 2.52 3.11 3.18 3.23 3.23 2.53 2.33
2.2 2.65 3.01 3.02 3.03 3.03 2.59 2.45
2.6 2.66 2.83 2.83 2.83 2.82 2.52 2.36
3.0 2.59 2.66 2.66 2.65 2.65 2.41 2.23
3.4 2.49 2.53 2.53 2.53 2.52 2.31 2.13
3.8 2.40 2.43 2.44 2.45 2.45 2.21 2.07
4.2 2.33 2.38 2.39 2.41 2.41 2.11 1.99
4.6 2.28 2.36 2.37 2.39 2.40 2.03 1.89
5.0 2.25 2.35 2.37 2.39 2.40 1.97 1.78
5.4 2.25 2.35 2.37 2.40 2.42 1.94 1.70
5.8 2.25 2.37 2.39 2.43 2.44 1.95 1.67
6.2 ‘2,.25 2.39 2.42 2.44 2.45 1.98 1.70
6.6 2.27 2.41 2.43 2.44 2.43 2.00 1.76
7.0 2.29 2.41 2.41 2.40 2.39 2.00 1.82
The values for elements with A = 106 to 206 are taken from ref 61.*

The values for szo8 and B1209

*Ref 61 only tabulates o¢ from 0.2 to 3.0 MeV. We would like to thank
Dr. E. Auerbach for extending these calculations to 7.0 MeV.

were taken from ref 62.
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neutrons are approximately isotropic at low neutron energies, then increase
rapidly to a large anisotropy at high neutron energies. The midpoint of the
anisotropy curve and the abrupt change in slope of the difference spectrum

roughly correspond for each element.

Therefore, since the difference spectrum seems to be dominated by
isotropic evaporation neutrons at low energies, and at high energies by an
excess of neutrons (compared to the evaporation spectrum) with a strong angu-
lar distribution, the neutron spectrum has been separated into two components:
a statistical component and a resonant direct component. * Two different pro-

cedures have been used to effect this separation.
(1) Method I

In the first method, at low energies (region I, Fig.l2c), the data is

fitted with the formula
eN 1 _ ce*VemU

dEn Enoc (U+t)m

(57)

using a least squares fit, with a_ asan adjustable parameter, and C as the
normalization constant. The total number of 'evaporation'' neutrons at high-
er neutron energies (region III, Fig.12c) can then be calculated from equation
57. These evaporation neutrons are subtracted from the experimental data
in region III to give the total number of resonant direct neutrons in this region.
If an energy spectrum, S(En), is known for the direct neutrons, one can cal-
culate the number of direct neutrons in region I. These are then subtracted
from the data,

dn' _ dN KS(E ) | (58)

dE dE
n n

to give a better approximation to an evaporation spectrum.

!
The data, % , is again fitted with equation 57 and a second approxi-

n
mation to a . called a__, is found. The above procedure is iterated until a,

ml
converges. The constant k is found by normalizing the integral of S(En) over

region III, to the integral of %% over the same region. The direct spectrum,
* , n
The term 'resonant direct' is used here with the same meaning as used by

Wilkinson (30).
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S(En), is discussed in the next section. The curves in Fig. 12c are for szos,

and show the results when a. has converged.

(2) Method II,
In the second method of separating the neutron spectrum into two com-
ponents, the angular distribution of the direct component is assumed to be a
constant determined by the high energy region (III in Fig. 12c), and the statis-
tical component is assumed to be isotropic. The angular distribution in the
high energy region is found by summing the difference data in each counter
over region III. The ratio of this sum for the 156° data to the 76° data is
called r. This ratio for the low energy portion of the curve (region I) is
found in a similar manner and is designated r, (rl’—‘a’ 1.0).
Then, if x is the ratio at energy En’
dN' _ dN . (O.363r1 + 0.637)[x(En) - rz]
dEn dEn [0.363 x(En) + 0.637](r1 - rz)

(59)

!
— 1is substituted for dN in equation 57 and a__ is determined as before.
dE, - dE, m

Given a the number of evaporation neutrons in region III is calculated and

1

1
substracted fromﬂ . This changes the value of r_, and henceﬂ\l— . This
dE, 2 dE,

procedure is iterated until r, converges.

2
b) Least Squares Fit

In this section the least squares fit will be explained in more detail.
Equation 54 assumes that the compound nucleus has an excitation energy EY'
Actually the photon difference spectrum has a FWHM of about 2 MeV. Taking
this width into account
I w(En,EY)PA(EY) dEY

J PAE ) AE

dN
dE
n

CEnoC(En) (60)

where pA(‘Ey) is the photon difference spectrum. To facilitate computor analy-

sis, the integral is approximated by the sum

4
=g B E IP{E )

dN
= E
i=-4 PA yi)

iE (61)
n

= CEnoC(En)
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where Ey. = E +id, A = 0.4 MeV, the bin width. Nine bins were found to

include more than 90 per cent of p( ). Substituting equatlon 56 for w(E E ),

dN 4 - eZ'\jamU
aE - CE n° (E ) z pA(E + iA)——m (62)
n ni=-4 (U +1)
where U= E +iA -E - E -6,t—L+—'J—l+4aU ~and
Y n th P Za 2a;,
_ PAU) _
pA(U) = fp (U)au - Let Uo = EY - En -Eth - 6p’ then U = U0 + iA, and
aN 4 _ 2NamU -NamUo) | 2Na_Ug
G5 ° CE0GED| Z  p(E +id) : 7 o (€
n i=-4 ATV gLy L o)™
2a 2ap,
m
dN 1 F 4 eZ('\’a U - '\famUo ] -1 U
dE E o (E) Pp(E +i8) 1 m - mto (e
n nC'n L_l_'4 Y (U+—-—2a +— \f—_) J
m
2NamU -«F U -1
= 4 m am o
og 32 E_G—I(E—) 2y onEy s —— o | - T ese
i=- Y (U+=—+ NT74a.0)™

- 2ap, 2a,, @ 00m (€
The equation has now been reduced to the point where a least square fit can
be performed. That is, the data is divided by E_o_, and the factor in brackets

n C
above, and the log is taken. This constitutes the input data to the equation

. = sx,tc 66
¥; i (66)
2 - -1
where Y. = log gg ﬁ—) [ 4 A(E +1A) T ('\ram:J NramUO In—l
) n nj C =-4 Y (U+2a +K'\/l+4amU) _]
m m
s = Nam
x, = NE -E_.
J Y nj
c = scale factor = logC

index labeling the values of -g—l% at E j =(0.4j + 0.2)

Cds
]

The parameter s is found from the equation (see ref 11)
kZ(x.y.) - Zx.2y.
- ( Jy.]) J yJ 67
kX xj - (ij)

and 2
X, 2y, - Zx.2(x.v.
i =Y =X

- J
c = > > (68)
kX x. - (Zx.)
J J
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where k = the number of values of xj.

The parameters s and c are inserted into equation 63, to calculate the

number of statistical neutrons in region III. Either one of the two methods for
!
determining the direct spectrum outlined in section (a) is used to calculate dN!

dE,’
_ ' n
the neutron spectrum corrected for directly emitted neutrons. %% is substi-
dN . : n
tuted for in equation 65 and a new set of parameters s' and c' are deter-

dEp
mined. The process is repeated until the new value of s agrees with the old

value within 0.5 per cent.

E. Direct Spectrum

In order to separate the neutron energy spectrum intc two components,
a knowledge of the shape of the energy spectrum, S(En), of the directly emit-
ted neutrons is required. In the absence of a detailed calculation, S(En) is
estimated using the following model. First the assumption is made that the
gamma absorption takes place through a sii.gle particle interaction, such as
that described by Wilkinson (30). The excited neutron is either ejected immed-
iately, a 'direct resonance' emission, or damps into the compound nucleus,
which subsequently decays by statistical emission. The two components of the
neutron energy spectrum represent these two processes. Next it is assumed
that each single particle transition is spread over the entire giant resonance,
ie, that the giant resonance is uniform and featureless. Finally it is assumed
that the excited nucleus, where the region of excitation is given by the product
of the gamma spectrum PA and the photon absorption cross section, o(y, n),
decays directly to the levels (hole states) of the residual nucleus, if the neutron

is directly emitted.

The probability for direct emission for a given single particle transition

is given by Wilkinson™ (30) as

[
C = —4———— (69)
k [+ T,
where Fa = width for particle emission C

*Wilkinson uses C ===, We have used C =%= as a better approxima

Ia

L tTe

93



-

and I_'a = width for particle absorption.

ra was estimated from the imaginary, or absorption, part of the optical
potential, I-'a = 2W. The particle emission width is estimated by Blatt and
Weisskopf (43) for a square well of radius R and depth V, as

_ E°KT,
L™ v (70)
N 2 2 . .
where K = Nk + K0 , the nucleon wave number in the nucleus for which
k = —lli'JZMEn = wave number of the emitted nucleon
1
Ko = -E'JZMVO = wave number of a nucleon in the square well V,
T2 = transmission coeffecient for an £ wave particle
M = mass of the nucleon
R = R0A1/3, for Ro = 1.25x10-13 cm
Then
+
ﬁTﬂ»\IZM(En Vo)
C = 2MRQA1/3 _ (71)
ETANZM(E + V)
[ n o)
2W + 173
ZMROA

In the above equation the transmission coefficients used were those calculated
by E. Auerbach and Moore (62) or Perey and Buck (61) using the optical model.
(Actually the neutron transmission coefficient depends on the spin orientation
and hence should be labelled Tj') W was estimated by Lane and Wandel (63),

to be
W = 25+0.4 Erl (MeV) (72)

The transmission coefficients for the closed shell nuclei, Bi and szos, from
ref 62 were calculated using smaller W's than were used for the general nuc-

lei of ref 61. Therefore the W's used for Bi and Pb'?'08 were reduced by fac-
*
tors of 1.85 and 1.27 respectively, to take this fact into account.

The energy distribution of the directly emitted neutrons for a given

transition £ — £' is given by
*These references used a surface adsorption term Vim (r) = Wexp[-(r-R)Z/bzl,

W = 7.0 MeV for general nuclei, W = 3.78 MeV for Bi and W = 5.5 MeV for
Pb208, Equation 72 gives the imaginary potential for a volume aksorption
term, V = (U + iW)- V(r).
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[ (E)
[t

where all quantities have been defined above.

S(E) = PA(EY)G(EY) (73)

If the residual nucleus levels are known, the direct spectrum can be
calculated by summing over all transitions* weighted by the relative transi-
tion strength, fﬂ'

S(E ) = %SQ(En) ) (74)
where f 2 is normalized to unity. The fﬂ's are the product of the radial over-
lap integrals times a factor dependent on the £ value, which accounts for the
transfer of oscillator strength from lower shells (see ref 30). They are dis-

cussed in detail for each element in Chapter V.

When the level structure is quite complicated and the intrinsic levels
cannot be singled out, S(En) is calculated assuming that the hole states are
uniformly distributed over the region of excitation of the residual nucleus.

In this case
LBy

75
jp (75)

Sﬂ(En) = D(En)

where

/Enmax /EY max
o D(En) dEn = B pA(Ey) dEY s EY = En + B for B = neu-

tron binding energy, and En max and EY max are the maximum neutron and
gamma ray energies respectively. Since PA(EY)G(EY) is sharply peaked,

1 EY max
D(En) ~ F max pA(EY)O(EY) dEY (76)
n EY

That is, D(En) is a constant below the photon absorption peak, and rapidly
fall to zero above it. (Equation 76 would be exact if pA(Ey) = zs(EY - EY max).)
D(En) takes into account the tailing off of S Q(En) due to the finite width of
pA(EY). The rescnance direct spectrum, S(En), is given by %S ﬂ(En) f ) as
before.

A few comments about the assumptions are in order. It is obvious

*Both neutron and proton transitions. Note however that Ty = 0 for all £
is the case for protons.
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that the excited nucleon can be emitted after one or a few collisions and be
neither a direct resonance, nor a statistically emitted nucleon. Although

this picture is more realistic, it is far too complicated to include in this
simplified model. This process will result in loss of energy, which will

tend to increase the low energy portion of S(En) at the expense of the high
energy portion, and to recouple the neutron angular momentum. The latter
may be an important effect in the region of the distorted nuclei, where the
bulk of the single particle strength is in high £ transitions which have small

T ﬁ's' Thus collisions resulting in lowered angular momentum would increase
the escape probability. The assumption of a uniform distribution of residual
levels is a very crude approximation, and it is adopted only in ignorance of
the true distribution. However since the direct spectrum is dominafed by

TL’ at low neutron energies, and by pA(EY) at high neutron energies, S(En)

will provide a fair fit, despite the crude assumptions. Finally single par-
ticle calculations of the giant resonance (30, 34, 35,36, 37, and 41) predict
discrete states, not a uniform smear. However each state will have an in-
trinsic width (estimated by Wilkinson to be about W) and each state is a linear

combination of individual particle-hole states. Therefore a given particle-

hole state tends to spread out over the entire giant resonance.
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Chapter V

Discussion of the Data

A. Bismuth and Lead 208

a) Experimental Data

The photoneutron energy spectrag—g E—l for Bi and szo8 are plotted
versus En in Figs. 13 to 16. Each graph cc?ntarllns two experimental photoneu-
tron spectra and their difference. The two neutron spectra were generated by
two bremsstrahlung spectra with endpoints of either 15 and 14 MeV or 14 and
13 MeV. The difference represents the photoneutron spectrum resulting from
a photon spectrum peaked at 14 MeV or 13 MeV respectively, which is the dif-
ference of the corresponding bremsstrahlung spectra. The procedure for tak-
ing this difference was discussed in Chapter IV, section C. Error bars have
been placed on a few representative points. In general the error bars are
smaller than the symbols used to distinguish the three curves. The error
bars include the statistical uncertainties and an estimate of the systematic
errors in the corrections applied to the data. These corrections were dis -

cussed in Chapter IV. The solid curve represents the theoretical fit to the

data. It is a graph of the equation

2\aUu
dN 1 e K
—+ mn - Co,——— + ==S(E ) (78)
dEn En C (U + t)3/2 En n

The symbols used in the above equation have been defined in Chapter IV, sec-
ton D, The first term is the evapofation component and the second term is
the resonance direct component. This equation contains only two adjustable

%k
parameters, a and K (and an arbitrary scale factor C).
b) Direct Spectrum

208 .
The resonance direct neutron energy spectra, S(En), for Pb and Bi
were calculated from equation 74 in Chapter IV, section D, using discrete hole

States 1n the residual nuclei. Table XIII lists the important single particle di-

"The above description of the graphs applies to all of the targets, except thal-
lium (which will be discussed in section C of this chapter).
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Table XIII
Possible Dipole Transitions for Closed Shell at N = 126

Transitions Transition Strength fy Angular
Square well* Saxon-Wood™” Distribution™
-a,/ag
3pl /239372 0.17 0.02 0.5
3133/2—-3d3/2 0.03 0.003 0.5
3p3/ 234572 0.30 0.07 0.5
2152 24712 0.63 0.34 0.357
217/2 2g7/2 0.02 0.05 0.357
21712472 0.82 0.43 0.357
9/2 —~2g''" 0.08 0.07 0.182
1h9/2—“lill/2 1.53 1.37 0.318
1nt 11254972 0.10 0.02 0.182
intt/ 21172 0.02 0.04 0.318
1'113/2—"2hll/2 0.10 0.03 0.192
1113/2—»1_113/2 0.02 0.08 0.30
1i13/2—-1j15/2 2.16 1.76 0.30
*Wilkinson (30) **Pal et al (65) ***Courant (45)
Table XIV
szo7 Energy Levels
Energy (MeV)™ Spin* Shell Model States™™
0.0 1. J1/2
0.57 %- f5/2
0.89 ‘%- p?’/2
1.6 423-+ 113/2
1.9 ?
2.34 %- f7/2
2.74 2
3.47 2- h/2
*Nuclear Data Sheets (66) **Cohen et al (32)
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pole transitions for Pb208, based on the single particle level scheme taken
from a calculation by Ross et al (64), for a diffuse nuclear potential. Other
dipole transitions are excluded because either the shell to which the neutron
should go is filled (this occurs for all transitions of the type n{ = nf - 1), or
else the transition strength is very small. The second column of the table
lists the relative intensities, fﬁ, of the transitions, taken from Wilkinson (30).
The fﬂ's are the product of the square of the radial overlap integral for the
electric dipole transition evaluated using a square well, times a factor depen-
dent on the £ value which accounts for the transfer of oscillator strength from
lower shells. The third column of the table lists the relative intensities, fﬂ’
of the transitions taken from a calculation by Pal, Soper and Stamp (65). They
have used a Saxon-Wood potential with a spin-orbit term, and have taken into
account the particle-hole interactions. Their calculations yield two collective
states, one at 12.9 MeV containing 72 per cent of the total dipole cross sec-
tion and one at 13.6 MeV containing 17 per cent of the cross section. The rela-
tive strengths of the transitions are different for the two states. The strengths

listed in the table are the sum of the transition strengths from the two states

weighted in proportion to the percentage of the dipole cross section.

Table XIV lists the energies, El’ of the known levels of Pb207_., taken
from the Nuclear Data Sheets (66). Most of these levels are found by (d, t)
pickup reactions to be single particle-hole states with the quantum number
listed (Cohen et al (32) ). It is just these single par:ticle-hole states that the
Wilkinson model predicts should be formed by a resonance direct emission.
The other states which are not seen in (d,t) reactions are apparently more
complicated configurations. S(En) for szo8 was calculated from equation 74
using the fﬂ's listed in Table XIV, and the Tj's from ref 62. The (y,n) cross
section from ref 7 was used to calculate pA(Ey)oC(Ey)' S(En), normalized to

the data above 5.0 MeV, as described in Chapter IV, section E, is shown in

Figs. 17 and 19 in the graphs labelled 'Method I'.

The solid curve in Fig. 17 is the direct spectrum calculated using the
Wilkinson strengths, and the dashed curve is the direct spectrum calculated

using the Pal et al strengths. The two curves are normalized to the data from
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50 to 8.0 MeV. (The data shown was obtained using the solid curve for S(En).)
1/2_3/2 _3/2 _ 5/2 5/2__ 17/2
p —d , p —d and f —g

7/2 e .
/ —~,2g9/2 transition is dominant. The other tran-

Above 6.0 MeV the transitions are dom-

mant. Near 5.0 MeV, the 2f
sitions have small fﬂ's or small Tﬂ's. Although it is not apparent from the

ngure (because of the method of normalization) the difference between the two

1/2 5/2
p —

results 1s due to the reduction of the 3 3d strength relative to the

”7/2_.2g9/2

I

strength in Pal's calculation (see Table XIII). Both calculations
predict a direct fraction that is about 10 per cent of the experimental value.
The possible reasons for this large discrepancy, which occurs for all of the

targets, are discussed in section J of this Chapter.

2 2
Bi 08 consists of one h9/2 proton outside a closed shell, and one pl/

neutron hole in a closed shell. Although the low lying levels are complicated
mixtures of neutron-proton intrinsic states, the levels of Biz08 as found by
Erskine (67) using a (d,t) reaction, tend to cluster around the energies where
the single particle hole states of Pb207 fall (see Table XV). That is, the sing-
le particle character of the hole states persists despite the configuration mix-
ing. The skell model configurations listed for Bi208 are taken from a calcula-
tion by Kim and Rasmussen (68). Their calculation predicts a multitude of
levels composed of various proton and neutron intrinsic states. However many
of the calculated levels consist of the various j values resulting from the coup-
iing of an hc)/2 proton and a given neutron hole. These are the states one would
expect a (y,n) or (d,t) reaction te populate. Erskine has tentatively assigned
these configurations to the appropriate levels in his'experimental level scheme.
These configurations are listed in Table XV. Except for the missing 113/2
level, these states correspond closely to the Pb207 hole states. An isomeric
ievel with J = 10,9, 0r 8 at 1.43 MeV has been observed from (n, 2n) and (y,n)
work (66). Kim and Rasmussen predict a (h9/2)(il3/2)-1 state with J = 10 at

1 75 MeV. Also levels near 1.6 MeV have been observed in other (d, t) experi-
ments (32). Therefore the 113/2 levels calculated by Kim and Rasmussen were
assigned to 1.43 MeV. Because of the excellent agreement between the experi-
ment and theory, the levels calculated by Kim and Rasmussen were used for

2 . " o
the residual states of Bi 08. The strength, fg’ for a given transition was divi-
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Table XV

208
Bi 0 Energy Levels

Experimental?® Shell Model PredictionsP Statistical
Energy (MeV) Energy (MeV) Spin Configuration Weighting
0.0 0.0 5t 2/ 2p1 127! 11/20
0.063 0.081 4" " 9/20
0.513 0.529 6" 9’27721 13/60
0.605 0.596 4* I 9/60
0.622 5t " 11/60
0.634 0.630 3" " 7/60
0.651 0.664 7 " 15/60
.890 0.916 5t hglz(p3/2) - 11/40
0.929 0.920 2t n?/2(5/2)"1 5/60
0.963 0.981 4" h?/2p3/3 1 9/ 40
1.074 1.046 37 " 7/40
1.098 1.079 6" T 13/40
(1.43)€ 1.69-2.76 2 -11" hg/z(iIB/Z)_l (1.0)
2.349 2.373 7t hg/z(fwz) -1 15/80
2.394¢ 2.417 5t L 11/80
2.417% 2.469 4" " 9/80
2.482 37 " 7/ 80
2.484 6" " 13/80
2.531 2" L 5/80
2.637 g" " 17/80
2.850 1 " 3/80

a(d, t) reactions, Erskine (67)

bSuggested by Erskine; based on calculations by Kim and Rasmussen (68).

CIsomeric 10 state Nuclear Duata Sheets (66)

d.—‘mgular distributions not measured, that is, J not known.
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ded among the various levels resulting from coupling the neutron single par-
ticle state with the hgl2 proton single particle state according to the statistical
weighting. These weights are listed in Table XV. S(En) was then calculated in
the same manner as for Pb208. The results of the calculation using Wilkinson's
fEIS are shown in Figs. 18 and 20. Good agreement with the experimental data
is obtained.

The lower graphs in Figs. 17 to 20, which are labelled '"Method II",
are plots of the energy spectrum of the resonance direct component, calcula-
ted using the assumption that the evaporation component is isotropic and the
direct component has a constant angular distribution, given by the high ener-
gy limit of the photoneutron angular distribution. The two methods agree

20
gquite well for bismuth and Pb 8.

The bismuth direct spectrum appears to have a dip at 5.0 MeV neu-
tron energy for the 14 MeV photon spectrum data and at 4.2 MeV for the
13.2 MeV photon spectrum data. This feature has been observed by Kuchnir
et al (69). They observed a deep dip in the photoneutron spectrum about
l—i—MeV below the tip of the neutron spectrum, using a photon beam with a
width of 0.250 MeV. The levels listed in Table XV indicate that a process
which removes one neutron (such as (y,n) or (d, t)) does not strongly populate
any levels that exist between the 1.1 and 2.35 MeV levels of Bi208. S(En) ex-
hibits a dip at 5.4 MeV neutron energy. The exact position of the dip in S(En)

depends on the relative values of fQ.

The experimental Pb208 direct spectrum does not appear to contain
this dip, althcugh it is predicted by S(En). This could 237explained in several
ways. For example, there is a level at 1.9 MeV in Pb that has not been in-
cluded in the calculation. This level was excluded because it is not seen in
(d, t) reactions (Cohen et al (32) ) and is thougt to be a core excitation rather
than a single hole state. This interpretation may be in error, or the giant di-
pole state may couple strongly to this state even though it is not a simple hole
state. This is mere conjecture, of course. Also the fﬂ's may have different

relative values than those used. The discussion in section J supports this view.
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08

This would require substantially different fﬂ’s for Bi and sz .

c) Evaporation Component

Once the direct component has been determined as described in detail

in Chapter IV, section D, the evaporation component i3 found by subtracting

S(E ) from the experimental energy spectra. The results are plotted asill] 1
n dE, Epoc
vs E_in Figs. 21 to 24. The solid curves in the figures are graphs of the

n
2~ 3/2
gquantity e aU/(U+t) / Vs En' The fits are excellent up to 5.0 MeV in all four

cases. Above this neutron energy, S(En) would have to reproduce the resonance
direct spectrum in greater detail to improve the fit. Fig.25 is a plot of the
Pb208 evaporation component derived using Method II to find the direct com-
ponent spectrum. Again the theoretical curve fits the data quite well. Al-
though these curves fit the data, it should not be taken as an indication that
equation 57 is the best possible form for the level density. The data was also

analyzed using the forms

-E /T
wUu) = e ©° (79)
and ez@
w(U) = — (80)
(U +t)

Both of these formulas fit the data as well as equation 57, since the
three forms differ very little in the region from 1.0 to 4.0 MeV, where the
evaporation component dominates. Any differences at higher neutron ener-
gies are reflected in the normalization of S(En). The temperatur= and the
two level density parameters for all the targets are listed in Tables XXIX,

XXX, and XXXI.

The low energy points in Figs. 21 to 25, specifically the points at 0.6
and 1.0 MeV, are subject to several distortions which are negligible at higher
neutron energies. The first distortion is the scattering correction which in-
creases rapidly at lower neutron energies. This correction was as large as
20 per cent at 0.6 MeV for bismuth and lead. The second distortion is the
effect of the negative tail in the 14 MeV photon difference spectrum (Fig. 10).
This might reduce the total neutron difference spectrum for Pb208 and Bi by

as much as 3 per cent. This effect is negligible for isotopes with (y, n) thres-
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Fig. 21 Neutron Evaporation Spectrum
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Fig. 22 Neutron Evaporation Spectrum
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Fig. 23 Neutron Evaporation Spectrum
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holds above 9 MeV. The negative tail of the 13 MeV photon difference spec-
irum occurs below 9 MeV, and therefore is less than 1 per cent. The third
distortion is (y, 2n) contamination of the neutron spectrum. The (v, 2n) thres-
hold for sz'08 is 14.11 MeV and 14.33 MeV for Bi (70). Therefore a second
neutron can be emitted with energies up to 1.4 and 1.2 MeV respectively for
the 14 MeV difference spectrum. Since the photon spectrum decreases rapid-
ly at the tip, the second neutron will appear primarily in the 0.6 MeV bin.
Using the (y,n) and (y, 2n) cross sections measured by Harvey et al (7), the
photon spectrum shown in Fig. 10, and the level density parameters measured
in this experiment, the (y, 2n) yield was estimated to be about 14 per cent of
the (y, n) yield for Pb208, and about 6 per cent for Bi. Approximately 10 per
cent of the (y, n) neutron spectrum is contained in the first bin (0.6 MeV), and
therefore the (y, 2n) neutrons could account for as much as 60 per cent of this
data for Pb208 and 40 per cent for Bi. They also account for 17 per cent and
2 per cent respectively of the data in the 1.0 MeV bin. In the case of the

13 MeV data the (y, 2n) contribution is negligible in both bin's.

The result of these three distortions in the Pb208 and Bi data is to:
a) increase the uncertainty of the low energy data because of the scattering
calculation; b) increase the number of 0.6 MeV neutrons by 40 to 60 per cent
for the 14 MeV data because of the (y, 2n) contamination and ¢) reduce the
number of 0.6 MeV neutrons by about 30 per cent due to the negative portion
of the photon spectrum. These effects cause the largest errors in the (y,n)
spectrum in the lowest energy bin, 0.6 MeV. This ‘point was excluded from
the calculation of the evaporation component. That is, j = 1 in equation 66
of Chapter IV, section D, refers to the 1.0 MeV energy bin rather than the
0.6 MeV energy bin. This was done for all the targets. Referring to Figs. 21
to 24, it is seen that the Pb208 data seems qualitatively to confirm these con-
clusions. The 0.6 MeV point for the 14 MeV data is 18 per cent higher than the
solid curve while in the 13 MeV data it is less than 10 per cent higher, and
still within the estimated error. The bismuth data is about 5 per cent higher

than the curve for both energies, which is within the estimated error.

117



d) Neutron Energy Spectra

The solid curve in Figs. 13 to 16 is the sum of the calculated evapora-
rion component and direct component. Comparing Figs. 13 to 16 with Figs. 21

to 24, it is immediately evident from equation 78 that o_ has a profound effect

C
on the evaporation component. In fact if o had been approximated by a cons-
tant, as it often is in the literature, the excellent fit achieved in Figs.13 to 16
and 21 to 24 would be impossible. The values of oc are taken from a recent

optical model calcusation by Auerbach and Moore (62).

Glazunov et al (14) have measured the photoneutron spectra of Bi, Ph
(natural abundance), Pt, and U from a 16 MeV bremsstrahlung s%actr%m/v’jv[}th
time -of-flight techniques at 90° They fit their data with an a—e O

(1e, oc 7 1.0) over the region 0.2 to 1.3 MeV. They find thgil:athe PTb and Bi1
photoneutron spectra exceed this curve at 2.0 MeV and above 3.0 MeV. They
attempt to explain a broad peak at 2.0 MeV by invoking single particle transi-
tions between excited levels of the compound nucleus. However if the %
from ref 62 had been included in the evaporation spectrum, this peak would
be eliminated. The Bi photoneutron energy spectra data measured in other
experiments, Bertozzi (50) and Kuchnir (69), were fit quite well using
w(U) o e- M7 with Oc = constant for the level density of the residual nucleus.
The disagreement between these data and the present data (and the data in
ref 14) might be due to neutron scattering in the (v, n) target. Neither of the
above sets of data (50, 69) were corrected for neutron scattering. Such a cor-
rection would reduce the neutron spectra at low energies and improve the
agreement with the present data. In yet other experiments on Pb and Bi (71,
72, 73, and 74) the neutron spectra were measured with emulsions. These
experiments did not have sufficient statistics or low energy resolution to allow
an evaluation of the role of O
e) Angular Distribution
The angular distributions for Bi and Pb208 at three different brems-
strahlung endpoints--15, 14 and 13 MeV--are plotted in Figs. 26 and 27. The

three sets of data coincide within statistics. In the region where the evapora-
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tion component dominates (0.6 to 3.0 MeV) the Bi angular distribution is iso-
tropic as expected, except for the 13 MeV run which tends to be backward
peaked in this region. The 13 MeV data was collected using a thick Bi disk

as a (y,n) target. Neutron scattering in this target resulted in a large dis-
tortion of the neutron spectrum at low neutron energies. This backward peak-
ing may be an underestimation of the scattering correction. The higher counting
rates encountered at 15 and 14 MeV allowed the use of a small Bi cylinder as a
target, which reduced the distortion of the energy spectra due to neutron scat-
tering. The Pb208 data shows an anisotropy at low energies of about 0.04 10.02.
One would expect the statistically emitted neutrons to be isotropic. However

the residual nucleus, Pb207, unlike the other elements studied in this experi-
ment, has only a few levels in the first three MeV of excitation (about 7 levels).
Therefore the neutrons produced by a low energy gamma ray will be making
transitions to discrete, widely-separated levels, and could have an average
non-isotropic distribution. Thus the statistically emitted neutrons may be con-

taminated by non-isotropic neutrons from low energy gammas.

For example compare the yield of 1 MeV neutrons from 14 and 10 MeV
photons. At 10 MeV the photon absorption cross section is about—; of that at
14 MeV and the photon intensity is larger by a factor of three (Fig.10). About
15 per cent of the neutrons produced by the 14 MeV photons will appear in a
0.5 MeV bin at 1.0 MeV. The 10 MeV photons will produce neutrons with ener-
gies of 0.26, 0.5, 1.0, 1.7, 2.03, and 2.6 MeV (see Table XIV). If these levels
are approximately equally populated, about 10 per cent of these neutrons will
appear in the 0.5 MeV bin at 1.0 MeV. The ratio of anisotropic to statistical
neutrons is nearly%. Therefore the neutrons produced by 10 MeV photons
would only require an angular distribution of -az/aO =~ 0.1 to account for the
observed -a2/ao = 0.04. Angular distribution measurements made with 10 MeV
bremsstrahlung spectra (not included in this thesis) indicate that such values

of —az/a0 are reasonable.

As the neutron energy increases, the anisotropy increases, reaching a

maximum of -aZ/aox 0.7 for both sz08 and Bi. The angular distribution for

single particle transitions are listed in Table XIII. The largest -azlao listed
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is 0.5 (p =~ d). These values are calculated from equations 1la and 11b which
do not take into account the possibility of interference between different final
states. For example, consider the transition pllz—-dz‘/2 or sl/z. Both s
and d wave neutrons are possible and the angular distribution is given by equa-
tion 14 as

'KD SD
2

] 2
+ K
IKDI IKSI + ZIKDT(Slcosé

2
| -2|K . K.|cosé
DS (81)

B _3
A 2
SD

where the K's are the appropriate matrix elements, § is the sum of the phase

SD
shifts of the s and d wave functions, and W(6©) = A + Bsin®. Converting to

= + 1
W(O6) ao aZPZ(cose), one finds

. 2B
2 _ 3A
) ao ) 1+—ZB (82)
3A
IK 1% - 2|K_ K_| cos
%2 p D"s' “°%°sp (83)
a 2 2
+
) ZIKDI IKSI
2 a2 2 22
If IKSI =0, el 0.5 in agreement with equation 11a; if IKDI =0, -a—=0
in agreement with equation 11b; but if cos 6SD = -1 and IK‘?I2 = IKSIZ, ©

then -aZ/ao can reach a maximum value of 1.0. Thus a p1 2 hole (Pb207

ground state) can be reached by a transition having - aZ/a0 equal to 0.0 to 1.0,

Heiss (46) has attempted to calculate the angular distribution including
the interference terms using a Saxon-Wood potential and spin orbit coupling.
He dealt with only one gingle particle transition for each nucleus, however. His
results, for the angular distribution of a neutron directly emitted from the 2f5/2

shell of bismuth, are listed below in Table XVI.

Table XVI
2 .
Angular Distribution of Photoneutrons from the 2f5/ Level of Bi
E B/A -a,/a
n 2 o
7.0 1.5 0.5
8.0 1.9 0.55
9.0 2.4 0.615
10.0 2,7 0.645
11.0 3.3 0.69
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. . . 5/2 chs . .
Comparing this with Table XIII, where the 2f / transition is listed as having
a maximum - az/ao of 0.4, it can be seen that the interference effects have
increased the angular distribution considerably. The present experimental

results for Bi only extend up to 8.0 MeV and have a larger anisotropy than

the values calculated by Heiss. However the inclusion of the p1/2 and p3/2
transitions should increase - az/ao.
B. Lead 207
a) Experimental Data
dN
The photoneutron energy spectra——— — for Pb are plotted vs E

dE E
in Figs. 28 and 29. The information contamed 1n these graphs is the same as

2
that described for Pb 08 (see section (a) of part A of this chapter).
b} Direct Spectrum

The energies and j values of the Pb206 levels (66) are listed in Table
XVII Guman et al {(75) have calculated the levels of Pb206 taking into account
pair correlations. They list the wave functions of each level as a linear
combination of the single particle hole states. The squares of the coeffici-
ents of the configurations consisting of a hole in the pl/2 shell (the ground
state of Pb207) and a hole in one other shell are listed in Table XVII. (The
wave functions for the ground state and the first 1+ state were taken from the
results of the Pb207 (p,d) Pb206 measurements of Cohen et al (32,76,77).)
S(En) was calculated for sz07 from equation 73 of Chapter IV using the rela-
tive transition strengths, f,, calculated by Wilkinson from Table XIII; the
Tj's from ref 61; and the parentage of the residual nuclear levels given in
Table XVII. If more than one level is made up of a given configuration, the
transition strength for this configuration was then divided amongst those lev-
els in proportion to the coefficients listed in Table XVII. In the case of the
pl/zp1 2 configuration, the transition strength was reduced by a factor of two

to take into account the missing pll2 neutron. The results of the calculation
are shown in Figs. 30 and 31. The agreement of the shape of S(E ) and the data

“The relative transition strengths calculated by Wilkinson will be used for the
remaining targets, since Pal's calculations are specifically for Pb20
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Table XVII

Excited States of Pb206

Energy” Spin* Configuration
Ve 1/2 1/2 1/2 3/2 1/25/2 1/2.7/2 1/2.13/2 1/2 9/2
(MeV) P P p P p f p f p i p h

0.0 0.5

0.8 0.2 0.6
1.15 0.12

0.94

0.64 0.26

1.0

1.34

N W o N O
+ 4+ + 4+ + + +

1.47
1.71 1
1,78 0 0.09
2.19
2.39
2.93
3
4

1.0
1.0

~1

1.0

A1 1.0

L IV e

1.0

* o
Nuclear Data Sheets (66) Guman et al (75)
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is quite good However, as in all the targets used, the calculated direct frac-

tion is about 10 per cent of the experimental value.

An interesting feature of this spectrum is the fact that the Pb206

1/2 1/2
p

ground state configuration is only 70 per cent p and the rest two holes

in other shells. Since the szo'7 ground state is a pll2 hole, direct emission
to the sz06 ground state is predicted to be 25 per cent of that for the szo8
to Pb207 ground state transition, for the first 0. 8 MeV below the neutron
endpoint. Although the resolution at 8.0 MeV neutron energy is poor (about
0.6 MeV), the data does seem to agree with S(En). When the data is analyzed
channel by channel instead of in 0.4 MeV bins, this low cross section for the

ground state transitions is more evident.
c) Evaporation Spectrum

The photoneutron evaporation spectra and the theoretical curves for
Pb207 are shown in Figs. 32 and 33. The theoretical fit to the 13 MeV differ-
ence spectrum is excellent up to 5.0 MeV, The 0.6 and 1.0 MeV points of the
14 MeV difference spectrum are substantially above the theory. Since the (y, 2n)
threshold is 14.85 MeV (7, 70), this will affect only the 0.6 MeV point. Using
the (y,2n) cross section from ref 7, the photon spectrum from Fig,. 10, and the
level density parameter measured in this experiment, the (y, 2nj contamination
was estimated to be 4 per cent of the (y, n) data at 0.6 MeV, which is a factor
of ten too small to account for the discrepancy between theory and experiment.
In view of the agreement found for the 13 MeV data, it is difficult to explain

-

this discrepancy.
d) Angular Distribution

The angular distribution of the photoneutrons from 15, 14 and 13 MeV
bremsstrahlung spectra for Pb?'07 are shown in Fig. 34. The angular distri-
butions are quite similar to the angular distributions of the Pb208 data. The
absence of one pl/Z neutron seems to have little effect. The low energy neu-
trons are isotropic, unlike the situation for Pb208. This could be explained

206 207
by the larger number of levels below 3.0 MeV in Pb compared to Pb .

~
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C. Lead 206 and Thallium

a) Experimental Data

The photoneutron energy spectrag—g E—l Vs En for Pb206 is plotted in
Figs. 35 and 30. As before, each graph conrtlair?s two experimental photoneutron
spectra and their difference. The two neutron spectra were generated by two
bremsstrahlung spectra with endpoints of either 15 and 14 MeV or 14 and 13
MeV 7~ e difference represents the photoneutron spectrum resulting from a
photon spectrum peaked at 14 MeV or 13 MeV respectively, which is the differ-
ence of the corresponding bremsstrahlung spectra. In the case of thallium, the
neutron data from the 14 MeV bremsstrahlung run was lost due to electronic
problems. Therefore the photoneutron energy spectra for thallium, plotted in
Fig. 37, contains two experimental spectra generated by two bremsstrahlung
spectra with endpoints of 15 and 13 MeV, and their difference, which repre-
sents the photoneutron spectrum resulting from a photon spectrum peaked at

13.5 MeV with a 3 MeV FWHM. The significance of the solid curves and error

bars has been discussed in section A of this chapter.
b) Direct Spectrum

Since the configurations of the levels of Pb205, the residual nucleus, are

07

not as well known as those of sz and Pb206, one is forced to make some as-

sumptions about the character of the hole states. Table XVIII lists the known
levels of Pb'?'o5 (66). The first column lists the spins of the levels and the
second column lists their energies. (Doubtful spin assingments are bracketed.)
The next two columns list a level scheme of intrinsic single particle states taken
from a shell model calculation by Ross et al (64). The f5/2 shell was assigned
zero excitation energy to account for the missing pll'2 shell neutrons. (The
ground state of Pb206 was assumed to have two p”z holes.) The interaction
between the holes will mix the intrinsic states, but as can be seen from Table
XVIII, levels of the appropriate spin appear at approximately the energies pre-
dicted by the shell model. The single particle character of the levels appears
to persist despite the configuration mixihg. Therefore S(En) for Pb206 and

thallium were calculated using the shell model states listed in Table XVIII, the
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Table XVIII
. 205
Excited States of Pb

Spin* Energy (MeV)* Shell Model States™™
Brergy Mew)  Deegfr Usedger
3 0.0 0.0 26712 2¢°/2
%- 0.002
- 0.26 0.32 3p>/ 24 3p>/2
? 0.41
? 0.58
-z—- 0.703 2f7/2
? 0.761
? 0.79
2. 0.988 h?/2
%+ 1.014 1.06 113/2+ 113/2
52-’ —,—;—-] 1.044
? 1.499
? 1.615
<. 1.766 1.77 26712 2612
? 1.777
2+ 2.566
—%+ 2.610
3 2.72 2.9 n?/2. n?/2
*Nuclear Data Sheets (66) >H‘Ross, Mark and Lawson (64)
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transition strengths, f, . from Table XIII column two, the Tj's from ref 61,

‘Q-‘
and equation 73 In both cases the target nuclei were assumed to have two
1/2 20
holes in the p / shell. The Pb > level structure was modified by assuming
7/2
that the f / hole configuration was equally divided between the 1.77 MeV

level, which corresponds to the level predicted by the shell model, and the
9/2

;
5 - level found at 0 703 MeV. Also the h hole configuration was divided

between the 2.7 MeV level, which corresponds to the level predicted by the

shell model, and the—9 - level found at 0.99 MeV. This was an attempt to make

2
S(EQ) more realistic by including some levels in the large gap between the
7
p3/ shell and the f 2 shell. (The 113/2 shell, which occurs between these

to shells, contributes very little to S(En) due to the small Tj for { = 7 neu-
trons.) The level scheme used for Pb203 is listed in the last column of

Table XVIII The unmodified shell model level scheme listed in column four
was used for thallium. The results are shown in Figs. 38,39, and 40. The
S(En) calculated for Pb206 appears to be narrower than the direct spectrum
obtained with the second method (assuming an isotropic evaporation component,
and a constant angular distribution for the direct component). This would in-
dicate that the direct er: ission is not exhausted by the low lying levels of the
residual nucleus, and that there is a sizable resonance direct decay to levels
above 2 MeV  On the other hand, the experimental points found by the first
method agree quite well with the S(En) calculated for the 14 MeV photon spec-
trum and are even narrower than the S(En) calculated for the 13 MeV photon
spectrum This seems to indicate that S(En) might be a reasonable approxima-
tion, and that the second method is incorrect. This would require that - az/ao
increase \ith decreasing neutron energy in the region from 3.0 to 5.0 MeV

neutron energy.

The thallium data agrees with the calculated S(En) and the two methods
of determining the direct component agree within the statistical uncertainty

of the data.

c) Evaporation Spectrum

The photoneutron evaporation spectra and the theoretical curves fitted
to the data are shown in Figs 41,42, and 43. The experimental data and the
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theoretical curve agree within the error bars up to 5.0 MeV neutron energy for
thallium and the 14 MeV Pb206 data. The 13 MeV Pb206 data deviates from
the theoretical curve at 4.0 MeV neutron energy, because S(En) is wider than
the experimental direct spectrum. The evaporation component was calculated
using Method II to determine the direct spectrum for Pb'?'Qé (not shown). The
data was a noticeably poorer fit to the evaporation theory. This tends to sup-

port the direct spectrum found using S(En) by means of Method I.

The (y, 2n) contamination of the low energy neutrons was estimated to
be negligible for Pb206, using the (y, 2n) and (y, n) cross sections measured
by Harvey et al (7), and the level densities parameters measured in this ex-
periment. The (y, n) threshold for Tl205 (70 per cent abundance) is 14.2 MeV,
and for Tl203 (30 per cent abundance) it is 14.7 MeV. The (y, 2n) contamina-
tion was estimated to be 18 per cent of the (y, n) contribution in the 0.6 MeV

bin. The negative tail of the photon spectrum was negligible for TI.
d) Angular Distribution

The angular distributions of the Pb206 and T1 photoneutrons from
bremsstrahlung spectra with endpoints of 15, 14 and 13 MeV are plotted in
Figs. 44 and 45.* Both are isotropic at low neutron energies. The anisotropy
increases to about -a /ao = 0.6 at the neutron endpoint, a somewhat lower
value than found in the case of Pb 08. Presumably this is due to the absence

. 2
of the two p 1/ neutrons.

D. Mercury and Gold

a) Experimental Data

The photoneutron energy spectra-g—g Ei Vs En for mercury and gold
n “~n
are plotted in Figs. 46 to 49. The information contained in these graphs is

the same as that described for Pb208 (section a of part A of this chapter).

b) Direct Spectrum

In the case of mercury and gold, both the neutron and proton shells

are no longer filled. As a result there are a large number of levels in the
“The defective 14 MeV thallium run has been included in Fig. 45.
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first few MeV of the residual nuclei composed of a complicated mixture of
intrinsic neutron and proton single particle states. Therefore the second
method of calculating S(En) outlined in Chapter IV, section E, was used. That
is, the hole states were assumed to be uniformly distributed in the residual
nucleus. Since the neutron shells are not filled, transitions can take place from
a lower shell (ie, the levels listed in Table XXII). However since the single
particle residual states for these transitions are at a very high excitation en-
ergy (5 to 8 MeV), these levels were not included in the residual states. The
transition strengths were included in the calculation of S(En). That is, these
transitions were allowed to absorb photons, but not emit neutrons. This re-
duces the theoretical estimate of the direct fraction as the shell empties. This
point is discussed further in section J of this chapter. The shape of S(En) is
then determined primarily by the transmission coefficients, Tj’ at low neutron
energies, and by the shape of the photon difference spectrum at the high end

of the neutron spectrum. The single particle states in the N = 126 shell were
taken from the shell model calculations of Ross et al (64) (see Table XVIII),
and the stripping experiments of Cohen et al (32). Gold was assumed to have
all of the shells up to and including the p3/2 shell occupied, with the fS/2 and
pl/2 shells empty. The ground state configuration of ngoo was assumed to

/2

be two holes in the p3/2 shell, four holes in the f5 shell, two holes in the
113/2 shell and the other levels occupied. The two pll2 and two f5/2 neutrons
were retained because some of the Hg isotopes have %- ground states and%—
low lying states. The configuration will vary for each mercury isotope but
S(En) is not sensitive to the exact configuration bécause of the assumption of
uniformly distributed hole states. The relative transition strengths, fﬂ, taken
from Table XIII column two, were reduced in proportion to the number of holes
in a given shell. | S(En) was calculated from equation 74 of Chapter IV, section
E. The Tj's were taken from ref 61 as usual. To account for the different
isotopes of mercury, the element was assumed to be composed of two isotopes,
ngoo with a threshold of 8.0 MeV and 70 per cent isotopic abundance, and [—Ig119
with a threshold of 6.4 MeV and an isotopic abundance of 30 per cent. An S(En)

was calculated for each of the above isotopes and weighted according to the

'pseudo-isotopic abundance'’
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The results are shown in Figs. 50 to 53. S(En) lies above the experi-
mental data at the high energy end of the mercury direct spectrum. This
overestimation of the directly emitted neutrons is reasonable since the meth-
od used requires that all hole states of the residual nucleus be present down

7
to the ground state, whereas the first—- and—Z—- levels lie much higher (about

2
1.0 to 2.0 MeV excitation energy). If the contribution of these states corres-
N 7/2 2
ponding to direct emission of neutrons from the f / and h9/ shell were ex-

tended only up to 2.0 MeV from the neutron endpoint, S(En) would be reduced
by 40 to 50 per cent in the region l% MeV below the neutron endpoint. This
would improve the fit. The gold data is in excellent agreement with the cal-
culated S(En). Since Au196 is an odd-odd isotope, one would expect a large
number of levels of all spins even at low excitation energies. Hence the ap-
proximations are better than in the case of mercury where the proton pairing

energy reduces the number of levels available in the first few MeV.

The direct spectrum calculated from the angular distribution method
presents much the same picture as the first method for both gold and mer-
cury, except for a deep dip at about 5.0 MeV in some of the data. This dip
is generated by a large difference in the angular distributions for the 15 and
14 MeV data which occurs in many runs at 4.6 or 5.0 MeV regardless of the
isotope involved. This dip does not appear at a lower energy in the 13 MeV
mercury difference spectrum, and it appears at the same energy in both gold
difference spectra. It also does not appear in other runs made with a differ-
ent experimental configuration (2 ns/channel instead of 4 ns/channel) which
are not presented here. Therefore it seems that this fluctuation in the angu-
lar distribution is an artifact of the equipment, although its origin has not been
traced. On the other hand, the dip observed in the Bi spectra (section A) was
considered to be a real effect. In that case the dip appeared in the direct spec-
tra found using both Methods I and II. It was found approximately I MeV lower
in both direct spectra for the 13 MeV difference spectra, and it was found in the
2 ns/channel runs (not shown). Furthermore the angular distributions of the
Bi photoneutrons do not exhibit the sharp fluctuation that is associated with

the spurious dips in the direct spectrum derived from Method II.
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c) Evaporation Spectrum

The evaporation component and the theoretical curves fitted to the
data are shown in Figs. 54 to 57. The experimental data lies within one stan-
dard deviation of the theoretical curves up to 4.0 MeV in all four cases. The
(v, 2n) threshold for gold is given as 14.75 MeV in ref 70; using the (y, 2n) and
(y,n) cross sections measured in ref 5, the (y, 2n) component is estimated to
be about 1 per cent of the total neutron spectrum. The negative tail of the
14 MeV photon difference spectrum should reduce the (y, n) data by about
l% per cent. Therefore the two effects are expected to cancel in the case
of the 14 MeV data. The (y,2n) contamination and the negative tail of the
13 MeV photon difference spectrum are estimated to be negligible for the
13 MeV data. The experimental data lies slightly above the theoretical pre-.
diction at 0.6 MeV (Fig. 56) but still within the uncertainty of the data. The
(v, 2n) thresholds for the mercury isotopes range from 14.0 MeV (ngoz,

29.8 per cent) to 15.3 MeV (Hglgs, 10 per cent) (70). Therefore the (y, 2n)
contamination of the low energy mercury data is expected to be somewhat less
than that for gold. Since the (y;n) cross sections for each mercury isotope
are not available, this is the best estimate that can be made. The (y, n)

2
199, 17 per cent) to 7.8 MeV (Hg 02,

thresholds range from 6.7 MeV (Hg
29.8 per cent). Thus the negative tail of the photon difference spectrum
should reduce the mercury (y, n) spectrum somewhat more than in the case

of gold. From these two estimates, one would expect that the 0.6 MeV point
might lie lower than the theoretical curve for the 14 MeV data. Fig. 54 shows
that the data point falls on the curve. The two effects apparently cancel. In
the case of the 13 MeV difference spectrﬁm, the two effects are expected to be

negligible, as in the case of gold. The data plotted in Fig. 55 support this con-

clusion.
d) Angular Distributions

The angular distributions of the photoneutrons from mercury and gold
are plotted in Figs. 58 and 59. The graphs are quite similar. The iow energy

data is isotropic within the estimated errors. The anisotropic component
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negins to increase at about 2% MeV, rises to about -a /aoz 0.55, and 1s vir-
tually flat above this. This lower value of the high energy limit of - -a, / a, (as
compared to the value of 0.7 reached by Pb 08 photoneutrons) is apparently

due to the loss of the highly anisotropic p 1/2 and fS/2 neutrons in gold. The
two pl/?. neutrons and two fS/2 neutrons were retained in the case of mercury.
[t is possible that these two pllz neutrons should have been placed in the 113/2
shell, which would reduce the expected anisotropy without appreciably affecting
S(En). (These assignments are of course only crude approximations. The

200
ground state configuration of the Hg 0 and Hg199 are linear combinations of

1/2 3/2 5/2 .7/2 .13/2 9/2
, 1 , and h

the p , P , T , f neutron states and the appropriate

proton states.)

E. Deformed Nuclei: Tungsten, Tantalum, Erbium, Holmium, and Samarium

a) Experimental Data

The photoneutron energy spectra% E—l vs E for W, Ta, Er, Ho, and
Sm are plotted in Figs. 60 to 65. Each graph cgntams two experimental pho-
toneutron spectra and their difference. The two neutron spectra are genera-
ted by two bremsstrahlung spectra with endpoints of 15 and 14 MeV respective -
ly. The difference represents the photoneutron spectrum resulting from a
photon spectrum peaked at 14 MeV. In addition a second set of tantalum data
is shown (Fig. 63), which contains the photoneutron spectrum resulting from
a photon difference spectrum peaked at 13 MeV. Because of the splitting of
the giant resonance in the deformed region,” the photon difference spectrum
times the photon absorption cross section is somewhat wider than in the case

of the targets near lead (see Fig. 11).
b) Direct Spectrum

The relative transition strengths, f , given in Table XIII were calcula-

ﬂ’
ted for a spherically symmetric square well (30). These values may not be
applicable in the region of the deformed nuclei, W to Sm, because of the mix-
ing of the single particle states in a deformed well. The calculations on de -

formed nuclei available in the literature are for nuclei with much iower mass
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number A than the rare earth region. For example, Nilsson et al (41) have
24
performed the necessary calculations for Mg . Their calculations show
that the A{i = 0 transitions favor the AN = Anz = +1 transitions, and the A = 11

transitions favor the AN = AA =+ 1 transitions.

In the deformed nuclei n and £ are no longer good quantum numbers.
Instead the states are labelled IanAQ,> where N is the total number of nodes
in the radial nucleonic wave function, n, is the number of nodal planes per -
pendicular to the symmetry axis, ANis the component of the nucleon orbital
angular momentum along the symmetry axis, and § is the component of the
total nucleon angular momentum along the symmetry axis. (These are good
quantum numbers in the limit of large deformations (78).) There are two
types of El transitions pocsible, AQ = 0, which corresponds to the multipole
operator z and is associated with the energy ﬁwz, ie, oscillations along the z
axis, and AQ = T | which corresponds to the multipole operator 2_1/2(x t iy)
and is associated with the energy hw|, ie, oscillations perpendicular to the
symmetry axis. hw, < fiw| for prolate nuclei (the rare earth region). There-

fore the AQ = 0 transition will occur at a lower energy.

An examination of Nilsson's level diagram for deformed nuclei (40)
shows that these transitions are generally El transitions between states that
correspond to the n{ — nf+1 transitions in the case of an undeformed nucleus.
Although the square well calculations of fi are not quantitatively correct, they
will at least tend to pick out the important transitions. Lacking a calculation
of overlap integrals for a deformed potential, the fﬂ's calculated from the

square well potential (and listed in Table XIII, column two) will be used.

Therefore S(En) was calculated using the Wilkinson transition strengths
and assuming a continuous distribution of the hole states in the residual nuc-
leus. The neutron ground state configuration of the deformed nuclei were de -
termined by placing the appropriate number of neutrons in the Nilsson diagram.
These configurations are listed in Table XIX. Also shown are the nf — nf+1
transition strengths for a filled shell. In addition to transitions from the N = 126

shell, transitions from the N = 82 to the N=126 shell are possible. These tran-
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Table XIX

Ground State Configuration for Deformed Nuclei®

No. of Neutrons

Subshell in a Filled Shell f!Z A =180 A=165 A=152 - az/ao
1/2

3p / 2 0.17 0 0 0 0.5

3[)3/2 4 0.33 2 0 0 0.5
5/2

21 6 0.63 0 0 0 0.357

113/2 14 2.16 8 6 2 0.30

/2

21 8 0.84 8 6 4 0.357

1119/2 10 1.53 6 4 2 0.318

N=82 shell

filled 82 82 82 82

Total No. of 106 98 90

neutrons

*Nilsson (40)

Table XX

Isotopic Abundance and Thresholds for the Deformed Nuclei*

lsotope o Cemt. By Fpp  Isotope oundanee p g
w'® 284 728 12.96 Erl ™ 149 1719 13.8
w306 746 13.64 Erl®® 27 7.78  14.32
w'® 144 619 149 Ert®? 229 6.54  14.99
wi® 64 8.0 14.93 Ert®® 334 8.55  15.19
Ta'® 100 7.65  14.4 sm'>* 22553 790  13.79

sm'®® 2663 822  13.83
Ho'®® 100 8.12  14.6 sm'*? 1384 58  13.99

sm'*® 1127 813 1447

sm'*" 1507 633 14.77

*Wapstra et al (70)
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sitions have been included, and the necessary hole states evenly distributed
in the residual nucleus. This procedure was used for the deformed nuclei,
even though it was not used for Hg and Au, because the deformation mixes
the single particle states more thoroughly. The transition strengths, f ', for
an unfilled shell were assumed to be the fﬂ's times the ratio of the number of
neutrons in the shell to the number of neutrons that a filled shell could contain.
The Tj's were taken from ref 61 as usual. The product pA(En)o(y, n) was cal-
culated for Ta and Ho using the parameters from ref 6. The photon absorp-
tion cross section for W was assumed to be similar to that for Ta, and the
cross sections for Er and Sm were assumed to be similar to the one for Ho.
The isotopic abundance and (y, n) thresholds for W, Er and Sm are shown in

Table XX. S(En) was calculated separately for each isotope and weighted by

the isotopic abundance.

The results are shown in Figs. 66 to 71. The fit to the experimental
direct spectrum is not as good as that obtained with nuclei near a closed shell.
Due to the approximations that have been used, this method can only be ex-
pected to estimate the shape of the direct specirum at low neutron energies
whiere the Tj's dominate and near the neutron endpoint where the photon spec-
trum dominates. It should not reproduce any effects due to the splitting of

the giant resonance.

Any effects due to the double photon absorption peaks would probab -
ly be seen in the monoisotopic targets, Ta and Ho. Bramblett et al (6) have
measured the (y,n) and (y, 2n) cross sections for Ta and Ho. They find that
these cross sections have two peaks, at about 12.1 MeV and 15.8 MeV pho-
ton energy for Ho, and 12.8 MeV and 15.5 MeV for Ta. Since the (y, n)
threshold for Ho is 8.1 MeV, neutrons from the first peak should appear
near 4.0 MeV and those from the second peak near 8.0 MeV neutron energy.
The photon difference spectrum is small at 12 MeV and is peaked at 14 MeV
photon energy, which corresponds to 6.0 MeV neutron energy. Fig. 70 shows
that the neutron differencei]spectrum for Ho has a definite peak at 5.8 MeV

and appears to have a péa'k:"at 4.2 MeV. Both the tungsten and tantalum data
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show peaks at about 3.0 to 4.0 MeV (Figs. 66, 67 and 68), which is somewhat
lower than the 7.8 MeV (y, n) threshold for Ta and about 7.5 MeV (vy,n) thres-
hold for W would have led one to expect. The direct neutron spectra from
Ho and Ta thus seem to indicate that the assumption of uniformly distributed
hoie states is weak. One can see a suggestion of the same peaks in Sm, but
the low threshold isotopes (see Fig. 71) tend to obscure them. In Er, the
isotopes have thresholds about 1 MeV apart, thich would cause the peaks of
one isotope to fall in the valley of another, which may explain the relatively

featureless direct spectrum (Fig. 69).

The above discussion has perhaps not been too informative. Because
of the complexity of the unfilled, deformed shells, one cannot make simple
predictions about the direct spectrum. Also the direct neutron spectra de-
termined by Method II has very large errors, especially for W, Ta, and Er,
because the angular distributions are small. As a result the resonance

direct spectrum is poorly determined.
c) Evaporation Spectrum

The experimental evaporation data and the theoretical curves are
plotted in Figs. 72 to 77. The (y,2n) contribution to the data can be considera-
ble, as W, Er and Sm all have isotopes with. (y, 2n) thresholds below 14.0 MeV.
(See Table XX.) In the case o.f Ho, the (y, 2n) threshold is 14.6 MeV there-
fore the (y, 2n) contamination is expected to be negligible (about 3 per cent).
Using the (y, 2n) and (y, n) cross sections from ref 6, the (y, 2n) contribution
to the (y, n) spectrum of Ta is estimated to be about 6 per cent. This corres-
ponds to about 18 per cent of the data at 0.6 MeV. On the other hand the nega-
tive portion of the 14 MeV photon difference spectrum is estimated to reduce
the Ta neutron production by about 2 per cent. This would again be concen-
trated in the 0.6 MeV bin. Therefore the two effects tend to cancel in the 14
MeV difference spectrum. The 13 MeV difference data is not expected to have
any (y, 2n) contamination and the effect of the negative tail of the 13 MeV pho-
ton spectrum is negligible. The data shown in Figs. 73 and 74 confirm these

predictions qualitatively. If the 0.6 MeV point is excluded, the data and the-
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ory are in excellent agreement from 1 to 3.5 MeV. Since the (y, 2n) cross
section for each isotope of W, Er and Sm is not available, the (y, 2n) contri-
bution cannot be calculated accurately. However, using the level density
parameters measured in this experiment and the thresholds listed in Table XX,
the (y, 2n) contamination for these elements was estimated. In each case the
(y,2n) contamination of the total spectrum is sizable, W = 23 per cent, Er =
9 per cent, and Sm = 15 per cent. The negative portion of the photon differ-
ence spectrum is a smaller effect, W = 3 per cent, Er = 3 per cent, and

Sm = 4 per cent of the total spectrum. The (y, 2n) contamination is a large
contribution to the 0.6 MeV bin, W = 67 per cent, Er = 25 per cent and Sm =
50 per cent. In addition the (y, 2n) contribution is no longer negligible in the
1.0 MeV bin, W =19 per cent, Er = 7 per cent and Sm = 11 per cent. The
contribution to the 1.4 MeV bin is negligible in all three cases. Thus the
level density parameters have been increased to some degree by the (y, 2n)

contamination. (However, remember that the 0.6 MeV bin has been exclu-

ded from the calculation of the level density parameters.)

However from Figs. 72 to 77 it is seen that the data fits the theory
quite well excluding the 0.6 MeV bin. The data lies below the curve for the
0.6 MeV point, although the Er and W data are almost within one standard
deviation, while Sm is almost two standard deviations away. This surprising
agreement suggests that the (y, 2n) contamination has been overestimated.
Since the actual (y,n), (y,2n) cross sections are not known, this is quite pos-
sible. Also the (y, 2n) thresholds may be too low for a few isotopes. (The
values used were taken from mass tables compiled by Wapstra et al (70).)

A third possible explanation is suggested by the Ho data. This data is a very
poor fit to the theoretical curve. The (y, 2n) contamination is small, and the
effect of the negative portion of the photon spectrum is small (about 3 per cent)
because of the high (y, n) threshold (about 8.1 MeV) (70). The inverse capture
cross section o, used for Ho has a large peak at 0.6 MeV (see Table XII).

C

If o had a different behavior at low neutron energy (for instance, if 0= cons-
tant) the fit could be improved. Since the % from ref 62 was calculated for a

spherical potential, it would not be surprising to find the °c for a deformed
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nucleus differing from the calculated value. In the same manner the oC's

for W, Ta, Er and Sm may be too large at low neutron energies and tending
10 mask the (y, 2n) contamination. For these reasons, the level density para-
meters derived from the deformed nuclei data may be less reliable than those

derived from the nondeformed nuclei data.
d) Angular Distributions

The angular distribution of the photoneutrons from W, Ta, Er, Ho
and Sm are plotted in Figs. 78 to 82. The graphs are plots of - az/ao Vs En’
where W(O) = a + aZPZ(COS ©). It is immediate!y obvious that the maximum
values of - az/ao reached by these data are much lower than the - az/aO ob -
tained with the nuclei at closed shells. The W photoneutrons reach a maxi-
mum -aZ/ao of about 0.2 at 5.0 MeV, and then decrease with increasing neu-
tron energy. The Ta photoneutrons reach a maximum - aZ/a0 of > 0.2 at
about 4.5 MeV, after which the spectrum remains flat. The Er photoneutrons
have a maximum - az/a0 of about 0.3 at 5.0 MeV, and then the spectrum de-
creases with increasing neutron energy. The Sm photoneutrons have a maxi-
mum - az/a0 of about 0.25 at 5.0 MeV and then their spectrum remains flat.
Only the Ho photoneutrons appear to have an increasing - az/ ao with increas-
ing neutron energy, and even here, the statistics are such that one could
claim that - az/ao reaches a maximum of about 0.3 at 0.6 MeV and remains

flat above this. In all five elements the low energy photoneutrons are isotropic.

The direct spectrum neutrons are predominately from the f7/2 shell
according to the simplified model employed here. The neutrons from the
1’l 3/2 and h9/2 sheils are suppressed by the small T,'s. According to equa-
tion 11 the neutrons from the f7/2 shell can have an ingular distribution
ranging from -az/a0 = 0.1 for 2f7/z-’3d5/2, to 0.47 for 2f7/2-*2g9/2. All

of the observed - az/ao's lie between these wide limits.

F. Praseodymium and Lanthanum
a) Experimental Data
The phbtoneutron energy spectraﬂ L Vs En for Pr and La are

dEj Ep
plotted in Figs. 83 and 84. Each graph contains two neutron spectra and their
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difference. The two neutron spectra are generated by two bremsstrahlung
spectra with endpoints of 15 and 14 MeV. The difference represents the pho-
toneutron spectrum resulting from a photon difference spectrum peaked at

14.4 MeV with a FWHM of 1% MeV.
b) Direct Spectrum

Table XXI lists the important single particle dipole transitions for
the closed neutron shell at N = 82. These levels were taken from the strip-
ping data in ref 32. The last column lists the angular distributions of the
directly emitted neutrons using equation 11 of Chapter I.

Pr141 and LaL139 have closed neutron shells but an odd number of

protons. Thus Pr140 and La138 are odd-odd nuclei and will have many low
lying levels with complicated configurations. As in the case of Bi208 and
Pb205, the assumption was made that the single particle neutron hole states
will persist despite the configuration mixing caused by the unpaired proton.
Therefore the level structure of the residual nuclei were taken from the levels
of Cs139 and Bal37 found from stripping reactions (32). A composite list of
these levels is given in Table XXII. These are the discrete hole states used

to calculate S(En) for La and Pr. S(En) was calculated from equation 73 of
Chapter IV, using the fl's listed in Table XXI, the Ei's listed in Table XXII,

the (y,n) cross section from Rice et al (57), and the Tj's from ref 61. The
results are shown in Figs. 85 and 86. The calculated curves fit the datawell
for La. The calculated curve lies higher than the experimental data at the

high energy end of the Pr spectrum. There are several possible explanations
for this: the low lying states of Pr140 may not be fed as strongly as the calcula-
tion predicts; or the (y,n) cross section may be lower at 15 MeV than that

given by ref 57. The first reason is the more likely because of the configura-

tion mixing of the neutron hole States.

In general the direct component for both La and Pr derived from
Method II agrees quite well with that derived from Method I. However the
direct spectrum derived from Method II for La, shown in Fig. 86, does seem

to indicate more direct neutrons at about 2‘;- MeV than the first method does.
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Table XXI
Possible Dipole Transitions for a Closed Shell at N = 82

Transitions Strength fg* - aZ/ao’i"I<

2d3/2-’2f5/2 0.39 0.40
—'3p3/2 0.01 0.10
——3p1/2 0.06 0.10

351/2—'3p3/2 0.15 0.67
—-3pl/2 0.07 0.67

h”L/Z—“il?’/2 1.81 0.32

g7/2 92 1.18 0.33
—'Zf—”2 0.003 0.17
—’ZfS/Z 0.07 0.17

2d5/2—'2f7/2 0.57 0.40
—'ZfS/2 0.02 0.40
—-31:;3/2 0.11 0.10

- *Wilkinson (30) **Courant (45)
Table XXII

Energy Levels™ for a Nucleus with N = 82

Level - Energy (MeV)
2432 0.0
381/2 0.25
1'1“/2 0.75
g7/2 1.34
24°/2 1.9

E3
Cohen et al (32)
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This is quite possible because of the simplified level structure used.
c) Evaporation Spectrum

The evaporation energy spectrum and the theoretical curve for Pr
and La are shown in Figs. 87 and 88. The data fits the theoretical curve
from 0.6 to 4.5 MeV for Pr, and from 1.0 to 4.5 for La. The negative por-
tion of the photon spectrum has a negligible effect because of the high (v, n)
threshold for both elements. Since the (y, 2n) threshold is 16.25 MeV for
Pr and 16.05 MeV for La (70), the (y,2n) contamination is zero.

d) Angular Distributions

The angular distributions of the photoneutrons from Pr and La are
shown in Figs. 89 and 90. The low energy data portions of the curves are
not quite isotropic, having values of - azla0 of about 0.03 1 0.03 for La and
0.05 ¥ 0.03 for Pr. It is difficult to determine if this is a real effect for
the“following reason. The Pr and La targets had a coating of plastic about
% thick to prevent their oxidation. This coating attenuates the neutrons
and affects the angular distributions. The ratio of the 156° data to the 76°
data was increased by about 0.08 to take this scattering into account (see
Appendix IV). This scattering correction may have been overestimated.

Since the targets were dipped into liquid plastic, the coatings are not uni-
form, and may be thinner for these two targets than for others used in this
experiment. Another possible explanation of the anisotropy is that the low
energy portion of the energy spectrum may contain a small admixture of
direct neutrons with a strong angular distribution. This was postulated in
the case of sz08 because neutrons ejected by low energy photons could only
make transitions to widely separated, discrete levels, and thus could show a
strong angular distribution (see section A). Because of the configuration mix-
ing due to the unpaired protons in Pr and La, this explanation seems less
likely for these two elements. The first argument presented above (incorrect
scattering correction) seems to be preferable.

The angular distribution of both Pr and La increases with increasing
neutron energy, reaching -azlaot 0.65 at E =~ 6.0 MeV. This is a much
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larger value of - aZ/aO than was found in the rare earth region, and probab-
ly reflects the influence of the highly anisotropic neutrons emitted from the

2 1/2
2d3/ and 3s / shells. Heiss (46) has calculated the angular distribution

for La for neutrons emitted from the 2d3/2 level which dominates the direct
region near the neutron endpoint. The results are shown in Table XXIII
from 7.0 to 11.0 MeV neutron energy. Although the data presented here

does not extend above 7.0 MeV, the agreement at 7.0 MeV is striking.

Table XXIII

Angular Distribution® of Photoneutrons from La

E B/A -a /a
n 2 o

7 2.7 0.64
8 3.1 0.675
9 3.5 0.700
10 3.8 0.72
11 3.9 0.725

*Heiss (46)

G. Iodine
a) Experimental Data

The photoneritron energy spectrum% EL Vs En for Iodine is plotted
in Fig. 91. The graph contains two neutron srllaecréra and their difference.
The two spectra are generated by two bremsstrahlung spectra with endpoints
of 15 and 14 MeV. The difference represents the photoneutron spectrum

resulting from a photon difference spectrum peaked at 14.4 MeV.
b) Direct Spectrum

Iodine is eight neutrons away from the closed neutron shell at N = 82,
and three protons away from the closed proton shell at Z = 50. Furthermore
1126 is an odd-odd nucleus. Therefore the assumption was made that the

hole states in the residual nucleus are uniformly distributed.

127 .
The assumed ground state configuration for I is two neutrons 1in

‘ 11/2
the 2d3/2 shell, two neutrons in the 351/2 shell, six neutrons in the h /
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shell and the remaining shells filled (see Table XXII). The 351/2 and 2d3/2
25

neutrons were retained because nearby even proton isotopes (Xe127 and Tel )
have—lz+ and —32—+ low lying states. S(En) is not sensitive to the exact configura-
tion. S(En) was then calculated using equation 74 in Chapter IV, the fﬁ‘s listed
in Table XXI reduced in proportion to the number of holes in a given shell,

the Tj's from ref 61, and the photon cross section taken from Montalbetti

et al (79). Transitions from the N = 50 shell to the N = 82 shell were taken
into account. The results are shown in Fig. 92. The calculated curve is an
excellent fit to the experimental direct spectrum. The direct spectrum de-

rived from Method Il agrees with that from MethodI within the large errors.

c) Evaporétion Spectrum

The photoneutron evaporation spectrum and the theoretical curve are
shown in Fig.93. The data fits the theoretical prediction from 1.0 to 5.0 MeV.
The (y, 2n) threshold for 1127 is given in ref 70 as 16.36 MeV. Therefore the
(y, 2n) contamination is zero. The contribution of the negative portion of the
photon spectrum is negligible because of the high (y, n) threshold for 1127.
Despite these facts, the 0.6 MeV data lies about 15 per cent above the theoret-

ical prediction.
d) Angular Distribution

The angular distribution of the photoneutrons from I are shown in
Fig. 94. The maximum value of - aZ/a0 is about 0.4 and occurs at 4.5 MeV.
The spectrum appears to remain flat above this energy, however the errors
are such that the exact shape at high energies cannot be determined. This
angular distribution is smaller than the 0.68 found for Pr and La. This is prob-
ably a reflection of the emptying of the 2.d3/2 shell. Indeed, the ground state
configuration may contain too many 2d3/2 and 351/2 neutrons. If transitions

from the 2d3/2 and 351/2 shells were reduced, the g7/2—’h9/2

transition would
dominate the direct spectrum. According to equation 11 of Chapter I, this tran-
sition would have an angular distribution of - aZ/a0 = 0.33. This averaged

with the 0.66 expected from the reduced 2d3/2 and 351/2 subshells, could

easily result in the observed maximum value of - azl ag of 0.4.
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The low energy photoneutrons from the 14 MeV bremsstrahlung spec-
irum are isotropic. However the 15 MeV bremsstrahlung data is not iso-
tropic at low neutron energies. One possible explanation lies in the difficul -
ties encountered with the electronics during the experiments using the I, Sn,
and In targets as discussed in Chapter IV, section B. A faulty coincidence
circuit misrouted coincidence pulses. As a result the information required
(o calculate the coincidence correction was lost, and this correction is un-
doubtedly inaccurate. This would be a more severe problem in the higher
energy run, which of course had a higher counting loss due to coincidences

between two counters.

H. Tin and Indium

a) Experimental Data

The photoneutron energy spectrum ——- dy 1 Vs En for Sn and In are plot-

dE Ej,
ted in Figs. 95 and 99. The two neutron spectra are generated by bremsstrah-
lung spectra with endpoints of 15 and 14 MeV. Their difference represents
the photoneutron spectrum resulting from a photon difference spectrum

peaked at 14.4 MeV.
b) Direct Spectrum

In Sn the N = 50 proton shell is filled, but the N = 82 neutron shell is
not. Since the neutron shell is not magic, the energy levels of tin are mix-
tures of the single particle neutron states, which makes it difficult to esti-
mate S(E ) using discrete hole states in the residual nucleus. On the other
hand the closed shell proton core is not easily excited, which weakens the as-
sumption that the hole states are uniformly distributed in the residual nucleus,
for the first few MeV of excitation especially in the even-even residual nuclei.
Because a shell model calculation by Sanders (80) affords some insight into
the structure of the ground state and first few excited states of the Sn iso-
topes, S(En) was calculated assuming discrete hole states for the residual

nucleus.
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Since tin has 10 stable isotopes (see Table XXIV) the calculation
was first simplified by choosing four representative isotopes. It was as-
sumed that tin consists of 8.9 per cent Sn117 with a (y, n) threshold of 7.0
MeV, 39 per cent Snl 18 with a (y, n) threshold of 9.4 MeV, 8.6 per cent Snl 19
with a (y, n) threshold of 9.0 MeV. The known levels of isotopes 116, 117,
118, and 119 are listed in Table XXV. The configuration of the first three
levles of Sn117 and Sn“g, and the ground states of Sn“é, Sm118 and Snlzo,
calculated by Sanders (80) are given in Table XXVI. The single particle
levels employed are 351/2, 2d3/2 and hll/z. Standard spectroscopic nota-
tion has been used. The remaining single particle states of the major shells,
g7/2 and ZdS/Z, are assumed to be filled. The percentages listed refer to
the percentage of the given configuration in the wave function. As can be
seen from Table XXVI, removing one SI/Z neutron from the ground state
configuration of Snl 19, for example, does not result in the exact ground
state configuration of Sn“s. Instead only a small percentage of the resul-
ting configuration overlaps the Sn118 ground state. That is, if the initial

state is given by

Vi = Zc % (84)
and the final state by
Ve = et Cn1®n 8y (85)
where ¢n = sj dk hm . etc, for j, k, m, etc being the number of neutrons
in the s state, d state, h state, . . . etc.
g, = wave function of the outgoing neutron

Then the dipole overlap integral is given by

2 2
D™ = I<¢ l01y.>| (86)
2 i' k' m' jk,.m
= C 87
D Zr)l§'<(cn,fs dh .. .)gfIOI(cnis d'h )> (87)
2 2
D= iz ity ! (88)

where 0 is the dipole operator, f2 is the square of the dipole radial overlap
1/2 .
integral between the neutron in a given initial single particle state (s in

this example) and the outgoing neutron in the final state, and Zc_.c__6, |
i n ni nf j,j+l
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Table XXIV

Isotopic Abundance and Neutron Thresholds of Tin™

[sotope “erCont P Bon
112 0.96 11.1 ?
114 0.66 10.C 18.0
115 0.35 7.5 17.5
116 14.3 9.6 17.1
117 7.6 6.9 16.6
118 24.0 9.3 16.4
119 8.6 6.5 15.8
120 33.9 9.1 15.6
122 4.7 8.8 15.0
124 6.0 8.5 14.4

*Wapstra et al (70)

Table XXV

7 118 11
Energy Levels™ of Sn“é,Sn11 ,Sn ,Sn ?

g 116 g 117 g l18 g 19

Spin Energy Spin Energy Spin Energy Spin Energy
(MeV) (MeV) (MeV) (MeV)

0+ 0.0 <+ 0.0 0+ 0.0 1+ 00

2+ 1.27 3+ 0.16 2+ 1.22 3+ 0.034

2+ 209 S o032 (O, 1)+  1.75 L 0.089

? 220 4+ 0.73 (0,1)+  2.03 4+ 0.84

* 231 (33)+ 0.82 4+ 2.25 3+ 0.907

4+ 235 (53)+ 0.86 (0,1)+  2.48

? 245 (3,2)+ 1.03 5 + 2.51

4+ 2.49 ? 2.55

4+ 2.76

2 2.85

4+  3.04

*Nuclear Data Sheets (66)
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Table XXVI

Configuration of Levels® of Sn' 16, sn'!7 gntl8 gnll? gnlo
Isotope Spin Configuration
116
Sn 0+ s2 (28) d% (7) n? (65)
Sn117 %+ sd2 (40) sh2 (60)
%+ s2d (90) n%d (7) a> (3)
1—21— s2h (20) a%h (7) h> (73)
Sn'!8 0+ s2d% (22) s%h? (4) a* (2) d%n® (12) n* (60)
4
sn'!? —;_+ a*s (20) d%h%s (73) h's (7)
2
-%Jr s> (35) n%a® (1) s®h%d (22) nd (43)
- s2a%h (15) s2h> (2) a*h (5) a%h> (72) b° (6)
sn!20 0+ s2a? (5) s2d%n? (5) s2h? (1) a®n? (33) n® (56)
*Sanders (80) **Figures in parentheses are percentages.

is the parentage coefficients between the initial and final states. As usual
f, was estimated using the square well calculations of Wilkinson (30). The

2
11
parentage coefficients for the Sn 9—'Snlls

0.01 (see Table XXVII).

ground state transition is about

The parentage coefficients for transitions between the ground states

20 119

of Sn1 and Sn118 and the first three levels of Sn and Sn117 are calcula-

ted as outlined above for the sl/2 neutrons emitted from the ground state of

1 117
Snl 19. The configurations of the remaining levels of Sn . and Sn ! were

119

not calculated in ref (80). Therefore each of the remaining levels of Sn
. 120 18

or Sn117 was assumed to be the ground state configuration of Sn or Snl

with one neutron removed from the single particle state indicated by the spin

of the level in question. The resulting parentage coefficients are listed in
Table XXVII. In Sn117 the levels at 0.82 and 0.86 MeV have been grouped
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Table XXVII

Parentage Coefficients* for Snllb,Snl”,Sn“S, and Sn119
Isotope Spin Energy Hole State  Parentage Coefficient
Sn“b 0+ 0.0 SI/Z 0.33
2+ 1.27 d3/2 0.08
" 1" d5/2 0 5
2+ 2.09 d?’/2 0.08
" " d5/2 0 5
4+ 2.50 g”z 1.0
3.0 h!l/2 0.06
sn't’ 14 0.0 s1/2 0.02
%+ 0.16 d3/2 0.04
1—21 - 0.32 h“/2 0.09
%+ 0.73 ng 1.0
347 0.82 a2 0.03
%+ 1.03 d5/2 1.0
Sn“’8 0+ 0.0 sl/Z 0.01
2+ 1.22 d5/2 1.0
(0,1) + 1.9 sll2 0.12
4+ 2,25 d3/2 0.12
n 1" g7/2 10
(0,1)+ 2.5 51/2 0.12
" 1 d3/2 0.12
3.0? h“/2 0.06
2
Sn119 ‘i‘+ 0.0 sl/ 0.002
2
%+ 0.03 d3/ 0.03
1—21- 0.089 h“/2 0.04
—Z—+ 0.84 g7/2 1.0
24 0.907 a>/? 0.11
. . 5 % 5/2
“See text. 2t ~1.0 d 1.0
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3
into a?+ level at 0.84 MeV in analogy with the %+ level at 0.91 MeV of Sn“9.

1
Also a%+ level at 1.0 MeV has been added to Sn 19 in analogy to the —Z + level

117 . .
at 1.03 MeV in Sn . In this manner at least one level of each spin was used

for both isotopes. In the case of the Sn“g(%ﬂ — Sn“B(O +, 2+, etc) and

Sn117 (% +) — Sn]‘16 (0+, 2+, etc) transitions, the spin of the levels in the resid-
uai nucleus do not uniqusly define the single particle state from which the neu-
tron was emitted. Instead two single particle states are possible. Therefore
each excited state of Sn“8 and Sn116 were assumed to be composed of equal
amounts of two configurations. The first is the ground state configuration of
Sn“g with one neutron removed from the single particle state indicated by the
spin of the level plus one half, the other is the ground state configuration of
Sn119 with one neutron removed from the single particle state indicated by the
spin of the level minus one half. Having made these assumptions about the
excited states of Sn117 and Snlls, the parentage coefficients for this transi-
tion were calculated as outlined above and these coefficients are listed in

Table XXVII.

Transitions from lower shells into the unfilled N = 82 neutron shell
were included in all four isotopes. These states have very high excitation
energies (5.0 to 8.0 MeV), and therefore they do not contribute appreciably

to the direct spectrum, S(En)'

S(En) was calculated using equétion 73 of Chapter IV, the transition

strengths, f,, from ref 30, Table XXI, for the discrete levels listed in Table

2}
XXVII, multiplied by the parentage coefficients listed in the table. The Tj's

were taken from ref 61 and the (y,n) cross section from ref 115. The cal-
117 118 Snl 19

2 .
culation was performed for Sn and Sn and ‘Snl 0, and weighted
by the assumed isotopic abundance. The results are shown in Fig. 96. The

calculated curve fits the experimental data above 4.5 MeV; below this, it is

much lower than the experimental points. This poor fit is a direct conse-

117 9

11 ‘o
quence of not using any levels above 1.0 MeV in Sn and Sn Specifical -

ly only a small fraction of the available sl/2 strength has been exhausted and

7/2 /2

! the g+ and d5 strengths are undoubtedly spread out over more than the
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. 117 11 1
two levels listed. Sn =, Sn 8, Sn 19, and Snl‘?'0 would yield neutron end-

points of 8.4, 6.0, 8.9, and 6.4 MeV respectively if the ground states were
strongly fed. Instead the 1.27 MeV excited state of Sn“é, the 0.73 MeV ex-
cited state of Sn“7, the 1.22 MeV excited state of Sn118 and the 0.84 MeV
excited state of Sn119 are the lowest states to hav any appreciable strength
(under the assumptions used) and the neutron endpoints are reduced to 7.3,
5.3, 7.7 and 5.6 MeV respectively. The observed indpoint is even lower (a-

119

bout 6.0 MeV), however since Sn and Sn117 have only a total abundance of

16 per cent, the actual endpoint is difficult to separate from the background.

The direct spectrum derived from Method II has a different shape than
that found from the first method. The angular distributions shown in Fig. 97
tend to explain this. The 14 MeV bremsstrahlung run has a much higher ani-
sotropy near the neutron endpoint than the 15 MeV run. As a result the angu-
lar distribution of the difference spectrum has a dip at about 4.0 MeV, resul-
ting in the dip in the direct spectrum seen in Fig. 97. This difference in angu-
lar distributions between the two runs is probably due to the fact that the
background level is difficult to determine. Since the isotopes with low thresh-
olds (Sn“g, Snl 17

difficult to determine where the neutron spectrum endpoint is.

etc) also have low isotopic abundances, it is therefore

)

When S(En) for In was calculated, problems similar to those found in
the case of Sn were encountered. Indium has one proton less than a closed
shell, but this does not justify the assumption of a uniform distribution of hole
states in the residual nucleus. On the other hand, knowledge of the structure
and position of the actual levels is meagre. A calculation was made assuming
a uniform distribution of hole states, but the results fit the data badly. In-
stead the S(En) shown in Fig. 100 was calculated with the same llelx;els, paren-
tage coefficients, and hole states used to calculate S(En) for Sn , as a rough
approximation. The resulting S(En) is larger than the experimental data above
4.0 MeV, and smaller than this data below 4.0 MeV. The direct spectrum
derived from Method II agrees with that found by the first method.
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c) Evaporation Spectrum

The experimental evaporation spectrum and theoretical curve are
shown in Figs. 98 and 101. The (y, 2n) contamination is expected to be zero
as the (y, 2n) thresholds for In1 L5 and the Sn isotopes are greater than 15 MeV.
The theoretical curve fits the data for In from 0.6 to 3.0 MeV. However in the
case of Sn the fit is not as good. If the region over which the fit is performed
(1 G to 3.0 MeV) is rednced (to 1.0 to 2.2 MeV) the fit is improved. The
same effect could be achieved by increasing S(En) in the region around
30 MeV. As was noted in the last section, the direct spectrum has probab-
ly been underestimated in this region. Therefore it is felt that if a better
calculation of S(En) were available, the experimental evaporation spectrum
and theoretical curve for Sn would be in much better agreement than obtained

herc.

d) Angular Distributions

The angular distribution of the photoneutrons from Sn and In are shown
in Figs. 97 and 102. The two elements are isotropic at low neutron energies.
The anisotropy of tin increases with increasing neutron energy to about
-aZ/ao = 0.5. In the case of In, - aZ/ao seems to reach a maximum value
of 0.35, and then decreases with increasing neutron energies. The low lying
levels in the residual nuclei of the tin isotopes are primarily d3/2 and h“/2
states. These could explain an anisotropy of about 0.4. On the other hand, the
low lying levels of In115 should be primarily h“/2 and g7/2 states. These tran
sitions would produce angular distributions of abcut 0.33 (equation 11). At
higher energies of excitation, the d5/2 states may become dominant, which
could explain the increase in —az/ a. These statements cannlolt4be confirmed
without a better knowledge of the structure of the levels of In and the tin
isotopes. |

The angular distribution of the photoneutrons from the 14 MeV brems-
strahlung spectrum differ from those from the 15 MeV spectrum for tin, as was
explained in the last section above. It could be explained by the fact that the

electronics were faulty during this run (see section B of Chapter IV), which
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resulted in a loss of the information about the number of counts lost due to

coincidences between two counters.

[. Level Density Parameter

For medium and heavy nuclei at excitations of a few MeV and higher,
the nuclear level density is usually so high that it may be regarded as a con-
tinuous function of the excitation energy. Under these conditions the observed
spectra of emitted particles are continuous, and the shapes of these spectra

are closely related to the level density of the residual nucleus (43). The rela-

tive intensity, gl;(E), of the emitted neutrons is given by
dN(E) _ * %*
_dEn = const Enol(En,E Yu(E™) (89)

for a fixed excitation energy Eo' The quantity w(E*) is the density of states

of the excited residual nucleus and ol(En, E*) is the cross section for the in-
verse reaction. E¥ is the excitation energy of the residual nucleus and is
given by E* = EO- En' . The inverse cross section ol(En, E™*) is usually re-
placed by the cross section oC(E, E™) for the formation of a compound nucleus
by a neutron with energy En incident on the excited residual nucleus. Although
oC(E, E™) refers to an excited state of the nucleus, estimates of this quantity
are generally taken from optical model cross sections oC(En), which consider
the target nucleus to be in its ground state. The values calculated by Perey

and Buck (61) and by Auerbach and Moore (62) have been used in this thesis.

From Weisskopf's statistical treatment of nuclear level densities (43),
a widely used approximation to the relative intensity distribution is obtained
from a power series expansion of the nuclear entropy. The formula is

dN(En) -En/ T
En——‘ = constEnoC(En)e (90)

which is similar to the Maxwell evaporation distribution. The quantity T is
called the nuclear temperature., Detailed treatments of the nucleus as a Fermi

gas of neutrons and protons (44, 81, 82) lead to expressions of the form

-meZ'\/amE'

wm(E*) o (E¥+1) (91)
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for the level density, where this equation is an approximation, valid for
large E*.
In a simple Fermi gas the density of states in the residual nucleus

is given by Lang and LeCouteur (60) as

aE

w(E*) _ const leJ : (92)
a1/4(E*+ t)5/4
E* = at2 -t (93)

where a Fermi gas level density parameter

. . 1 .
t thermodynamic terperature, defined as T = -% where S is the

entropy of the system

The density of states in the residual nucleus with a given angular mo-

mentum J is given by the expression (Bethe (81) )

2J +1

w1/2(207)3/2

o E¥, J) exp[-(J +3)%/ 2¢7 |o(E¥) (94)

2
The factor 2cT is known as the 'spin cutoff'factor. ch  is the moment of
inertia of the residual nucleus, and 7 is the nuclear temperature defined by

1 _ dlogw(E__i)
e il (95)

hZ(J +-%)2/2cﬁz is the average energy of rotation of the residual nucleus, and
r is the average energy available to the residual nucleus. As can be seen
from equations 90 and 95, 7 =T. 7 and t differ by a small constant for large
E* (83), therefore if t is substituted for 7 in the exponential of equation 94,

and using 1

t = g (E¥+ ytle

(96)

equation 94 yields

w(E*,J) = constE%_-l-_l-)zexp[ZrJaE*]exp[-(J+%‘)2/20t] (97)
(E + t)

which is proportional to equation 91 with m = 2 for large E* and a fixed J

value. Integration of w(E* ,J) over all J values leads to the total level density,

X
(e} =—AEL_ (98)
(2cTm)

Substitution of t for T as above, leads to
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const Z/\/aEl

e
(E* + t)3/2

which is equation 91 with m ="%Z

Ww(E¥) = (99)

It is therefore necessary to make an assumption about the experimen-
tal restrictions imposed on the spin, J, of the states excited in the residual
nucleus before the level density coefficient, a ., can be calculated from the
data. These assumptions determine the appropriate value of m to be used in
equation 91. According to Lang (83), m =Ti‘in equation 91 for a simple Fermi
gas without spin; m = 2 if states of only one spin J are observed; and m =%
it states of all spins are observed. Since the photon excites at most three
spin states, and the decay of the compound nucleus to the state of the residual
favors srnall £ values, only a few J values are involved in the (y, n) reactions.
Therefore m should be somewhat smaller than m = 2, with m =% as the lower
limit. The data has been analyzed using both m =2 and m =—%'. The form
W(E¥) a e-En/T has also been used, primarily to compare this data with other
experiments that use this last formalism. The three formulas for w(E*) do
not differ significantly over the small range of E* available in the data (about

3 MeV). Therefore it was impossible to distinguish between the three formulas

experimentally.

Hurwitz and Bethe (58) have suggested that the correlations of nuclear
level densities with the odd-even character of the nucleus can be accounted
for in terms of a pairing energy correction. The pairing energy may be re-
garded as a condensation energy that must be supplied to the nucleus before
it can be considered a Fermi gas. For the purpose of these calculations, the
excitation energy E* was replaced by a fictitious excitation energy U based .
on the ground state of an odd nucleus where the pairing energy is taken to be

zero. The relation between U and E* is given by

U = E* - 6 (100)
p

where 6p is the pairing energy, or the energy required to provide two unpaired
nucleons. The values of 6p used in this work were taken from Nemirovsky

and Adamchuk (59). Each isotope, its binding energy, pairing energy and
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maximum excitation energy, Eo’ for the 14 MeV difference spectrum are
listed in Table XXVIII. The maximum excitation energy is taken to be the
energy of the peak of the photon difference spectrum. Notice that isotopes

of widely different neutron binding energies have approximately the same ex-
citation energy, Eo’ due to the pairing energy. The excitation energy for a
multi-isotopic target is calculated by summing the excitation energies for

each isotope weighted by the isotopic abundances.

Combining equations 89,91, and 100 yields

dN(En) _ EnGC(vEn) 2Nam U
4E = const m e (101)
n (U+t)
which is the form used to analyze the data, where t = 2al + 12 + E

m Vd4a, 2m
a_  was determined for each target with a least squares fit to the difference
neutron spectra from 1.0 to about 3.0 MeV, in the manner described in
Chapter IV, section D. The results are listed in Tables XXIX, XXX, and
XXXI. The first column lists the target and the second lists the maximum '
excitation energy, Eo' The third column lists the temperature (from equa-
tion 90), the fourth lists the standard deviation for the temperature, the

fifth lists a the sixth tabulates the standard deviation of a3/2, etc. The

three tables?llizst these quantities for each of the three methods of treating

the data as explained in Chapter IV, section D. The values in Table XXIX
were derived using the difference data without a correction for the direct
component. Table XXX gives the values of T, a3/2, and a, derived from

the difference data minus the calculated direct energy spectrum, S(En)’ by
Method 1. And finally Table XXXI tabulates these quantities for the isotropic
portion of the difference data, that is, the differencedataminus the direct

spectrum derived from Method II.

The errors quoted in Tables XXIX; XXX and XXXI are derived from
the fluctuations of the data in the least squares fit. There is another source
of error, the variation in K in equation 53. As was stated in Chapter IV, sec-
tion D, AK is less than 6 per cent. The parameters listed in the tables were

- ~ 1
cecalculated in a few cases, varying K. It was found that AT ~?AK and Aam
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Table XXVIII

Pairing Energy and Maximum Excitation Energy for the Residual Nuclei

i * %
i?)isgz Ai)i?‘ltdoal.)rtze Eth 6p " th ¥ 6p E0
831312(:; 100.0 7.43 0 7.43 6.6
82%207 100.0 7.38 0.81 8.19 5.8
Pb 100.0 6.73 1.54 8.27 5.7
pb2%®  100.0 8.12 0.73 8.85 5.2
BlTlizi 70.5 7.54 0 7.54} "
Tl 29.5 7.89 0 7.89 '
BOngg‘: 6.9 7.8 1.0 8.8
Hg 29.8 7.78 1.0 8.78
Hgiz(l) 13.4 6.24 1.85 8.1 52
Hg 23.1 7.99 1.07 9.06
Hg'??  16.8 6.69 1.95 8.64
ug' 78 10.0 7.9 1.02 8.9
79A111817 100.0 8.07 0 8.07 5.9
74w184 28.4 7.28 0.54 8.82
W 30.6 7.46 0.54 9.0
w83 14.6 6.19 1.25 7.44 6.1
w82 26.4 8.0 0.54 8.54
73Ta181 100.0 7.65 0 7.65 6.4
68Erizz 14.9 7.2 0.92 8.7
Er 27.1 7.78 0.92 8.7
gr! 67 24.6 6.54 1.68 8.22 5.8
Er! 60 33.4 8.55 0.93 8.7
67H0165 100.0 8.12 0 8.12 6.3
628m154 22.7 7.9 1.8 9.8 \
sm'®%  26.7 8.22 1.7 10.1
sm!°° 7.4 8.0 1.54 9.54
sm'*? 138 5.86 2.38 8.24 ) 5.1
sm'*® 112 8.13 1.3 9.43
sm!*" 150 6.33 1.91 9.38
*Wapstra et al (70) **Nemirovsky and Adamchuk (59) ymax = 13.5.
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,‘ Table XXVIII (Cont'd)
Pairing Energy and Maximum Excitation Energy for the Residual Nuclei

Parent Isotopic * Aok

Isotope Abundance Eth 6p Eth ¥ 6p Eo
59Pri:; 100.0 9.37 0 9.37 5.0
57I_iaz7 100.0 8.78 0 8.78 5.6
5l 100.0 9.15 0 9.15 5.2
SOSniZ 5.9 8.47 1.32 9.79]

Sn 4.7 8.77 1.32 10.09

snt40 32.9 9.1 1.32 10.56

sntt? 8.6 6.5 2.68 9.27 k 4.0

sn'l® 24.0 9.25 1.5 10.75

sntt? 7.6 6.9 2.57 9.76

sntt® 14.3 9.6 1.55 10.94
491n“5 100.0 9.03 0 9.03 5.4

%
Wapstra et al (70)

%*
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Table XXIX

Level Density Parameters:Uncorrected for Direct Spectrum

Element E0 T tAT 3/ Tha a, tAa
Bi 6.6 0.93 0.04 8.7 0.6 10.2 0.6
Bi 5.6 0.95 0.03 7.9 0.4 9.4 0.4
pb208 5.8 1.31 0.03 5.0 0.2 6.3 0.3
pp208 4.8 1.08 0.05 6.0 0.4 7.6 0.4
pb207 5.7 1.24 0.05 5.1 0.3 6.6 0.3
pp207 4.7 1.31 0.05 4.8 0.2 6.2 0.2
pb20° 5.2 1.19 0.04 5.5 0.2 6.9 0.2
pb200 4.2 1.41 0.04 4.4 0.2 6.0 0.2
T1 6.0 1.15 0.03 6.3 0.3 7.6 0.3
Hg 5.2 0.93 0.03 7.3 0.5 9.0 0.5
Hg 4.2 0.85 0.03 7.6 0.4 9.7 0.4
Au 5.9 0.76 0.03 11.0 1.0 12.8 1.1
Au 4.9 0.66 0.02 13.0 0.9 15.6 1.0
W 6.1 0.69 0.02 13.4 1.0 15.3 1.0
Ta 6.4 0.65 0.03 15.4 1.3 17.3 1.3
Ta 5.4 0.64 0.03 15.8 1.0 17.7 1.1
Er 5.8 0.71 0.02 12.7 0.3 14.6 0.3
Ho 6.3 0.83 0.03 = 10.4 0.6 12.0 0.6
Sm 5.1 0.83 0.02 9.0 0.2 10.8 0.3
Pr 5.0 0.77 0.02 10.2 0.3 12.0 0.5
La 5.6 0.90 0.03 8.5 0.6 10.1 0.6
I 5.2 0.82 0.05 9.2 1.0 11.0 1.0
Sn* 4.0 0.79 0.03 8.3 0.7 10.5 0.7
Sn™* 4.0 0.69 0.01 10.5 0.5 10.7 0.5
In 5.4 0.69 0.02 12.3 1.0 14.2 1.0

*Evaporation spectrum fit from 1.0 to 3.0 MeV.

**Evaporation spectrum fit from 1.0 to 2.0 MeV.
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Table XXX

Level Density Parameters: Direct Spectrum Derived from Method I

Element E_ T TAT a5/, tAa a, tAa
Bi 6.6 0.81 0.02 11.2 0.8 12.7 0.8
Bi 5.6 0.85 0.02 9.0 0.7 10.3 0.7
pp=08 5.8 1.20 0.04 5.2 0.3 6.3 0.4
pp>08 4.8 0.94 0.06 6.8 0.9 8.1 0.9
pb>07 5.7 0.97 0.06 7.4 0.9 8.7 1.0
pp207 4.7 1.23 0.09 4.7 0.6 5.8 0.7
pb20° 5.2 1.14 0.06 5.4 0.4 6.7 0.5
pp20° 4.2 1.25 0.09 4.2 0.4 5.4 0.5
Tl 6.0 1.13 0.05 6.2 0.6 7.3 0.7
Hg 5.2 0.74 0.02 10.9 0.5 12.5 0.5
Hg 4.2 0.72 0.01 10.1 0.5 11.8 0.5
Au 5.9 0.66 0.03 15.2 2.0 17.0 2.1
Au 4.9 0.61 0.04 16.0 2.5 17.9 2.6
W 6.1 0.60 0.01 19.2 1.8 21.1 1.8
Ta 6.4 0.54 0.01 23.4 2.1 25.5 2.2
Ta 5.4 0.54 0.02 22.3 1.6 24.4 1.9
Er 5.8 0.62 0.03 17.3 1.8 19.2 1.9
Ho 6.3 0.60 0.04 - 19.9 3.7 21.9 4.0
Sm 5.1 0.73 0.02 12.0 0.5 13.7 0.5
Pr 5.0 0.66 0.05 14.1 2.3 15.8 2.4
La 5.6 0.77 0.03 10.7 0.6 12.2 0.6
I 5.2 0.68 0.01 13.0 0.8 14.7 0.8
Sn* 4.0 0.75  0.03 9.1 1.3 10.8 1.3
Sn** 4.0 0.66 0.01 12.6 1.2 14.1 1.0
In 5.4 0.67 0.02 140 1.9 15.8 2.0

>"Evaporation spectrum fit from 1.0 to 3.0 MeV.

**Evaporation spectrum fit from 1.0 to 2.0 MeV.

235




Table XXXI

Level Density Parameters: Direct Spectrum Derived from Method II

Element  E_ T AT a5/, tAa a, tAa
Bi 6.6 0.90 0.03 9.5 1.1 10.9 1.1
Bi 5.6 0.93 0.04 8.2 1.2 9.6 1.2
pp208 5.8 1.26 0.04 5.1 0.3 6.2 0.4
pp>08 4.8 0.90 0.03 8.1 0.8 9.6 0.9
pb207 5.7 1.18 0.09 5.0 1.0 6.3 1.1
pp207 4.7 1.28 0.08 4.8 0.7 5.9 0.8
pp20° 5.2 0.92 0.07 8.1 1.5 9.6 1.6
pp20° 4.2 1.24 0.09 4.6 0.6 5.9 0.7
Tl 6.0 1.10 0.06 6.6 0.9 7.8 0.9
Hg 5.2 0.83 0.05 9.3 1.5 10.9 1.6
Hg 4.2 0.72 0.03 10.5 0.8 12.3 0.6
Au 5.9 0.56 0.02 20.7 1.7 22.8 1.8
Au 4.9 0.53 0.07 21.3 8.0 23.5 8.5
W 6.1 0.33 0.07 58.5 36.6 61.9  37.7
Ta 6.4 0.36 0.16 51.5 72.3 54.6  74.4
Ta 5.4 0.50 0.06 26.9 9.5 29.1 9.9
Er 5.8 0.26 0.10 88.1 105.3 92.2 107.7
Ho 6.3 0.64 0.07 - 17.6 5.2 19.5 5.5
Sm 5.1 0.80 0.08 10.3 2.9 11.9 3.1
Pr 5.0 0.77 0.06 11.1 2.3 12.7 2.5
La 5.6 0.76 0.02 11.7 0.8 13.3 0.8
I 5.2 0.75 0.08 11.7 3.7 13.4 4.0
Sn* 4.0 0.78 0.03 8.7 0.9 10.4 1.0
Sn™* 4.0 0.77 0.07 9.6 2.5 11.3 2.6
In 5.4 0.78 0.07 11.0 3.0 12.6 3.2

>'L'Evaporation spectrum fit from 1.0 to 3.0 MeV.

**Evaporation spectrum fit from 1.0 to 2.0 MeV.

236




1 * .
:?AK. Therefore these uncertainties (< 3 per cent) are small for a_ com-
pared to the ones listed in Tables XXIX, XXX and XXXI, and may be compara-

ble to the uncertainties in T.

When one attempts to compare this data with other experiments, sev-
eral problems develop. First, most of the data available are found from (n,n'")
experiments (84, 85) or by counting resonances from thermal neutron capture
experiments (86). In the first case, the residual nucleus is the target nucleus,
and in the second case, the residual nucleus is the target nucleus plus one
neutron. In (y,n) experiments, the residual nucleus is the target nucleus
minus one neutron. If one ignores the problem introduced by the different
residual nuclei reached by the reactions (and 6p was introduced to eliminate
this problem), this (y, n) work can be compared with the results of the (n,n')
experiments and the neutron capture experiments. Secondly, different experi-
menters use different approximations for the inverse capture cross section.

Finally the forms used for the level of the residual nucleus vary considerak.y.

In the case of slow neutron rescnance data, the average spacing be-
tween levels is used to determine the level density, and thus 9 does not enter
into the calculation. Erba et al (86) have used formula 91 with m = 2 to cal-
culate a, from these average level spacings. His results are listed in Table
XXXII along wi.h the values of a, for this experiment taken from Table XXX.
The data were taken from Table XXX because the direct component was not
removed from the neutron spectrum before calculating the level density para-
meters listed in Table XXIX, and the level densities listed in Table XXXI vary
too widely in the rare earth region, where the angular distribution of the direct
spectrum is small. In general the present values of a, are lower than those

207
listed by Erba near Pb 0 , and comparable elsewhere.

The values of T and a, measured in (n, n') experiments by Buccino et
al (84) and D. B. Thomson (85) are listed in Table XXXIII. Data having an E0
close to the values used in this experiment were chosen whenever possible.

Buccino et al uses the GC calculated in ref 61, as was done in this thesis (ex-

*Also: N-a /ao) :%AK,;' Af =~ &K, where f is the direct fraction defined in the
next section.
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Table XXXII
Level Density Parameters: Comparison With

Thermal Neutron Capture Experiments

Element E (n,y)* a E (Y’n)**a
o 2 o 2
Bi 6.6 12.7
Bi 4.6 10.8 5.6 10.3
pb°08 5.8 6.3
Pb208 3.9 11.2 4.8 8.1
szo'7 5.7 8.7
Pb207 4.7 5.8
pb20° 6.7 10.5 5.2 6.7
Pb206 4.2 5.4
Tl 6.6 14.7 6.0 7.3
Hg 7.1 21.1 5.2 12.5
Hg 4.2 11.8
Au 6.5 19.1 5.9 17.0
Au 4.9 17.9
W 6.7 24,7 6.1 21.1
Ta 6.1 22.1 6.4 25.5
Ta 5.4 24.4
Er 5.8 19.2
Ho 6.4 20.2 6.3 21.9
Sm 8.0 21.8 5.1 13.7
Pr 5.8 16.6 5.0 15.8
La 5.0 15.6 5.6 12.2
I 6.7 17.9 5.2 147
Sn 8.0 18.5 4.0 14.1
In 6.6 18.2 5.4 15.8

*Erba et al (86), Residual Nucleus A +1

**This experiment, Residual Nucleus A -1
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Table XXXIII

Level Density Parameters: Comparison With (n, n') Experiments

sk

(n,n")* (n,n" (v, n)

Element Eo a, T E0 a, T EO a,

Bi 6.5 13.3 0.84 7.0 8.5 1.05 6.6 13.6 0
Bi 6.0 13.3 0.76 5.0 13.4 0.68 5.6 11.5 0
pp208 5.8 7.7 1
pp~08 4.8 9.8 0
pp207 6.0 11,7 ¢€.71 7.0 9.9  0.92 5.7 10.3 0
pp207 5.0 11.7 0.76 4.7 8.1 1
Pb206 5.2 8.4 1
pp20° 4.2 8.3 1
T1 6.0 10.2 0.77 6.0 12.1 0.80 6.0 8.3 1
Hg 5.0 13.9 0.62 5.2 13.7 0
Hg 40 13,9 0.6l 4.2 135 0
Au 6.0 16.6 0.62 7.0 21.9 0.60 59 18.0 0
Au 5.0 16,6 0.58 4.0 21.2 0.47 4.9 19.1 0
W 6.0 17.9 0.55 7.0 24.5 0.50 6.1 22.1 0
Ta 6.5 17.6 0.64 7.0 27.0 0.52 6.4 26.3 0
Ta 50 17.6 0.53 54 254 0
Er 6.0 13.0 0.64 . 58 20.2 0
Ho 6.3 22.8 0
Sm 5.1 15.0 0
Pr 5.0 15.8 0.69 5.0 17.1 0
La 6.0 12.3 0.7l 5.0 13.6 0.69 5.6 13.4 0
I 4,0 23,6 0.41 52 159 0
Sn 40 145 0
In 5.0 21,7 0.48 54 16.9 0

.81
.85
.20
.94
.97
.23
.14
.25
.13
.74
.72
.66
.61
.60
.54
.54
.62
.60
.73
.66
17
.68
.66
.67

* . ek deokk . )
Buccino et at (84) Thomson (85) This Experiment (adjusted.

239



20
cept for Pb 8 and Bi, for which o was taken from ref 62). Thomson used

C

a constant for his values of o Thus differences in the results are to be ex-
pected. Both Buccino et al and Thomson analyzed their data using the level
density formula (90). The values of T for the present data taken from Table
XXX are listed in Table XXXIII and can be directly compared with the values
c. T obtained by Buccino et al and Thomson. In general the values of T from
this experiment are larger than the results obtained by Buccino et al or Thom -
son for elements with masses near Pb207 and T1, and are comparable else-
where.

Since the nuclear temperatures are functions of the excitation energy
of the residual nucleus, which is different for each set of data in Table XXXIII,
it may be more meaningful to compare the level density parameters which
should be independent of the excitation energy. Before comparing the values
of a, from this experiment with the values obtained by Buccino and Thomson,
the three sets of data must be reduced to the same form. Specifically Buccino
and Thomson have used w(U) a U_zez@ for the level density, while the form
w(U) a (U+t) _Zem was used for this thesis. Therefore the present values of
a, are smaller than the values given by Buccino et al and Thomson. The
values of a, found in this thesis can be adjusted to their formalism with the

use of equation 89. Solving for a,, one finds

T 4

4
a, = = = (102)
2 TZ T U
for w(U) a U—Ze2 aU, and
U 4U 4U ,
al = (103)
+ — 2
2 TZ T(U + T) (T +T)
for w(U) @ (U + T) -Ze aU, where t has been approximated by T. Then
a, = aé + Aa (104)
where
Aa =_§+éZ_l_J+T _T and Aa is evaluated for U =E -6 - 2T.
T T|(U+T||lUu+T o p

(2T is the average energy of an emitted neutron.) The corrected values of

a,, calculated from equation 104 for this experiment are tabulated in
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Table XXXIII along with the values of Buccino et al and Thomson. The adjus -
ted values of a, agree well with the values of Thomson, except for tin, where

Trhomson's values are larger. The adjusted values of a. from this experiment

2
are larger than the values found by Buccino et al in the region of the deformed

nuclei.

When one tries to compare this experiment with other (Y, n) experi-
ments (72,73, 87, 88) where neutron energy spectra have been measured, one

finds that the level density formulas used are generally of the form

AN —En/T 105
ae_ ¢ €
n
or .
4N a exp[3.35(A —40)1/2U]l/2 (106)

d
n

The values of T derived from the present experiment can be compared with
other (y, n) data, although T is dependent on the excitation energy. Most ex-
perimenters employ a bremsstrahlung spectrum, which results in an Eo of
about Emax - Eth where Emax is the photon energy of the peak of the (v, n)
cross section. Therefore Emax - Eth is nearly equal to the present maxi-
mum excitation energy, EO,(14 - Eth). Table XXXIV lists T from several
experiments including this one. The values of T listed for the present data
are taken from Table XXIX since other (y, n) data are not generally corrected
for tne direct component. The values obtained vary widely, being generally

lower than the present data.

The Livermore group (5, 6, 7) measured (y,n) and (y, 2n) cross sections
using monochromatic photons from in-flight annihilation of positrons. They
derive the level densities from the (y, 2n)/[(y, n) + (y, 2n)] branching ratio (43).
They use the form emfor the level density, and as a result their data can
not be directly compared with the present data. However using equation 91 and

solving for a 2

2m m
- cm . m_ 1
am + T + G (107)

HN| al

When m = 2 and m = 0 are substituted into equation 107, it yields
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Table XXXIV

Nuclear Temperatures for Pb and Bi from (y, n) Experiments

Element E T o] Reference
ymax C
Pb 15 1.31%t 0.02 Auerbach, Moore (62) This Experiment
70 1.0to0.2 1.0 Dixon (89)
32.5 0.6 1.0 Breuer (90;
23 1.35 Tﬂ(ﬂ = 0, from (43) ) Toms (73)
18.9 1.1 1.0 Zatsepina (71)
16 0.98 1 0.04 1.0 Glazumov (14)
Bi 15 0.93 1 0.04 Auerbach, Moore (62) This Experiment
16 0.84 T 0.04 1.0 Glazunov (14)
14.1 0.72™* 1.0 Kuchnir (69)
P4 2 SRk .
“"Pb 08 *Monochromatic gammas.
Table XXXV

Nuclear Level Density Parameter from Livermore Data™

Element a_ U a, a, (This Experiment)
Bi 10.2 6.1 11.7 13.6
Pb208 9.6 6.5 . 11.0 7.7
Pb207 13.5 8.2 14.9 10.3
pp20° 6.6 5.9 7.8 8.4
Au 17.1 7.0 18.8 18.0
Ta 15.7 7.0 17.3 26.3
Ho 22.0 7.0 23.9 22.8

&
Refs 5, 6, and 7.
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a
i
__O+é

T i (108)

a

= a +4
o

where U is given by E_ - 6p - E_n’ and En is the average neutron energy in
the energy region used for determination of the nuclear temperature. En = 2T,
where the values of T found in this experiment have been used. Thus one can

convert the ao found in refs 5,6 and 7 to az. These results are shown in

Table XXXV, and the adjusted values of a, from this experiment are also lis-

ted in the table. The Bi, Pb206, Au, and Ho values for a

2
. 2 2
well, but the Livermore data for Pb 08 and Pb 07 are larger than the present

agree reasonably

results, while their results for Ta are appreciably srnaller. They used a
value of 13.6 MeV for the (y, 2n) threshold of Ta. The latest mass data com -
pilation (70) lists 14.4 MeV. This may explain their low value of a, for Ta.

The shell effects which are so evident in the data have been investigated
by many authors. The level densities are estimated from the shell model
levels in the treatment of Newton (91) and later Lang (83). They find

3/2

a =m%+@+nA (109)

2
where A is the atomic mass, j-n and j_Z are the effective values of the neutron
and proton angular momentum taking some account of the deformation of non-
magic nuclei and the overlapping of subshells. They used the sequence of j
values proposed by Klinkenburg (92). Newton found K = 0,06, and Lang found
K =0.075.

The adjusted values of a, from Table XXXIII and some representative
values of a, from an (n,n') experiment (Buccino et al) are shown in Fig. 103,
The curve was calculated from equation 109 for the isotopes reached by a
(v, n) reaction. As was explained in section H, the evaporation curve for tin
did not fit the difference data well, probably due it S(En) being a poor approxi-
mation. a, was recalculated at lower neutron energies and found to be 14.5
(see section H). This value, a, = 14.5 for tin was plotted in Fig. 103. In
this experiment the multi-isotopic elements in general are found to have lower
values of a, than nearby monoisotopic targets. This would appear to indicate
that the attempts to average out the effects of differing thresholds was not to-

tally successful.
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The constant used for the curve in Fig. 103 (K = 0.0748) was taken
from Lang (83). Thomson found a value of K = 0.102. If the adjusted values

cf a, are used (ie, those listed in Table XXXIII), a value of K = 0.067 is ob-

tained for the present data.

J Direct Fraction

The fraction of resonance direct neutrons, f, is defined by the equa-

E
tion max AN(E)
320 AR cEnon(E0 E) AE
f = Emax _ (110)
z AN(E) AE
0 AE

where the factors in the equation have been previously defined. The lower
value of the sum was chosen to be 3.0 MeV because the evaporation spectra
dominated below this energy and the statistical errors on the direct spectrum
become very large. Therefore the sum is cut off at 3.0 MeV and f represents
a lower limit on the direct fraction. The contribution to f of directly emitted
neutrons with energies less than 3.0 MeV is expected to be small. For ex-
ample, this contribution is zero using the shape of the resonance direct
spectrum S(En) calculated for the assumptions of the thesis for the distribu-
tion of discrete hole states in the residual nucleus (see section A of this
Chapter). And it is estimated to be less than 10 per cent of f if S(En) was
calculated assuming that the hole states are uniformly distributed in the

residual nucleus (see section D).

The values of f from the two different methods of analyzing the data
(see Chapter IV, section D), are listed in Table XXXVI. They are also
shown in Fig. 104. The direct fraction is about 14 per cent and approximately
constant with A, for the data calculated using the first method (ie, estimating
the direct component theoretically). Using the second method (ie, estimating
the direct fraction from the neutron angular distribution), f is about 13 per
cent, and again approximately constant with A. However with Method II, there

2
appears to be a pronounced peak in f at Pb 08. This peak is not so clearly
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defined using the first method. The errors listed in the table include the
statistical uncertainties and the uncertainty due to the errors in the level
density parameters used to calculate p(EO - E) in equation 110. An additional
uncertainty in f due to errors in the subtraction procedure used to find the
difference spectrum is also included. As was mentioned in the previous sec-

tion, this is about 6 per cent.

As can be seen from Table XXXVI, the direct fraction f depends on the

maximum neutron energy E In order to compare f's from different ele-

ments, one would prefer th;:Tt?: neutron endpoints were constant with A.
Therefore the data plotted in Fig. 104 is the direct fraction chosen so that
the neutron endpoint is as near a constant as possible. That is, the 15 to
14 MeV difference data was chosen for isotopes with high (y, n) thresholds,
and the 14 to 13 MeV difference data was chosen for isotopes with low (y,n)

thresholds.

The direct fraction was calculated from equations 69 and 74 which are

used to calculate the direct spectrum, S(En). These equations reduce to

o Taefy
f = =+ (111)
> £ I-\a rafﬂ
Tﬂﬁ K

where raﬂ = “oMR 18 the width for particle emission

f, = relative transition strength

[

I"a = 2W is the width for particle absorption

KZ = k2 + KZ is the wave number of the nucleon in the nucleus. The results

o
are listed in Table XXXVII. The third column lists the values of f derived

using the assumption of discrete hole states ir the residual nucleus, which
tends to underestimate S(En) at low neutron energy, while the fourth column
lists the values of f derived using the assumption of a continuous spectrum of
hole states in the residual nucleus which may overestimate S(En) at low neu-
tron energies since the hole states may cluster at low excitation energy. In
the cases where both f's have been calculated, it can be seen that the second
assumption yields smaller f's. This is because the T,'s decrease with de-

£
1 1
creasing neutron energies. The calculated values of f are—3to 10 of the ex-

perimental values. _
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Element

B1

Bi

1:‘bZOS

208
Pb

207
Pbo

207
Pb0

1:‘}3206

6
szo
Tl

Hg

Table XXXVI

Fraction of Direct Neutrons: Experimental Values

(v, n) o . Method+lAf . Method II+Af
threshold nmax - . -
7.4 8.0 0.21 0.015 0.17 0.02
" 7.0 0.13 0.01 0.12 0.01
7.4 8.0 0.18 0.01 0.15 0.01
" 7.0 0.15 0.01 0.21 0.015
6.7 8.7 0.21 0.015 0.17 0.02
" 7.7 0.09 0.01 0.12 0.01
8.1 7.3 0.14 0.01 0.19 0.015
" 6.3 0.08 0.01 0.13 0.01
7.6 7.8 0.10 0.01 0.11 0.01
7.7 7.7 0.18 0.015 0.14 0.015
" 6.9 0.13 0.01 0.11 0.01
8.1 7.3 0.15 0.015 0.14 0.02
" 6.3 0.11 0.01 0.08 0.015
7.5 7.9 0.13 0.01 0.13 0.04
7.7 7.7 0.14 0.015 0.15 0.045
" 6.7 0.10 0.01 0.08 0.025
7.9 7.5 0.11 0.01 0.07 0.02
8.1 7.3 0.19 0.015 0.13 0.02
8.0 7.4 0.12 0.01 0.09 0.015
9.4 6.0 0.12 0.01 0.08 0.01
8.8 6.6 0.15 0.01 0.15 0.01
9.2 6.2 0.15 0.01 0.14 0.015
9.2 6.2 0.17 0.01 0.12 0.015
9.0 6.4 0.16 0.015 0.14 0.015
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Table XXXVII

Fraction of Direct Neutrons: Calculated Values

Element E Direct Fraction, f

o Discrete Continuum of
hole states hole states
Bi 6.6 0.037
Bi 5.6 0.028
Pb208 5.8 0.037
Pb208 4.8 0.027
Pb207 5.7 0.637
pb>0" 4.7 0.026
Pb206 5.2 0.039
Pb206 4.2 0.030
T1 6.0 0.035
Hg 5.2 0.028
Hg 4.2 0.019
Au 5.9 0.028 0.019
Au 4.9 0.014
W 6.1 0.039
Ta 6.4 0.034
Ta 5.4 0.024
Er 5.8 0.043
Ho 6.3 0.038
Sm 5.1 0.039
Pr 5.0 0.039
La 5.6 0.044
I 5.2 0.029
Sn 4.0 0.032
In 5.4 0.028
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The validity of the calculated direct fraction, f, depends on the relia-
bility of the three terms in equation 110, r&g’ fg’ and ra' The estimate of
the width for particle emission, raﬁ’ depends on the number of single parti-
cle levels in the energy region of the excited nucleus. (43) Although the for-
mula given is for a finite square well, a count of the number of experimental
single particle levels in this energy region agrees quite well with the square
well value. The Tj's were calculated for a realistic potential, Saxon-Wood,
with a spin orbit term (valid only for spherical nuclei, however). The width
for particle absorption, Fa’ was estimated by allowing the escaping neutron
to interact with the residual nucleus, through the potential V = U + iW. Then
the partic*le absorption width is given by 2W. W was taken to be 2.5+0.4 En
MeV (63). Although other values of W have been used in the literature,

(W = 2.1, En = 0, Feshbach, Porter and Weisskopf (93), and W = 3.4 MeV,

E“ = 0, Seth et al (94), for example) these values fit a wide renge of experi-
mental data (Lane and Wandel (63) ). Finally referring to Table XIII, one

can see that the fﬂ's for a square well (Wilkinson), which were the values

used in the calculations listed in Table XXXVII, may differ by a factor of two
from the values calculated for the more realistic Saxon-Wood potential, inclu-
ding particle jhole interactions, (Pal et al (65) ). However the fﬂ's for tran-
sitions with small £ values, which are the ones that contribute the bulk of the
direct fraction are greatly reduced by going to a more realistic potential,

while the high { values, which contribute little, are changed only a small

amount.

The large discrepancy between theory and experiment forces a re-
examination of the simple model used for the calculations. It was assumed
in section E of Chapter IV, that if a particle did not escape before interacting
with the nucleus, it damped directly into the compound nucleus. This is pro-
bably an unrealistec assumption. One method in which a given particle -hole
state could interact with the nucleus is to transfer all of its excitation energy
directly to another particle-hole state through a two-body interaction. The
resulting particle emission would be indistinguishable from "direct emission'.

In this manner the oscillator strength of particle-hole pairs that do not contri-
*W was reduced by a factor of 1.85 for Bi and by 1.27 for szo8 (see section E,
Chapter IV).
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bute to the direct emission, such as proton particle -hole pairs with large {

. -3
values for the emitted neutrons (T2< 10 ), could be transferred to neutron
particle -hole pairs that contribute more strongly to the direct spectrum; that

15, pairs with small { values (T}Qz 0.3) for the emitted neutrons.

The results of such a transfer of oscillator strength were estimated
qualitatively by assuming that the strength for all of the proton transitions and
the neutron transitions leading to directly emitted neutrons with £'s of 6 and
7 (for N = 126) or 5* and 6 (for N = 82) were transferred to the remaining
neutron transitions. These strengths were arbitrarily divided among the
remaining neutron transitions in proportion to their original strengths. The
results are listed in Table XXXVIII. Column one lists the ratio of the calculated
direct spectrum, integrated from 3.0 MeV to the neutron endpoint, to the ex-
perimental value (Method I). The second column lists the fraction of the total
neutron strength exhausted by the £ = 6 and £ = 7 (or £ = 5 and 6) transitions.

If the nucleus does not have a closed neutron shell, transitions from the next
lower shell are possible. These transitions do not contribute strongly to the
direct spectrum since the residual states typically lie 5 to 10 MeV above the
ground state. The strengths from these transitions have also been redistri-
buted, as described above, and are included in the fraction listed in column
two. The proton transitions account for 43 per cent of the total strength for
both the N = 126 and N = 82 shells. These have also been redistributed in the
manner described above. The third column lists the ratio of the calculated to
experimental direct spectrum corrected for the redistributed strengths. It is
equal to the first column divided by 100 per cent minus the neutron strength to
be redistributed (column two) and then divided by 100 per cent minus the pro-

ton strength (43 per cent).

It is immediately evident that the direct fractions calculated using a
continuous spectrum of residual states, Hg, Au, W, Ta, Er, Ho, Sm, and I,
are still too low. According to Table XXXVII, the calculated direct fraction

for Au is about 50 per cent smaller if a continuous spectrum of residual states
*T 2 10"%, hence redistributing all of the £ = 5 strength will tend to overes -

3

timate the direct fraction. This is seen in La,I,Sn and In, where the calcula-
ted value is larger than the average (see Table XXXVIII).
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Table XXXVIII

Fraction of Direct Neutrons: Comparison of Theory and Experiment

Eiement E_ %;,L gignhsfrﬁ‘g‘;hs %%‘:‘% Mult. by 1.45
(per cent) corrected

B1 6.6 0.095 63 0.87

B: 5.6 0.115 63 1.07

Pb'208 5.8 0.160 65 1.03

Pb208 4.8 0.140 65 0.89

szo'7 5.7 0.140 67 0.94

szo‘7 4.7 0.22 67 1.46

Pb206 5.2 0.31 63 1.30

Pb206 4.2 0.37 63 1.75

T1 6.0 0.35 63 1.43

Hg 5.2 0.155 70 0.91 1.30
Hg 4.2 0.145 70 0.84 1.21
Au 5.9 0.125 74 0.84 1.21
Au 4.9 0.13 74 0.88 1.27
W 6.1 0.30 50 1.05 1.51
Ta 6.4 0.24 50 0.84 1.21
Ta 5.4 0.24 50 0.84 1.21
Er 5.8 0.39 32 1.00 1.45
Ho 6.3 0.26 32 0.53 0.76
Sm 5.1 0.33 40 0.77 1.11
Pr 5.0 0.24 64 1.17

La 5.6 0.29 64 1.42

I 5.2 0.195 67 1.04 1.50
Sn 4.0 0.19 75 1.32

In 5.4 0.175 80 1.54
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1s used, than if a discrete spectrum of residual states is used. Therefore
the direct fractions calculated using the continuous spectrum were arbi-
trarily increased by a factor of 1.45 (which equalizes the two gold calcula-
tions). The results are listed in the last column of Table XXXVIII. Notice
that now the values for Hg and Au are consistent with those for T1 and Pb206,
and I is consistent with Lia and Sn. This consistency in the best justification
for the factor 1.45. The average value of the ratio of theory to experiment
1s now 1.25, with a maximum deviation of only 40 per cent, from this aver-
age.

These results indicate that the simple model proposed by Wilkinson
1s inadequate. Instead one may have to take into account the particle -hole
interactions, not only in calculating the resonance energy, but also in cal-
culating the direct particle emission. Furthermore, the rough estimates
made above indicate that most of the oscillator strengths residing in transi-
1jons with small escape widths must be transferred to the transitions with the
Jarger escape widths. Unfortunately this also casts some doubts on the validi-
ty of the calculated shapes for S(En). The transferred strengths have been
arbitrarily distributed among the remaining neutron transitions in proportion
to their original strengths. That is, the magnitude of S(En) has been increased
but its shape has not been altered. Actually the coupling will be strongest
between particle -hole states with the same number of radial nodes, and a min-
imal change in £-value. Thus the final distribution of strengths will not neces-
sarily be the same as those given by Wilkinson. Therefore, the direct spectrum
shapes, S(En), may change. However the experimental data plotted in Figs.
17 to 20, 30 to 31, 38 to 40, 50 to 53, 66 to 71, 85, 86, 92, 96, and 100 show
that S(E ) cannot be altered too drastically. A detailed calculation for the

case of Pb208 is now being undertaken by L. Peterson of the MIT Theoretical

Physics Group.

Measurements of f by other experimenters are difficult to compare
with the data in this thesis, because they have generally used bremsstrahlung

spectra, and have not separated the direct and evaporation components in a

similar manner. Usually a neutron spectrum is measured, and evaporation
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d
spectrum of the form% a En exp[3.35(A —40)1/2'U]l/2 is subtracted, and
n

the result called the direct spectrum. Another method involves fitting the

curve%%]- a Ene n' T to the data, determining a value of T by the fit at low
neutron errllergies and subtracting this curve from the data. Both cases result
in many resonance direct neutrons being included in the evaporation curve,

as pointed out by Wilkinson (30). Also these results are taken for widely

varying endpoints, which likewise invalidates comparison.

An example of such an experiment is the measurements of Zatsepina
et al (71). They used a 19 MeV bremsstrahlung spectrum and nuclear emul-

sions, with Bi, Au and Ta as the targets. An evaporation spectrum of the

form 2—1];] a Enexp[3.35 (A —40)1/2U]1/2 was normalized to the low energy
data and subtracted. The experimental direct fractions were thus found to be
Bi = 14 per cent
Au = 11 per cent
Ta = 17 per cent

These results agree quite well with the present data. Zatsepina et al also
calculated the direct fraction using Wilkinson's model. They found that the
shapes agreed reasonably well, and that the theoretical values were 3 to 4
times smaller than the experimental values. However they used the trans-
mission coefficients for a black nucleus listed by Blatt and Weisskopf (43).
These transmission coefficients are larger than the values obtained for the
more realistic Saxon-Wood potential used in this work. Thus their ratio of
theory to experiment could reasonably be reduced, to obtain better agreement

with the ratio of 0.1 found in this work.

Kuchnir et al (69) have measured the photoneutron energy spectra
from bismuth using monochromatic gamma rays. This experiment is directly
comparable to the present one, but unfortunately is still in the process of analy-
sis at this writing. Preliminary results indicate the direct fraction from
14.0 MeV gammas would be comparable to the present data if the same S(En)

were used in the analysis.
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K Angular Distribution

The angular distribution of the photoneutrons from a 15 MeV bremsstrah-
lung beam, for each of the 17 targets used, are shown in Figs. 105a and 105b.
The curves are solid lines drawn by eye through the experimental points (not
shown). Each curve is a plot of - aZ/a0 vs En’ where the angular distribution

is given by W(O) = a, + aZPZ(e). The anisotropy at high neutron energies is a
. . 208
maximum for Pb (- az/a0 = 0.7). It is 0.6 to 0.7 for bismuth through thal-

.ium, and decreases to 0.5 for mercury, and 0.4 for gold. In the region of
the deformed nuclei, the maximum anisotropy at high neutron energies is
much smaller, about 0.2 to 0.3. For La and Pr - az/ao increases to 0.6, then
decreases again to 0.3 to 0.4 for I, Sn and In. Notice the strong shell effects
with 2 maximum anisotropy of 0.6 to 0.7 near the doubly magic Pb208, and at
the neutron closed shell at Pr and La. The nuclei between the closed shells

have much smaller anisotropies, about 0.2 to 0. 3.

As has been noted in previous sections of this chapter,' the angular
distribution depends strongly on the interference terms in equations 12 and
13 of Chapter I. However a qualitative explanation of the behavior of the
anisotropy with increasing mass number can be obtained with the use of equa-
tion 11, Chapter I. * Referring to the level diagram shown in Table XXII, it
can be seen that in In and Sn the 2d5/2, g7/2 and h“/2 subshells are filling.
Considering only n{ — nf+1 transitions, - az/ao = 0.31 to 0.4 for these le\ln/elzs.
The marked increase in anisotropy at N = 82 is presumably due to the 3s -
3p3/2 and 2d3/2—- f5/2 transitions whici’lr;zlllav:;rslues olf3/-2az/a of 1.0 and
0.4 respectively. Above N =82, the 2f * , h and i

2
subshells begin

to fill. nf — nf+1 transitions from these levels yield - az/a.o = 0,30 to 0.36,
For n{ — nf -1 transitions, - aZ/a0 = 0.14 to 0.18. The former are suppressed
by low transmission coefficients for high angular momentum neutrons, and

the latter are suppressed by smaller relative transition strengths. Which
transitions are dominant could be decided only by exact numerical calculations.
However, the values listed do bracket the experimental values of 0.15 for W

2 .
and 0.3 for Ho. At gold the 3p3/2 subshell is filled, and the ZfS/ subshell is
“This qualitative agreement was first pointed out by Baker and McNeil (95).
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beginning to be filled in the mercury isotopes. These levels have a - az/a

of 0.5 and 0.4 for n{ — nf+1 transitions. Near the doubly magic sz , the
3p1/2 and 2f5/2 subshells have been filled. However equation 1l predicts a
maximum -aZ/ao of 0.5 for the possible dipole transitions from the N = 126
closed shell. The experimental data reaches a maximum - aZ/ao of 0.7,

This can be explained only by the interference terms given in equations 12
and 13. Heiss (46) has calculated - az/a0 VS Erl for Bi and La employing a
Saxon-Wood potential, and including the interference terms. His results are

listed in Tables XVI and XXIII Good agreement with the present data is

obtained.

The photoneutron spectra measured in this experiment have been
separated into two components: the evaporation component and the resonance
direct component as explained in Chapter IV section D. The angular distri-
bution of the resonance direct component for all 17 targets is listed in Table
XXXIX. These values were calculated by averaging the direct spectrum for
each counter over the energy region where the direct spectrum dominates
(about 4.0 MeV to the neutron endpoint). The direct spectrum angular dis-
tribution is given for both methods of determining the direct spectrum as
described in Chapter IV. (The level density of the residual nucleus was as-
sumed to be w(U) a (U + t) -3/2em.

density formula used.) The values of -az/ao for the first method of deter-

- azla0 is not sensitive to the level

mining the direct spectrum (calculating the shape of S(En) )} are plotted in
Fig.106. The graph shows -az/ao vs A, the atomic mass. The other data
shown in the figure are measurements of - aZ/aO made with threshold detec-
tors (25,95, 89). The threshold detector results are generally smaller than

the present results. This is probably due to the fact that the isotropic com-
ponent has not been removed from the threshold detector data. Also the brems-
strahlung endpoints used are higher, which means that the high { transitions,
which have lower values of - aZ/ao, will have much larger transmission co-
efficients. While there has been a considerable amount of work carried out

in this field, the results of different workers are not in agreement. This dis-

agreement may be attributed largely to an ill-defined detector threshold, varia-
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Table XXXIX

Angular Distribution of Direct Component

Method I Method II
Element E -az/ao AaZ/a0 - azlao AaZ/ao
Bi 6.6 0.65 0.03 0.67 0.03
Bi 5.6 0.64 0.02  0.67 0.03
pp208 5.8 0.73 0.02 0.74 0.03
pp208 4.8 0.62 0.02 0.57 0.02
pp207 5.7 0.61 0.03 0.63 0.05
pp07 4.7 0.72 0.02 0.70 0.05
pp200 5.2 0.64 0.02 0.59 0.02
pp20° 4.2 0.67 0.02 0.63 0.05
Tl 6.0 0.73 0.05 0.69 0.07
Hg 5.2 0.61 0.03 0.63 0.03
Hg 4.2 0.58 0.02 0.57 0.02
Au 5.9 0.45 0.03 0.44 0.03
Au 4.9 0.38 0.03 0.37 0.03
" 6.1 0.13 0.02 0.12 0.02
Ta 6.4 0.14 0.03 0.14 0.03
Ta 5.4 0.16 0.02 0.15 0.02
Er 5.8 0.22 0.02 0.22 0.02
Ho 6.3 0.38 0.02 0.38 0.02
Sm 5.1 0.32 0.02 0.33 0.03
Pr 5.0 0.66 0.03 0.72 0.06
La 5.6 0.69 0.03 0.67 0.02
I 5.2 0.39 0.02 0.41 0.03
Sn 4.0 0.39 0.02 0.39 0.02
In 5.4 0.32 0.02 0.35 0.03
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tions in spectral sensitivity of the various detectors used, and variation in
bremsstrahlung endpoint. Many of these results are listed in Table XL. For
each entry, the method used in detection of the direct (fast) photoneutrons,
the maximum photon energy of the bremsstrahlung spectrum, an estimate of
the detector threshold, and the formula used to analyze the data are listed.
The angular distributions have been recalculated, and are listed in terms of

the formula W(0O)= ao + alPl(cos O) + azPa(cos Q).

L. Summary

| 2 2 2
The photoneutron energy spectra for 17 targets, Bi, Pb 08, Pb 07, Pb 0¢

T1,Hg,Au,W, Ta, Er,Ho,Sm, Pr, La,I,Sn, and In, were measured at 1560, 760,
and 24° to the photon beam using bremsstrahlung endpoints of 15, 14, and, in
some cases, 13 MeV. Subtracting the 14 MeV (or 13 MeV) data (properly
normalized) from the 15 MeV (or 14 MeV) data yielded neutron spectra gen-
erated by an equivalent photon spectrum peaked at 14 MeV (or 13.2 MeV)

with a FWHM of 2 MeV.

The angular distributions of these spectra were assumed to have the
form W(Q) = a, + alPl(cos o) + aZPZ(COS ©). The ratio of photoneutron spec-
tra at 24° to those at 1560, which determines a, is listed in Table X for each
target. (The data are from 15 MeV bremsstrahlung spectra, not photon dif-
ference spectra.) The data was summed from 1.0 to 3.0 MeV, and from
3.0 MeV to the neutron endpoint, because of the poor statistics. The ratio’
for the low energy bin was 0.93 to 1.05 with an average statistical error of
0.02, and 0.92 to 1.14 with an average statistical error of 0.08 for the high
energy bin. The possible systematic uncertainties in this ratio were inves-
tigated and it was found that the ratio could be corrected to unity for the low
energy bin by small changes in the counter thresholds (about 6 per cent),
small changes in the calculated correction for counting losses due to\coinci-
dences (about 7 per cent) and larger changes in the background (about 20 per
cent). In general the ratio. in the high energy bin was 1.0 t 0.08 after the low
energy bin had been corrected to unity. It was concluded that the unknown

systematic errors in this ratio were larger than the statistical uncertainties.
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ment O

Bi

Pb

Hg
Au

22
30
30
19
19
22
22
55
55
85
22
22
31
22
175
19
14
34

22
65
70
17
22
23
22
22
22
34
17.5

22

22
55

22

© OO

el oNeNoloNeoNoNelNolNolNoRNo oo

o O o

O OO0 O OO0 OO

6110,

4510
.37t0,
4510,
62%0.
36%0.
.38%10.
.32%0,
42to0.

48t0
4710,
.33t0.

.07

Table XL

Angular Distributions of Fast Photoneutrons

—az

40%0.04
.3110.05
38%0.05

0.57

12
3510 1

04
05
09
02
05
13
05
07
07
07
05
02

4810.

0.40

0510.05

1710 06

3610 04

0.13
51%10.07
42%0.03

.4010.20
30%0 02
.30%0.04

.3110.04

.30%0.12
.15%0.05

24%0.04

w(e)

= 1+a1P1 +a P
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Reference

Price (96) 1954
Ferrero (87) 1956

Zatsepina (72) 1957

Baker (95) 1961
"
Reinhardt(89) 1961
"

Anashkina (88) 1964
Wataghin (97) 1961
n

Emma (74) 1960

Tagliabue (98) 196!

Allum (99) 1964

Zatsepina (71) 1963
"

Allum (25) 1964

Geller (100) 1954
Johansson (101) 1955
Dixon (89) 1955
Asada(102) 1958
Price (96) 1954
Toms (73) 1957
Baker (95) 1960
1"

Tagliabue (98) 1961
Allum (25) 1964
Allum (99) 1964

Baker (95) 1961

Tagliabue (98) 1961
Reinhardt (103) 1962

Baker (95) 1960

272
E
al formula n Detector
(min)
0 14%0.09 1 3.5 Aln,p)
0.0510.02 5 3.5 Al(n,p)
0.12 5 5.5 Si(n,p)
0.0410.07 1 4 Emulsion
00 to.06 1 7 "
0.06%0.06 3 3 Al(n, p)
0.0510.03 3 5.5 Si(n,p)
0.18%0.04 3 5.5 Si(n,p)
0.1110.15 4 5.5 "
0.03%0.09 2 4.0 Emulsion
0.10t0. 04 5 3.0 Emulsion
- - 5 60 "
0.0 to0.08 1 4.0 Emulsion
0.0 10.06 1 55 Si(n,p)
-0.0110.03 3 4.5 Stilbene
1 5.5 Emulsion
1 3.5 "
0.20%0.03 3 6.0 Al(n,a)
1 ZnS
0.0 T0.03 1 5 ZnS
1 ZnS
0.0 t0.02 1 ZnS
0.0210.02 1 3 Al(n, p)
1 4 Emulsion
-0.004%0.05 3 3 Al(n, p)
0.0210.02 3 5.5 Si(n,p)
0.0 t0.06 1 5.5 Si(n,p)
0.22%0.03 3 6 Al(n, )
0.03%0.03 3 4.5 Stilbene
0 0410.03 3 5.5 Si(n,p)
1 5.5 Si(n, p)
0.1510.04 3 5.5 -Si(n, p)
-0.07%0.03 3 5,52 Si(n, p)
formula: 1) A+ Bsin © >
2y 1+ alPlcose + aszcos S)
3) 1+ :3.1P1 + aZP2
4) 1+ alP1 + aZP2 + a3P3
5) a+bsin © +ccosO



Table XL (Cont'd)

Ele- -a a formula En Detector Reference
ment o 2 1 (min)
Ta 22 0.2210.04 0.04%0.03 3 5.5 Si(n,p) Baker (95) 1961
22 0.19%T0.14 0.14%0.14 3 3.5 Al(n,p) "
34 0.20t0.02 0.i3%0.02 2 6.0 Al(n,a) Allum (25) 1964
65 0.37 --- 5 ZnS Johansson (101) 1955
Ho 55 0.26%0.05 0.14t0.04 3 5.5 Si(n,p) Reinhardt (103) 1962
Pr 22 0.19%0.07 1 5.5 Si(n,p) Tagliabue (98) 1961
55 0.3210.07 0.20%0.05 3 5.5 Si(n,p) Reinhardt (103) 1962
55 0.39%t0.12 0.13%0.20 4 5.5 " "
La 22 0.31%0.24 1 5.5 Si(n,p) Tagliabue (98) 1961
22 0.42%t0.04 0.02%0.03 3 5.5 Si(n,p) Baker (95) 1961
22 0.43T0.10 0.05%0.07 3 3.5 Al(n,p) "
55 0.30t0.04 0.16%0.03 3 5.5 Si(n,p) Reinhardt (103) 1962
55 0.37Y0.09 0.09%0.13 4 5.5 " "
I 22 0.04%0.06 --- 1 5.5 Si(n,p) Tagliabue (98) 1961
22 0.29t0.05 0.04%0.04 3 5.5 Si(n,p) Baker (95) 1961
Sn 70 0.07%0.11 —-- 1 ZnS Dixon (89) 1955
34 0.34%10.02 0.14%0.01 2 6.0 Al(n,a) Allum (25) 1964
In 28 0.31 - 1 1.0 Emulsion Anashkina (104) 1962

formula: 1) A+ B sinze

2) 1+ alcose+ azcosze

3) 1+ aIPI + aZPZ

4) 1+ alP1 + aZPZ + a3P3

5) at bsin26-+ ccos O
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Therefore, relying on the dominance of the dipole interaction, and previous
measurements of the fore-aft symmetry of low energy ( 10 MeV) photoneu-
trons from medium and heavy targets, a, was assumed to be zero and the
angular distributions were taken to be of the form W(©) = a, + aZPZ(cos 0).
The angular distributions of the photoneutrons from 15, 14, and 13 MeV
endpoint bremsstrahlung spectra are displayed graphically in sections A
through H. The three sets of data coincide for each element, therefore the
angular distribution of the photone‘utron difference spectra are similar to that

of the 15 MeV bremsstrahlung data.

The angular distribution of the photoneutrons is isotropic at low neu-
tron energies. As the direct spectrum becomes equal in value to the evapora-
tion component, the anisotropy is equal to one-half its maximum value. This
continues up to the neutron endpoint in the case of Bi, Pb208, Pb207, La,
and Pr. In other elements the anisotropy reaches a maximum value, and
then remains constant up the the neutron endpoint. (Some appear to decrease
above this point, but the statistical ﬁccuracy of these particular runs--Sm,

In, and Er--is not sufficient to determine the exact shape of the angular
distribution curve up to the maximum neutron energy.) The maximum ani-
sotropy shows marked shell effects. It is a maximum (about - aZ/an 0.7)
near the doubly closed shell at Pb208 and the closed neutron shell at Pr and
La. It has minima (0.15 to 0.3) between these two closed shells in the region
of deformed nuclei, and below the closed neutron shell of La and Pr. The
qualitative behavior of the anisotropy can be explained by considering the sub-
shells contributing to the direct emission. A more detailed estimate requires
a knowledge of the phases of the various partial waves which can interfere

with one another. In the two cases (Bi and La) where such a calculation has

been performed, there is excellent agreement with the experiment.

The neutron difference spectra are characterized by an isotropic evap-
oration component which dominates at low neutron energies, and an anisotropic
resonance direct component which dominates at high neutron energies. The

transition from one component to the other is quite abrupt, typically taking place
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in about 1 MeV. The photoneutron spectra were separated into these two
components using two distinct methods. In the first method the shape of the
resonance direct energy spectrum was calculated using a simplified model

of the giant resonance described in Chapter IV, section E. In the second
method, it was assumed that the evaporation component was isotropic and
that the resonance direct component had an anisotropy, independent of neutron
energy, given by the high energy limit of the angular distribution of the dif-
ference spectrum. Comparing the calculated direct spectra with the data,
the first method yields the best results using discrete hole states in the re-
sidual nucleus, when these levels are known. This is the case for the iso-
topes near Pb?'08 which is doubly magic (such as Bi, Pb207, Pb206 and T1),
and near La and Pr, which are magic in neutrons. This method also yields
good results using a continuous spectrum of hole states in the residual nuc-
leus, when both the proton and neutron shells are partly filled. This is the
case for Hg, Au and I. The direct spectrum for deformed nuclei, W, Ta,
Er, Ho, and Sm, was calculated using the assumption of a continuous distri-
bution of hole states. However this approximation fails to reproduce the ob-
served effects of the double giant resonance caused by the nuclear deformation.
In order to predict the resonance direct spectrum from deformed nuclei, the
relative transition strengths calculated for a deformed well and a better ap-
proximation to the distribution of hole states in the residual nucleus are re-
quired. Neither method gives good results for tin and indium because the
proton shell is magic, which invalidates the assumption of a continuous spec-
trum of hole states in the residual nuclei, while only a few of the discrete
levels are known, and these are complicated configurations of single particle
states. However calculations made using the few known levels indicate that
if the configurations of many more levels were known, the assumption of dis -

crete levels would probably work quite well.

The second method of calculating the direct spectrum yields results
that generally agree with those obtained from the first method in the case of
Bi, szos, Pb207, T1l, Hg, Au, La, Pr, I, Sn, and In. The anisotropy in

the deformed region is generally too small to allow this second method to be
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applied successfully. The direct spectrum of Pb'?'06 differs considerably for
the two methods. The direct spectra derived for both methods are displayed

graphically in sections A through H.

The fraction, f, of directly emitted neutrons was defined as the integral
of the direct component from 3.0 MeV to the neutron endpoint divided by the in-
tegral of the total photoneutron spectrum. The integral of the direct spectrum
was started at 3.0 MeV instead of zero MeV because of the great uncertainty
in the value of the experimental direct spectrum in the region where the
evaporation component is dominant. Therefore f is a lower limit on the
fraction of directly emitted neutrons. The contribution to f of directly emit-
ted neutrons with energies less than 3.0 MeV was estimated to be less than
10 per cent, using the theoretical direct spectrum, S(En). The experimental
values of f, listed in Table XXXVI, were about 14 per cent and approximately
constant with A, the mass number. The theoretical estimates of f, given in
Table XXXVII, were generally%to 11—0 of the experimental values. This indi-
cates that the simple Wilkinson model of the giant resonance is not adequate
to describe the directly emitted neutrons. The effect of particle-hole inter-
action was crudely estimated in section. J. The results are given in Table
XXXVIII. It was found that if all of the oscillator strength absorbed by the
proton particle-hole pairs, and the oscillator strength absorbed by the neutron
particle-hole pairs leading to the emission of neutrons with large £ values (£=6
or 7 for elements near szo8 and (¢ =5 or 6 for elements near Pr) were trans-
ferred to the remaining neutron particle-hole states, the ratio of theory to
experiment increased to 1.25 ¥ 0.5. Thus it seems that a calculation inclu-
ding particle-hole interactions may be adequate to explain the direct fraction.
Such calculations have already correctly predicted the giant resonance energy

(34, 35, 36,37, and 65).

The evaporation component is found in the first method by subtrac-
ting the direct spectrum (normalized to the number of neutrons above 4.0 MeV)
from the photoneutron difference spectrum. In the second method, the evapora-

tion component is the isotropic portion of the photoneutron difference spectrum.

The resulting experimental evaporation spectra were fit with the theoretical curves
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2Na, U

1
T Eeg T comst S (112)
n n C (U+T)
where m =—g— and 2, and
——dN 1 = const -En/T 113
dE_ E o : € (113)
n nC

using a least squares fit with a or T as the variable. The oc's are approx-
imated by optical model calculations of the ground state reaction cross sec-
tion (61, 62). The experimental evaporation spectra and the theoretical

curves fitted to the data are shown graphically in sections A through H.

After taking into account the possibility of neutrons from the (y,2n).
process and the effect of the negative tail in the photon difference spectrum,
all three formulas listed above were excellent fits to the data from 1.0 to 3
or 4 MeV. There are two exceptions to this statement: Ho and Sn. In the
case of Sn, the direct spectrum was apparently badly underestimated below
4.0 MeV neutron energy. If the data is fit over 1.0 to 2.0 MeV, instead of
1.0 to 3.0 MeV as is usuully the case, better agreement and a more reason-
able value of the level density parameter is achieved. In the case of Ho, a
drastic change in the shape of oo as a function of neutron energy would be
required to achieve good agreement between the experimental evaporation
spectrum and the theoretical curve. The values of O for Ho increase sharp-
ly with decreasing neutron energy. If O were a constant with neutron energy,
or even decreased with decreasing neutron energy, a better agreement between
theory and experiment would result. Since the optical model calculations were
performed for a spherically symmetric well, it is not surprising that the re-
sults do not agree with experiment for a given deformed nucleus. The excel-
!ent agreement between theory and experiment for the rest of the data was due,
to a large extent, to the energy variation of the oc's from the opztéc;al model
calculation. This is especially striking in the case of Bi and Pb~ , where
the o, energy variation cancelled out a broad peak in the neutron energy spec-

C
tra at 2.0 MeV.
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2
nuclear temperature, T, are listed in Table XXIX, where the data is un-

The values of the level density parameters, a_. and a3/2 and the

corrected for a direct component; in Table XXX, where the data is correc-
ted for the direct component by Method I; and in Table XXXI, where the data
is corrected for the direct component by Method II. The values of the level
density coefficients obtained generally agreed with those obtained from (n,n')
work, after corrections are made for the differences in level density for -
mula used. The experimental values of a, generally follow the predictions
of Newton (91) and Lang (83), who find that a, = K(j_z+j-p+ l)A2/3, based on
shell model calculations. K = 0.067 for the present data. This agreement
is enhanced by the use of the pairing energy correction to the excitation
energy which takes into account the binding energy differe‘;'lce between a
paired and an unpaired nucleon. The multi-isotopic targets in general yield
lower values.of a than nearby monoisotopic targets. This would appear to
indicate that the attempts to average out the effects of differing thresholds

was not totally successful.

The sum of the resonance direct spectrum and the evaporation spec-
trum represents the theoretical fit to experimental photoneutron difference
spectrum. Thus the data has been fit with the use of only two adjustable
parameters, a (or T), the level density parameter, and a normalizing
constant for the direct spectrum. These two components were sufficient
to explain the data in the case of nuclei near a closed neutron shell. In the
case of elements with partially filled shells, the agreement between theory
and experiment was poor at high energies where the directly emitted neutrons
dominate, because of the difficulties encountered in calculating the direct
spectrum. In some cases (specifically Au and I, where the residual nucleus
is odd-odd) excellent agreement was obtained by approximating the distribu-
tion of hole states in the residual nucleus by a continuum. The results from
tin suggest that if the position and configuration of the levels in the residual
nucleus were known, the neutron spectrum shape could be predicted by the
simple model used in the case of the closed shell nuclei, but not the magni-

tude.
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This model breaks down in the case of the deformed nuclei which have
structure in the giant resonance. This structure is the well -known splitting
of the giant resonance into a double peak, one below 13 MeV and the other at
15 to 16 MeV. This gross structure was observable with the 2 MeV wide
photon spectrum employed in this experiment. The monoisotopic deformed
nuclei, Ta and Ho, exhibit a peak in their respective photoneutron spectra
which apparently corresponds to the 12 MeV photon absorption peak in the
giant resonance. The 16 MeV peak is at too high an energy to be seen in
these experiments. Any fine structure that may exist in the giant resonance
of closed shell nuclei could not be observed since the giant resonance has a
width of less than 4.0 MeV near closed shell. If this type of experiment
were performed using many closely spaced endpoints, about 0.5 MeV apart,

such structure might be observable.
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Appendix I

Scattering Calculations

In order to perform the experiment to the desired statistical accuracy
in a reasonable time, a considerable amount of (y,n) target material was used.
The targets contained about ! mole and were 1 to 2 cm thick. In the heavy
elements this thickness corresponds to about % to% of a mean free path for
1 to 5 MeV neutrons. Therefore it is expecied that neutron scattering in the
target will have an appreciable effect on the measured angular distribution
and energy spectra. The angular distribution will be particularly affected,
since the tafgets were placed so that the neutron path length in the target
material was not the same for the 76° counter as for the detectors at 156°
and 24° (see Fig.2). Neutron scattering in targets having cylindrical sym -

metry with respect to the three counters had very little effect on the angular

distribution.

A Monte Carlo calculation would have required a prohibitive amount
of computor time, therefore the following simplified procedure* was used.
The (y, n) target was divided into several (25 to 100) cells of equal volume
and roughly cubical shape. Each cell was assigned a set of coordinates cor -
responding to its center, and a mass corresponding to its volume. The num-

ber of neutrons produced in cell i going in the direction OR is given by

aN,(E,.Op) oalE B, 00 b (B x_, e-a(xf +y2) -
ds; "p°p
where n, = number of atoms in mass m
GP(EY,En, R) = differential (y, n) cross section. Since the (y,n) cross
section as a function of Ey, En and R is not known, the
measured photoneutron spectra were used to estimate Op:
These spectra include the effects of the photon spectra.
e-po(EY)Koi = gamma ray attenuation in the target from the face of the

target to cell i. The gamma attenuation coefficients are

taken from the NBS tabulation (105). Xoi is the distance

*Developed by Dr. Stanley Kowalski of this laboratory.
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from the face of the target to the i cell along the z-

Sl

direction.
e = a factor to take into account the forward peaking of the
-2
beam. 6~ 0.032 cm  for this apparatus with an endpoint

of 15 MeV. X, and y; are the coordinates of the ith cell.

The neutron flux at the counter due to production alone is given by
dN©) _ 5 INi(O) -epxg
df2 i dQ

the neutron attenuation coefficient in the target material

(114)

where Py

b the distance from cell i to the face of the target nearest the

fi
detector

The neutron attenuation coefficient was calculated from the total cross sec-
tion for neutron scattering tables from ref 53. However since the scattering
calculation uses a limited number of points it does not treat the small angle
scattering correctly. Therefore the total cross section was reduced by sub-
tracting the forward scattering peak. The differential elastic cross section
(106) at large angles was fitted with a fourth order polynomial in cos ©, as
follows:

?—d;.; = éoai(cos 9)i (115)
In general this did not account for the large peak at small angles. The inte-

gral of this small angle peak was subtracted from the total cross section.

This procedure assumes that the number of neutrons scattered out of
the solid angle subtended by the counter at small angles is approximately
equal to the number scattered into this solid angle. For example, if the

small angle peak is approximated by

do - < A<
do _ <
0 0, 6 ax = © (116b)

then the scattering out along a path length R is given by

O'TR
)= N orR (117)

*The z-axis is along the beam axis; as usual, x and y are perpendicular to it.

Outscatt = No(l -e

271



whese N = 1h€ lluxX Ol leut.’'ons pe: Sste:radlaun per secona towards the counter
and Cp T the integrated small angle cross section
= 2 1 -
Orp wC( cos Gmax) (118)

The amount scattered in is given by

do(©)
d2

In this equation N is the flux of neutrons across a small volume dV at distance

dQdr (119)

Inscatt = [ N

r and angle © from the neutron production point at the origin. d is the solid
angle subtended by dV, and dr is its thickness.

2 .
i = dj; _r smzededd) (120)
r r

~opr )
N = Noe = No(l —oTr)~No (121)

where the neutron flux is assumed to be isotropic. Then

Inscatt = N '—g;(e) sin© dob d¢ dr (1223a)
emax R/cos©
= 2wNC sin© dO dr (122b)
0 0
1
- ZTTNCR lnas-e— (1220)
max
Therefore 1
In——1
cos O
Inscatt _ max (123)
Outscatt 1 -cosHO
max
2 3
x -1 lx-1 l{x-1
- L I 124
Inx + 21 x 31 x ( )
2 4
emax emax
- P - 125
1 cosema > Y +. .. ( )
4 2
1 1 2 emax/8 emax/
In cos O ) 2 emax/2 B 2 oo | F 2 (126)
- - - 2
max 1 emax/z 1 emaxlz 1 emax/
Therefore
Inscatt -~ 1 ~ T
= =~ 1,03 (@) = — (127)
’ 2
Outscatt 1 - e2 /2 max 1
max
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Thus if the forward peak is confined to small angles (10o to 200) the
amount of attenuation provided by it is negligible, and may be neglected.

This is the case for the heavy elements.

Finally the scattering from the jth cell is given by

S

_p x..
dNij _ dNi(eP) e D] GS(¢, E) (128)
aQ aQ 2 ™
is
dNi(eP) : th
wherer = the neutron flux in the direction eP of the j ~ cell, produced
in the it® cell
xij = the distance between the ith and jth cells
os(c,lx, En) = the differential elastic scattering cross section
n, = the number of atoms in the jth cell

The exponential gives the neutron attenuation from the ith to the jth cell, the
factor fo gives the solidtingletiubtended by the jth cell and tfl is the angle be-
tween the line from the i to j  cell and the line from the j  cell to the coun-
ter. The material from which the neutrons scatter may be the same or different

from that which produces the neutrons. This takes into account targets made

up of compounds (HoZO for example).

3
The scattered neutron flux is given by
S S, -p.X

dN dN7 n fl

—_ = > 1 12
0 z ; _J_dQ e (129)

i#j
where x_. = the distance from the jth cell to the face of the target nearest

fl
the detector

In addition an effort was made to estimate the inelastically-scattered
neutrons. The neutron flux incident on the jth cell was assumed to scatter
inelastically with an energy distribution given by

dNinel 'En/ T
a E e

dE n
n N

(130)

and with an isotropic angular distribution. The nuclear temperatures were

taken from ref 84. The number of inelastically-scattered neutrons is given by
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dNinel(Eno) _
ds2 ) -
dN.(E_ ) PlEro®iie. (B S En E e Tn/T -p (E )x
i " no e inel' no o n n n fl
zZ n > = 7 e
iy S ' 4m E Of no g e_En TdE
i#j 1) n n n
(131)
where o, (E_ ) = the total inelastic cross section from ref 107
inel' no
when Eno = the energy of the produced neutron

and all other quantities have been defined above. The assumption is made that

there is no recoil energy loss in the elastic scattering.

The next step in the calculation is to determine the total scattering
(elastic and inelastic) within a given cell. To do this, a selected cell was
divided into 125 subcells, and the scattering calculation was repeated with
production and scattering taking place only within the selected cell. That is,
this subdivided cell plays the role of the entire target in the above calculation.

In addition. the gamma and neutron attenuation in the material outside the selec-
ted cell was included. The scattered neutrons were multiplied by the number
of cells and added to the previous result. In general this second approxima-

tion accounted for about one-third of the total scattering.

The self scattering of each subcell could be calculated for a third step
in the approximation. But, since each masspoint subtends a solid angle propor-
tional to rizj and contains a mass proportional to ri:;, the contribution from suc-
cessively smaller subunits is expected to converge rapidly. The self scattering
of the subcells was calculated in one case and found to be about 10 per cent of the
total. Therefore the calculations were carried out to the second approximation
only.

The results of these calculations are listed in Table XLI for Bi, Pb, Au,
Hg, Ta, Er, Ho, La, I, In, and CDZ'

similar scattering to one of these, * A scattering calculation was not performed

The other targets were assumed to have

for the uranium target since this data was used only for comparing two counters,

and its cylindrical symmetiy resulted in approximately equal neutron scattering.
The gamma ray attenuation effects in the target likewise cancelled out by the

cy11ndr1ca1 symmetry of the hollow uranium cylinder. To see this, consider

ThP Pb scattering correction was used for T1, Ta for W, Er for Sm , La for Pr,
and In for Sn.
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Table XLI

Scattering Corrections

Bi cylinder Bi disk Pb208
S(76,En) S(156,En) S(76,En) S(156,En) S(76,En) S(156,h.n)
0.765 0.759 0.832 0.765 0.878 0.824
0.830 0.823 0.858 0.801 0.894 0.844
0.895 0.888 0.885 0.840 0910 0.864
0.950 0.942 1.002 0.946 0.962 0916
1 006 0.998 1.019 0.957 1.015 0.967
1.010 1.000 1018 0.963 1.014 0.966
1.013 1.001 1.018 0.960 1.014 0.966
1.022 1.008 1.033 0.969 1.020 0.971
1 032 1.015 . 1.048 0.979 1.035 0.983
1.024 1.000 1,042 0.965 1.031 0.976
1.017 0.986 1.036 0.951 1.027 0.969
1.028 1.001 1.056 0.973 1.041 0.983
1.049 1.026 1.076 0.994 1 055 0.996
1.060 1.028 1.072 0.988 1.054 0.991
1.071 1 030 1.068 0.981 1.053 0.987
1.058 1.0l6 1.071 0.979 1.056 0.984
1.046 1.003 1,074 0.975 1.060 0.984
1.046 1.003 1.073 0.974 1.058 0.984
1 045 1.002 1.072 0.974 1.057 0.984

Pb206 Au Ta
S(76,En) S(156,En) S(76,En) S(156,En) S(76,En) S(156,En)
0.834 0.784 0.901 0.869 0.765 0.688
0.860 0.813 0.914 0.886 0.902 0.824
0.887 0.843 0.928 0.903 1.039 0.966
0.947 0.902 0.966 0.937 1.036 0.963
1 006 0.960 1.005 0.973 1.032 - 0.961
1.008 0.962 1.005 0.975 1.047 0.972
1.010 0.963 1.005 0.978 1.062 0.983
1.022 0.973 1.016 0.979 1.078 1.009
1.033 0.981 1.026 0.981 1.095 1.035
1.028 0.974 1.028 0.998 1.090 1.026
1.026 0.969 1.031 1.017 1.084 1.016
1.041 0.983 1.034 1.008 1.071 1.001
1.055 0.996 1.037 1.000 1.058 0.987
1.054 0.991 1.034 0.994 1.047 0.974
1.053 0.987 1.032 0.989 1.036 0.960
1.056 0.984 1.033 0.990 1.021 0.945
1 060 0.984 1.034 0.992 1.016 0.940
1.0658 0.984 1.018 0.942
1.057 0.984 1.019 0 943
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Table XLI (cont'd)

Scattering Corrections

Er Ho La
En S(76, En) S(150, En) S(76, En) S(156, En) X S(76, En) S(156, En)
0.6 0.763 0.676 0.924 0.913 0.945 0.888
1.0 0.,96 0.C19 0.968 0.959 0.880 0.824
1.4 1.029 0.969 1.011 1.004 0.816 0.766
1.8 1.026 0.966 1.008 1.000 0.840 0.790
2.2 1.022 0.964 1.006 0.998 0.863 0.811
2.6 1.037 0.979 1.015 1.005 0.898 0.833
3.0 1.052 0.994 1.024 1.011 0.934 0.856
3.4 1.068 1.009 1.018 1.001 0.976 0.902
3.8 1.084 1.024 1.012 0.993 1.018 0.949
4,2 1.082 1.022 1.019 0.999 1.042 0.984
4.6 1.080 1.020 1.026 1.005 1.065 1.017
5.0 1.056 0.993 1.028 1.009 1.066 1,030
5.4 1.051 0.984 1.030 1.012 1.067 1.026
5.8 1.044 0.980 1.028 1.008 1.063 1.020
6.2 1.037 0.977 1.027 1.005 1.059 1.016
6.6 1.024 0.963 1.027 1.003 1.062 1.017
7.0 1.012 0.950 1.027 1.001 1.064 1.018
7.4 1.012 0.954
7.8 1.013 0.959

I In
En S(76,En)‘ S(l56,En) S(76,En) S(156,En)
0.6 0.865 0.823 0.768 0.698
1.0 0.867 0.838 0.771 0.712
1.4 0.870 0.853 0.774. 0.727
1.8 0.920 0.918 0.850 0.799
2,2 0.965 0.980 0.930 0.875
2.6 1.015 1.007 0.975 0.920
3.0 1.068 1.035 1.017 0.962
3.4 1.051 1.019 1.014 0.949
3.8 1.032 1.003 1.012 0.936
4.2 1.031 1.001 1.011 0.935
4.6 1.030 0.999 1.010 0.934
5.0 1.030 0.999 1.010 0.934
5.4 1.030 0.999 1.010 0.934
5.8 1.030 0.999 1.010 0.934
6.2 1.030 0.999 1.010 0.934
6.6 1.030 0.999 1.010 0.934
7.0 1.030 0.999 1.010 0.934
7.4 1.030 0.999 1.010 0.934
7.8 1.030 0.999 1.010 0.934
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Fig.107. The photon and neutron attenuation coefficients are approximately
given by 0.05 cm /g for 6 to 15 MeV gammas, and 0.02 cm /g for 1 to 5 MeV
neutrons. Therefore O'TY~ 2.0 Orn In the figure, Al is the thickness of the
shell and A is the chord of the outer diameter drawn through the midpoint of
the wall. Con31der the gamma ray along the line labelled ;- On the side of
the target near Cl, the flux of neutrons to the counters at 156° and 76° are,
on the average,

Flux at 156° 34

Al - Apo)1 =58 ) ~A( - >4 1) (132a)

Bl -Ap )0 -5 ZpT)~B[1 (A, +58,)u] (132h)

Flux at 76°

where A and B are the products of the gamma flux and neutron production in
the absence of attenuation and Hp is the linear attenuation coefficient for neu-

trons and one-half the linear attenuation coefficient for gamma rays.

On the other side of the target, at point 2, the average fluxes are

given by
(o} 3 9
= - 3A -=ZA ~ -ZA
Flux at 156 A(l -3 lp.T)(l > lp.T) A(l > IHT) (133a)
o _ 1 ~ 21
Flux at 76 = B(l - 3A1|J.T)(l - ZAZF'T) = B[l - (3A1 7A2)HT] (133b)

where the first bracket in the above expressions gives the gamma ray attenua-

tion and the second bracket gives the neutron attenuation.

Therefore the neutron fluxes from points 1 and 2 are

Flux at 156° = 2A(1 - 3A (134a)

1)

Flux at 76° = 2BJI - (28, -—A (134b)

2l
Now consider gamma rays entering along the lines labelled Y,, and pro-
ducing neutrons from the pomts labelled 3 and 4. Then the fluxes at point 3

are given by

Flux at 156° = A(l - A, ko)1 -i Aur) = A(l -—3 A (135a)

Flux at 76° = B(l - R TS! -—é—Alp.T) = B[l - (4, -%Al)p.T] (135b)
And at point 4 the fluxes are given by

Flux at 156° = A(l - TS -—;AZFT) ~ A(l ’%AZ“T) (136a)

Flux at 76° = B(I - Aep) 1 =24 u) =B - (a, -—gAl)p.T] (136b)
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Fig. 107 Scattering in the Uranium Cylinder
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The fluxes from points 3 and 4 are
3

Flux at 156° = 2A(l = B,p,0) (137a)

Flux at 76° = 2BJ[l - (B, - A))ugl (137b)
The total flux from points 1,2, 3, and 4 is

Flux at 156° = 2A[1 -(34, -—gAz)p.T] (138a)

Flux at 76° = 2Bl - (34, --;AZ)F.T] (138b)

Thus the gamma ray attenuation affects the angular distribution of pho-

toneutrons from points 1, 2, 3, and 4 only in the second order of A The

[T
1'T
other points in the shell can be paired off in a similar manner. Therefore one
is justified in neglecting the effects of gamma ray attenuation on the uranium

photoneutron angular distribution, due to the cylindrical symmetry of the target.

The calculation for deuterium was slightly different than the one ex-
plained in this appendix. In this case the energy loss in scattering was taken
into account, and there was no inelastic scattering. (This is only approximately
correct for the carbon in the CD2 sample.) Otherwise the calculation is the

same as above. The results are listed in Table VI, Chapter III.

There is one additional neutron scattering c?'rrection. The rare earth
targets were coated with a layer of plastic about 16 thick, to prevent oxidation.
Also the H0203, I aud Au targets were powder or chips in plastic containers,
whose walls were about 16 thick. Therefore a correction was made to the data
to account for the attenuation in this material. The targets were grouped into
two types: cylinders (Ho and I) whose energy spectra are affected, but not their
angular distributions; and flat targets (Au, Er,Sm, La, and Pr) whose energy
spectra and angular distributions are both affected. The attenuation through

the appropriate thickness of material was estimated using the total neutron cross
sections from ref 53. The results are listed in Table XLII as A and B. The 156"

and 24° data is increased by factor A. The 76° data is increased by factor A for
cylindrical targets and by the factor B for flat targets. Since a correction due to

forward scattering in the plastic has not been made, the factors in Table XLII
are probably overestimates. However, forward scattering is only appreciable in
carbon, which makes up about one-third of the total cross section.
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Table XLII

Scattering Correction Due to Plastic Coating on the Target

En A B

0.6 1.236 1.112
1.0 1.175 1.084
1.4 1.153 1.074
1.8 1.128 1.058
2.2 1.119 1.058
2.6 1.109 1.053
3.0 1.103 1.050
3.4 1.103 1.050
3.8 1.096 1.047
4.2 1.090 1.044
4.6 1.084 1.041
5.0 1.075 1.037
5.4 1.065 1.032
5.8 1.063 1.031
6.2 1.059 1.029
6.6 1.053 1.026
7.0 1.051 1.025
7.4 1.053 1.026
7.8 1.057 1.028
8.2 1.061 1.030
8.6 1.053 1.026
9.0 1.053 1.026
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Appendix II

Electronics

The circuitry is presented in block form in Chapter 11, Figs. 3,4, and

The high voltage string and associated circuitry for the RCA 7046
photomultipliers are shown in Fig, 108, G2, the second focussing grid, is
fixed at + 900 v, The anode end of the string is held at about + 3000 V. The
high voltage supply is variable from + 2000 V to +3500 v in steps of 70 Vv, It
is regulated by a series string of 53 OG3 regulator tubes. (The voltage is
varied by Switching in additional OG3's.) The +900 v is obtained by tapping

this string at the appropriate spot,

The first focussing grid, Gl, is held at - 105 V to bias the tube off, as
1s explained in Chapter II. A +200 V pulse is applied to the UHF connector,
labelled '"Gate' in the figure, to activate the tube. The photomultiplier pulses
can be sampled at dynodes 11 and 14, and at the anode. The dynode 11 output

is used to view large pulses, which would saturate at the anode,

The signal from the anode is limited to 10 ma by the biased diodes
shown in the figures. A +15 v bias is applied to the resistor string in series
with the Q6-100 diode. A 10 ma current flows through this diode, through the

75 Q resistor and to ground. When an anode pulse is present, its current

To be acceptable a tube must have less than 106 noise-pulses/sec as large as
a single photoelectron pulse. This would yield a counting rate of about 10_2
counts/sec when the tube is used in triple coincidence with a 30 ns resolving
time and 10-4 duty ratio. A typical tube used had a noise level of 2x105 to

3x10 > counts/sec,
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The tubes were adjusted for operation by the following procedure. A
Nal crystal was placed on the tube face, and the photopeak from 0. 51 MeV
gamma rays from Na22 was observed on dynode 11. The 250 KQ potentiomete
connected between G2 and dynode 2 was adjusted for maximum gain. The cry
tal was rémoved and a mask with a pinhole was substituted. The pulses from
single photoelectrons caused by visible light were observed at the anode. The
high voltage was adjusted until about 50 to 70 per cent of these pulses were
greater thanima into a 120 Q cable. In this manner the tubes were set for

2
equal gains at the desired level.

B. Photomultiplier Gate Generator

The +200 V pulse used to switch on the photomultiplier is generated
by the circuit shown in Fig. 109. Either of two inputs are amplified by the
2N1500 transistors and applied tc the grid of the EFP60. This tube provides
a large (about 350 V) positive pulse which is applied to the grids of a 2D21,
The output is a 270 V pulse with a rise time of about 40 to 50 ns. This pulse
is fed to a 400 ft RG-8 cable shorted at the opposite end. The reflected pulse
quenches the 2D21 and determines the length of the output pulse (about 1.2 use
The three grids of the three photomultipliers are connected in parallel to the
RG-8 cable through three 400 Q resistors, a few feet from the input end. The
rise time of the pulse applied to the grid of the photomultiplier tubes is adjus -

ted with these resistors to be about 90 ns.

C. Tunnel Diode Pulse Shaper

The output from the photomultiplier anode is fed to the pulse shaper
shown in Fig, 110. The input pulse passes through Tl which terminates the
cable and provides a gain of two. The pulse changes the tunnel diode from its
quiescent state of high current (about 9 ma), low voltage (about 0.2 V) to a low
current (about 2 ma), high voltage state (about 0.8 V). This voltage level is
amplified and applied to the base of T3. T3 is normally on, and is now cut
off. The 10 ma it was carrying now appears on the output cables. The change

in voltage across T3 causes T4 to conduct strongly, and a positive pulse is
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propagated down a 90 Q cable connected to 'BNC OUT" and 'BNC IN' This
pulse cuts off T2 and allows T3 to conduct again, thus stopping the output

pulse. Thus the length of the output is determined by the cable delay time.

The current needed to trigger the circuit is determined by the bias current
which is set by the potentiometer R and which flows through the tunnel diode.
The circuits proved to be reliable down to-i—ma input (—lz—ma at the tunnel diode).
It provides two negative outputs of 0.75 V on 90 Q cable. The rise and fall

time was measured to be less than 2 ns with a Tektronics sampling oscillo-
scope. If the input pulse is longer than twice the time determined by delay

cable, a second output pulse is generated. Additional outputs continue until

the input pulse is removed.

D. Triple Coincidence.

Fig. 111 shows one leg of three identical inputs to the triple coincidence
circuit. The diodes are normally carrying a standing surrent, i, of 2 ma.
The current through the 3.0 KQ resistor to ground is thus 3i (6 ma). The
input pulse is applied to the transistor which matches the cable impedance.
This pulse results in 9 ma into Rl, biasing the diode off. In order to main-
tain the standing current in the 3.0 KQ resistor, current flows through R2 and
the other two R1l's. Since R1 = R2, the current through R2 is about%i. If
there are two simultaneous input pulses, ii is drawn through R2 and the re-
maining R1. In the case of three simultaneous input pulses, all of the stand-
ing current is switched through R2. Thus the output of the coincidence circuit
is 1:3:9 for 1, 2, and 3 inputs respectively. The actual outputs are 1:2%:6.
These lower ratios are due to input impedances of the tunnel diode pulse shaper
driven by the coincidence circuit. The TDPS is set to fire only on three pulses.
The resolving time of the coincidence circuit is twice the width of the 15 ns

input pulses. Because of the standart amplitudes on the input pulses, the co-

incidence circuit is quite reliable.

A nanosecond light pulse from a PEK-118 lamp was flashed into the
counter to equalize the photomultipliers and cable delays occurring before

the coincidence circuit.
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The performance of the detector and the circuits up to this point was
checked by placing a radioactive source (Cs137 with 0.6 MeV gammas) next to
the counter and delaying one tube output with respect to the other two. In this
manner the resolving time of the coincidence circuit was found to be about

30 ns. The rise time (10 per cent to 90 per cent) was about 6 ns.

E. Linear Gate

The linear gate, which is used both as the gate in the counter circuits
and as the time T gates in the THC, is shown in Fig.112. In the case of the
detector gate, Tl is fed by three inputs in parallel from the tunne!l diode
pulse shaper. The input impedance of T is low (< 20 §) so that approximate -
ly% of the input current is useful, while the remaining% is split between the
other two inputs. These pulses (about—lg of the input pulse} travel back to the
pulse shaper and are inverted upon reflection. This mismatch has not caused

any observable problems.

T1 is used to match the impedance of the input cables. T2 provides a
gain of approximately two, and inverts the pulse. The output of T2 is applied
to the emitters of T3 and T4, which comprise the actual gate. In the quies-
cent state the emitter of T4 is 0.2 V positive with respect to base and con-
ducts, and T3 is 0.4 V negative with respect to its base and is cut off. Thus
the input pulses are shuntedintothe dummy 5.1 Q load. However if a positive
gate pulse is applied to the base of T4, it is cut off and the standing current
in the 50 KQ resistor is reduced. Thus the voltage on the emitter of T3 goes
positive and it conducts, allowing input pulses to pass the gate. T3 and T4
can be either 2N769 or 2N976, which differ only in power rating. The special -
ly wound 8:8 transformer provides an additional current gain of two, and T5

drives the output cable.

The positive gate pulse is +2 V and 30 ns wide. It is generated by the
coincidence circuit. The input cables are about 15 ft long to place the leading
edge of the first pulse within the 30 ns gate pulse (see block diagram Fig. 4).

Since the three pulses are added, the output can vary from 2 V to 6 V over its
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length depending on how many pulses are adding at a given instant. If a pulse
is presented to the gate without a gate pulse, the feedthrough is less than 0.1 V,
The time T gates are similar, but with only one input, terminated for 120 Q

cable,
-h

F. Time-to-Height Converter (THC)

The circuit diagram for the THC is shown in Fig. 113. It would also

be helpful to refer to the block diagram, Fig. 5.

The start pulse (TO) switches the tunnel diode to its high voltage state,
and triggers a 2usec univibrator, which is connected to '"Trig Out" This uni-
vibrator provides a gate pulse for the three time T gates. When the tunnel
diode changes state, the flip-flop consisting of transistors T1 and T2 is flipped
and a pulse is applied to transistor T3 through the line A. In this manner T3
is biased on and a constant charging current is supplied to C, a 1500 pf silver-
mica capacitor C continues to charge as long as the tunnel diode remains in

its second state.

When a time T pulse arrives at the THC it passes through one of the
time T gates which are connected to the 'STGP'" inputs, T1, T2, and T3. This
pulse restores the tunnel diode to its original state, the flip-flop reverts to
its original state and T3 is cut off, stopping the charging current to C. A second
output from the time T gates triggers one of three univibrators, any one of
which in turn triggers another univibrator, '"THC GATE TRIG" A 1.25 usec
5 V pulse is generated and applied, through 'GATE INPUT'" to the base of tran-
sistor T5, cutting it off. This allows transistor T4 to conduct, and the voltage
signal on the capacitor C, after two stages of amplification, is allowed to pass
through the gate formed by T4 and T5. This voltage level is amplified by the
circuits labelled "Amplifier' in the figure, and is passed on to ihe analyzer. The
amplifier has a large amount of negative feedback to insure linearity and stability.
It is shielded from r-f pickup, but no effort was made to regulate the temperature.
The long term stability of the time-of-flight spectrometer was less than 0.5 per
cent, which sets an upper limit on the variation in gain of this amplifier. The

output pulse is 1.25 usec long and 0 to 3 V in height, which is determined by the
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time interval To to T. The voltage representing a given time interval could
be varied, by changing the charging current. This was accomplished by a

heliopot, not shown in the diagram.

When the flip-flop formed by transistors Tl and T2 changed state, a
pulse was sent through a delay cable connected to 'Restore Input'. After 8 usec
delay, this pulse (or rather a pulse generated by it) is applied to the 'Restore
Input' and discharges C. This enables the THC to run at a much higher repe-
tition rate than if C were allowed to discharge through the resistors connected

to it (about 750 psec).

If a time T pulse is not applied to the THC after a T pulse (which is
the more frequent case), the tunnel diode must be switched back to its original
state by the THC. For this purpose, a pulse is sent through a 2 to 3 psec delay
cable connected to 'DELAY IN'" It emerges at "'DELAY OUT'" to flip the flip-
flop and initiate the restore charging circuit. Such '"NO DUMP' cases result
in 3 0 V outputs. However the analyzer is not gated on in such a case, since
there was no time T pulse. In addition the analyzer gain is set such that these

analogue pulses correspond to channels above the capacity of the analyzer.

G. Charge Integrator

The current integrator used to measure the beam intensity is shown in
Fig 114. The carbon block beam stopper is isolated from ground and connec-
ted to a 0.05 pfd capacitor C. The voltage level accumulated on C is amplified
by the electrometer tube CK5586 and applied to the base of T1 through two
stages of DC amplification. The voltage on the base of Tl also causes a cur-
rent to flow through the 200 KQ resistor, and the cable attached to A. This
current is registered on a microammeter in the Linac control room. When the
voltage level at the base of Tl reaches a sufficient level T1 is cut off, and the

relay is closed. This discharges capacitor C. At the same time T2 is switched

on and draws a current through the cable attached to B. This current actuates
a mechanical register located in the Linac control room. The act of discharging
the capacitor C reduces the voltage on the base of Tl1, and Tl and T2 revert to

their assigned state, ready for another cycle.
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Appendix III

Uranium Reference Spectra

Uranium photoneutron spectra Wwere convenient for use as a reference
because they exhibit only 2 small anisotropy, % > 7,over the photon energy
range of 5 to 15 MeV, and the cross section for neutron production is relatively
high. However they are useful only if both the anisotropy and asymmetry about

90° are known. These quantities have been measured up to about 5 MeV neu-

tron energy using a 14 MeV endpoint bremsstrahlung spectrum (52).

A. Asymmetry

The process of neutron production from photofission of even-A nuclei
has been studied both theoretically and experimentally. Measurements by
Baerg et al (108) agree with the theory of A. Bohr (109) in assigning the form
A+B sin2 G to the angular distribution of fission fragments emitted during
photofission. o Since the neutrons are emitted by the fragments during their
de -excitation, the neutron angular distribution, as observed in the laboratory,
has a form with no greater complexity than the A+B sin2 O form of the fission
fragment angular distribution. That is, by averaging over all angles of emis-
sion for the fission fragments, no new angular dependencies that were not
present in the fragment distribution can arise in the neutron angular distribution
There is thus little possibility of asymﬁetry about 900, produced by a cos©
dependence, in the photofission neutron distribution, This is particularly
likely in the case of Th232, since this nucleus exhibits a sharply rising pho-
tofission cross section near threshold, and a large anisotropy of the fragments
in that energy region. This suggests a single strongly predominant electric
dipole transition, and reduces the likelihood of asymmetric fragment emission

through the interference with other transitions. Measurement r,r,lade by Sargent

et al (114) indicate that the fraction of neutrons not emitted frgm fully accelera-

*By Dr. D. B. McConnell in this laboratory.

A strong quadrupole part in the angular distribution of fission fragments from
U238 was reported by Forkman and JoharnsSson and by Takekoshi (111). It
has not been seen by Rabotnov et al (112) or by Albertson and Forkman (113).
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ted fission fragments is 0.07 t 0.09 for bremsstrahlung endpoints of 6.75 and
7.75 MeV.

Therefore, Dr. McConnell measured the asymmetry of uranium pho-
toneutrons from a 14 MeV bremsstrahlung spectrum, which may or may not
posses an asymmetric photoneutron component, and compared it with the same
measurement on Th'?'32 using a 9.9 MeV bremsstrahlung beam, in which the

symmetric neutrons emitted from the fission fragments predominate.

Therefore if

r?—‘g) = (AU + BUsin2 o)(1 - CUCOS o) (139a)
8)

do) . (. +B.. sinle) (139b)
dQ Th Th Th

where the subscript U refers to uranium and the subscript Th refers to thor-
ium, then the ratio of the countmg rates at two angles 6 and 6 are given by

(A + B sm 6 )(1 - C__cosO,)(gn)
R, = u U -1 (140a)
(AU + BU sin 62) (1 - CU cos 6,)(gn),

. 2
i (ATh + BThsm el)(g:r))1
RTh = > (140Db)
(ATh + BThsm 62)(g77)2

where (gn)i is the product of the absorber transmission, g(En), and the detec-

tor efficiency, n(En), for the counter at angle ei.

91 and 62 were chosen to be 130.6° and 50.4° respectively, so that

(A+Bsm o) = (A+Bsm 6,) (141)
Hence (l _ CUCOSG.)(gTI)l
R = i (142a)
U (1 - CUcosez)(gﬂ)2
(g,
i} 142D
RTh = Tm, (b
and R (1 -C._cosO,)
RU T CU el)' (143)
Th ( UCOS 2
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This ratio, as measured in ref 52 was 1.0 T 0.02 from the upper limit imposed
by 2 per cent statistics at about 5 MeV in neutron energy down to about 1 MeV,
the lower energy limit of the experiment. This corresponds to CU = 0.0 10.016.
It was assumed that at higher neutron energies the asymmetry was still negligi-
ble. (Since the higher neutron energies are predominantly fission neutrons, this

is reasonable. ETh = 5.3 fission, 5.8 (y,n). )

B. Anisotropy

A measurement of the anisotropy was made (52) by comparing uranium
spectra obtained at 61 = 130.60, 62 = 50.4° and 61 = 167.30, 62 - 87.1° with
the absorber, detector efficiency and physical location of the detectors un-
changed. The angle was varied by changing the angle through which the beam
was deflected by the analyzing magnet. Thus any difference between the ratios

A .
of the two counters is due to the anisotropyg. Defining

_ R(167°,879) (144)
R(130950°)

when both numerator and denominator are at the same neutron energy, the
efficiencies and absorption factors cancel out in K leaving only the uranium

anisotropy.

.2 o
K = A/B + sin 167 (145)

A/B + sin® 87°

since the ratio for 130.6° and 50.4° is unity. Since A/B > 1 experimentally,

. _A/B A. K .
K ~10+am: BT T -K (146)

From the values of K(En) determined in ref 52, W(el = 1560)/W(9‘2 = 760)
was calculated for our present experiment (with C = 0.0). This quantity is

tabulated in Table III.

C. Above 5 MeV

However Mc(Connell determined K only up to 5 MeV. Beyond this, his
counting rate was too low to accumulate the desired statistics. Similarly in
the present experiment, the statistical accuracy of the uranium spectra be-

comes rapidly worse above 5 MeV,
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However one should remember that the sole purpose of measuring the
ratio of the uranium photoneutron spectra at 156° to that at 76° and of 24° to
156° was to measure the differences of the counter efficiencies (n) and the neu-
tron absorption in the flight paths (g). The 156° and 76° counters were adjusted
to have the same neutron thresholds, and therefore their efficiencies will be
nearly identical above 5 MeV (see Appendix IV). The differences in absorption
were calculated using the total neutron cross sections tabulated in ref 53.
Using the angular distribution measured by McConnell and the neutron absorp-
tion calculated from ref 53, the data from the present experiment shows that
the efficiencies of the counters at 156° and 76° are identical down to 1.5 MeV,
within the uncertainty of the data. From the above remarks it is clear that
the ratio glnlml/gznzmz was measured up to 5.2 MeV using the uranium
ratios from the present work and the value of A/B measured by McConnell.
Above that energy, g; was calculated from ref 53, and n(1560) and AQ(IS()O)

were assumed equal to n(760) and AQ,(760) respectively.

For the case of the counter at 240, the absorber differences are cal-
culated above 5 MeV as in the case above. However the efficiency is substan-
tially different from that at 156° because of the much higher threshold re-
quired by the large background incountered at 24°. The efficiency of the
counter at 24° above 5 MeV was estimated from the equation

_ (o]
n(24°) ] E_-E, (249 wa

(o) O
n(156") E - E,(156)

where Et is the threshold of the counter at the angles given in parentheses.

h
This formula was found to reproduce the 24° counter efficiency within statis-

tics from 2 MeV to 5 MeV. Finally AQ(24°) = 0.6AQ(76°).
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Appendix IV

Detector Efficiency Calculation

The efficiency, n(EO, E) is defined as the fraction of neutrons of en-
ergy E incident upon the full projector area of the detector scintillator, which
is detected when the detector threshold is Eo' The detector threshold is a
parameter that describes the minimum amount of light output from the scin-
tillator required to operate the logic circuitry. For this discussion, EO can
be assumed to be the energy of the lowest energy neutron detected, and it is
found by linearly extrapolating a photoneutron time spectrum to zero. Eo is
taken to be 0.3 MeV. The following initial assumptions are made to calculate
the detector efficiency: there are no photoelectron statistical effects--ie, the
resolution of the photomultiplier is perfect and the neutrons do not lose energy
in a collision with a carbon nucleus--and there is consequently no scintilla-
tion resulting from such a collision; and only collisions to second order are

significant The latter assumption enables one to write

NE,E) X ny(E_,E) + Ny (E L E) + n (E L E) (148)

where nH(EO, E) the contribution to the efficiency arising from neutrons
colliding first with a proton; this is expected to be the

predominant effect

nCH(Eo’ E) = the contribution to the efficiency arising from neutrons
which first collide with a carbon nucleus but then suffer
a second collision with a proton

nHH(Eo’ E) = the contribution to the efficiency arising from neutrons

which are undetected following a first collision with a pro-
ton, but which yield a large enough additional scintillation

in a second proton collision to be detected.

The volume of the scintillator is divided into 1000 cubes of equal volume.
Each cell is assigned a set of coordinates corresponding to its center and an
amount of material corresponding to its volume. Then nH(EO, E) can be writ-

ten as
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K, (E)L. ‘K (E)a1K..(E)[E - E
nE_,E) = %[e T 1] [1 e T ]KH(E)[ = 0] (149)
’ T

Where KT(T y = the reciprocal of the total neutron scatiering mean free path
in p-terphenyl-activated toluene; KH(E) and KC(E) are sim-

ilarly defined with respect to collisions with H or C alone;

KT = KH + KC "
Qi = the distance from the face of the counter to the i cube
a = the thickness of the ith cube

In the above expression, the terms in brackets successively indicate, for the
ith cube, the fraction of neutrons incident, the fraction making a first collision,
the fraction of the first collisions that is made with H, and the fraction de-
tected The last fraction derives from the assumption of an isotrepic center

of mass n-p interaction, and is just the fraction of collisions which transfer

an energy greater than Eo to the proton.

To calculate nCH(Eo’ E), the neutron is assumed to scatter off carbon
in the ith cell into one of 144 equal solid angles consisting of 12 equal azimuth-

al ang'es and 12 equal =rea zones. Then

K, (E)M: -K.(E)alK (E) -K. (E)L. AW .K_(EJE - E
Nog(Eyr B) = 2 [e T 1:“:1 o T ] C Z[l e T ij]"j H I-E o]
i

K _(E) - K. (E)[ E
T J _| T (150)

where Lij = the distance from the cell i to the wall of the detector in the
direction of the jth solid angle

Kt doc) A

— W = C - = the fraction of neutrons scattered off carbon

KT(E) . dsz oc * 0y

into the jtP solid angle; AQ = 4w/144 steradians

-KT(E)Li. KH(E)
l1-e J]K—(EY represents the fraction of neutrons making a collision

T
with hydrogen in the jth case. The other terms are similar to those in the

expression for nH.

In calculating nHH(Eo’ E) the scintillations are assumed to add linearly,
and the effect of time lag between collisions is neglected. With respect to the

formgr assumption, Fowler and Roos (115) have found that the dependence of.
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light output with energy for a proton of energy below 0.7 MeV in an organic
scintillator is proportional to a power of the proton energy between the first
and second. The assumption of linear addition amounts to an overestimate of

n which is, however, pgrtly compensated for by the present neglect of high-

HH
er order collisions with H. In this calculation, one also notes that neutrons
undetected after a first H collision all scatter into a forward cone between 0O

and an upper limit Om, determined by

2 E - Eo
cos Gm = NS (151)
nHH(Eo’ E) can be written as
Tyu'Ey B =
5 e-KT(E)ﬂi- L e-KT(E) a}KH(E)E L e—KT(E)Li‘I KH(E) E - Eo . o
i K (E)E K B E, BE-E

(152)
where Li is the distance from the ith cell to the back face of the counter. The
first curly bracket gives the fraction of neutrons undetected after a first H
collision; the second curly bracket results from integrating over all pairs of
energy losses suffered by neutrons in two H collisions which give a total en-
ergy loss greater than or equal to Eo' The results of this calculation are
given in Table XLIII. Notice that oy and Mgy 2re significant. Contribu-
tion to the efficiency from higher order scatterings are therefore not negli-
gible. Nevertheless, the theoretical efficiency is probably reasonably relia-
ble with respect to shape above 3 MeV, since the hydrogen and carbon cross

sections are smooth functions of neutron energy.
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Table XLIII
Counter Efficiency

E H TcH THH n
0.5 0.273 0.059 0.123 0.455
1.0 0.452 0.106 0.078 0.636
1.5 0.504 0.125 0.053 0.682
2.0 0.521 0.127 0.039 0.687
2.5 0.515 0.127 0.028 0.670
2.9 0.415 0.137 0.015 0.567
3.1 0.556 0.109 0.025 0.690
3.5 0.432 0.132 0.013 0.577
4.0 0.442 0.125 0.011 0.578
4.5 0.456 0.137 0.011 0.604
5.0 0.473 0.109 0.010 0.592
5.5 0.465 0.098 0.009 0.572
6.0 0.451 0.093 0.007 0.551
6.5 0.441 0.092 0.006 0.539
7.0 0.433 0.082 0.006 0.521
7.5 0.364 0.113 0.004 0.481
8.0 0.350 0.118 0.003 0.471
8.5 0.400 0.059 0.004 0.463
9.0 0.377 0.085 0.003 0.465
9.5 0.361 0.085 0.003 0.449
10.0 0.348 0.084 0.002 0.434
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