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ABSTRACT

This work deals with the study of (n, a) reactimns at
14.6 Mev incident neutron energy. Cross sections are reported
for transitions which lead to individual states (ar to a group
of states) in the residual nucleus.

Alpha particie spectra are presented for 12 isctopes.

" These were obtained using a counter telescope consisting of
two transmission propartional counters placed in fromt of a
lithium drifted silicon detectar. Coincidences were taken
and particle identification was carried out to reduce the
background.

The experimental data are first compared with the predic-
tions of the statistical thecry. Fits are obtained for the
approximate model known as the (2I+ 1) - rule and results of
detailed Hauser Feshbach calculations are reported.

The variaticn of the experimental ground state transition
cross section with target mucleus is compared with the
theoretical variation deduced from a direct interaction model,
in which two protons and & neutron are successively picked up
from the target.

58Ni are also cxamined in the light of two

The data far
2
mxdels which treat the reacticn as a “He pick-up. One of them

takzs exchange effects into account.



STATEMENT OF ORIGINALITY

Much work has bsen previously published on
(n,a) reactions initiated by 1% MeV neutrons, but
this project constitutes the first systematic search
for transitions to individual levels in the residual
nucleus.

As far as the author is aware, he is the first
to have observed (n,z) spectra from the following
target isotopes: ©°Ni, ®!Ni, “’Ti, °®Fe and !®°Ba.

It is customary to compare the total reaction
cross section with the predictions of the statistical
theory. In this work, however, the experimental
cross sections for individual transitions are com-
pared with the yields to single levels in the
residual nucleus, as predicted by two versions of
the statistical theory. This procedure does not
seem to have been considered previously in the lit-
erature dealing with (n,a) reactions. These cal-
culations also show quantitatively that the predic-
tions of the (2I + 1l)~rule and the Hauser Feshbach
theory are identical for (n,a) reactions at 1u4 MeV.
Although it is known that the agreement between

the two models should improve when higher angular



momentum states participate in the incoming channel,

no detailed calculations have come to our attention.
It is also shown for the first time that the

successive nucleon pick-up model, used by Bayman

et al. to analyse (p,a) data, can be successfully

modified to predict ratios of ground state tran-

sition cross sections in (n,a) reactions.
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I INTRODUCTION

1.1 Motivation for this project.

In 1953 Paul and Clarke used the activation method
to measure the cross sections for (n, 2n), (n,p) and
(n, @) reactions induced by 14.5 Mev neutrons (Paul 1953).
When they compared their experimental results with the
evaporation theory, they found a good agreement for
(n, 2n) reactions, but the thecretical (n, o) cross
sections were nearly always too small (up to four orders
of magnitude for targets with mass numbers greater
than 100). The (n, p) data followed a pattern
similar to (n,a), but less pronounced.

These results were interpreted as follows: in
the evaporation theory the excitation energy introduced
into the system by the incoming neutron is rapidly
shared by all nucleons of the compound system.
Particles boiling off the compound nucleus, therefore,
carry on the average low energies. If they are
charged many emissions will be suppressed by the
coulomb barrier. The presence of the coulomdb barrier
will consequently, favour those processes in which
considerable energy is transferred to the outgoing

charged particle.



Large energy transfers are typical for direct reactimn
processes. The difference between the experimental cross
sections and the statistical theory predictions was, there-
fore, attributed to direct reactions.

Many experimental (n, o) cross section data have been
published since 1953 and a compilaticn of the results up to
1964 has been given by Chatterjee (1964 A). These measure-
ments are difficult because of the inherent low cross
sections of the (n, ) process and the large background
caused by the interaction of the neutrons with all surrcunding
materials. The necessity of using thin targets (v 2mg/cm2)
makes the difficulties mare acute. One is, therefore, not
surprised that the cross secticns quoted by various authors
often differ considerably.

The introducticn of pairing energy corrections (Newton
1956) in the level density expressions which are used in the
statistical theary, resulted in better agreement between
compound nucleus thecory and experiment. Facchini et al
found good agreerent between experimental (n, o) data and
statistical theory for nuclei with A < 80 (Facchini 1964).
For heavy nuclci the thcoretical cross secticns were, however,

still much too srall. It would be imprudent to conclude



from Facchini's work that direct effects are absent in nuclei
having A < 80. It is more appropriate to say that in general
'the total direct contributicn is rather small in comparison
with the total compound nucleus cross section.

The spectra of the alpha particles emitted in the
reactions have also been rccorded by varicus workers.
(Numerous references are given in section 1.2). Until the
advent of sclid state radiaticn detectors these spectra showed
only the gress structurc of the energy distributions because
of the limited resoluticn of the then available detection
metheds. The use of semiconductor detectors led to the
observation cf resolved alpha particle groups, populating
individual levels in the residual rucleus of the reaction
(McDicken 196€, Knellwolf 1966).

Measurements of crcss sections for resolved individual
transitions cnable onc to make a mare useful interpretation
of the rcle of direct interactions in this type of reaction
since they would be expected to show the greatest influence
of such processes.

The calculaticn of the thecretical crcss section: is
cerplicated, hoawever, especially far the direct interaction

precess where threc nucleen transfers are involved. Single



nucleon transfers as encountered in the (n, d) reaction
require already a complex treatment (Valkovic 1965). Glen-
denning has treated two nucleon transfer reactions in detail
(Glendenning 1962, 1965). Three nucleon transfer processes
have also been treated by various authcrs: Massot et al. have
considered the (n, o) process as a mixture of pick-up and
knock~out events (Massot 1964). Lamot et al. have analysed
the same reaction with the DWBA method (Lamot 1967). These
treatments, however, do not as yet predict absolute cross
sections: several parameters must be adjusted to fit the
theoretical angular distributions to experiment.

Recently, Hird and Li have published an analysis of
the lgF(p, @) 160 reaction by means of the DWBA method and
come very close to predicting the absolute cross section for
this three nucleon transfer process (Hird 1968). A large
number of parameters appear in the DWBA process, but these
authors allow only two sets to vary freely: the optical
potential parameters fcr the triton (the picked up cluster)
and for the alpha particle. In the case of the alpha particle
optical parameters ‘free variation' is an overstatement,
because the choice is restricted to four sets of parameters
which equally well describe a-particle elastic scattering

1

frem 290,
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The aim of the present work was to measure the cross
‘sec‘cions for transitions to isolated states in the residual
micleus for as many isotopes as possible and to compare the
values with the predictions of compound nucleus theories and
‘with direct interaction thearies.

~ The measurerent of the angular distribution of the
~various alpha groups would have enabled further compariscns
to be made, but was not included in this project.

The angular aperture of thc detecting system was 780,-
enabling a completc set of data for onc isotope (including
background spectrum) to be accurmlated in about 14 hours with
a total neutron production rate of § 108 n/sec.

If .the angular resolution of the system had béen~

improved to 20° tc enablc angular distributions to be

lOlln/ sec would

attempted, a neutron production of 2.5 X
have been needed to accumilate data at the same rate as
befcre. Such high neutren fluxcs were not available at the

time of the experiment.

1.2 Review of previcus werk cn (n, a) reactiomns.

The experimental methods which have been used in the
study of (n, a) rcactiong are suldivided in this secticn into

seven categories. The accempanying references serve as a




-

guide to the literature.

i) Cloud chamber measurements

If the target material is imtroduced in the cloud chamber as

a vapour, not cnly the emerging alpha particles are recorded,
but also the recoiling residual nuclei. Unfortunately, the
range energy relation for low-energy recoil nuclei is uncertain
because their charge changes during the slowing down process. !

This, and the nzed of many photographs, each requiring a

painstaking analysis renders the method less attractive

(Lillie 1952, Hsu 1967).

ji) Gas filled detection devices

Sometimes the isotope of interest has been introduced into
a propartional counter (Ribe 1956). Gridded ionization
chambers have also been used (Davis 1964), as well as high
pressure gas scintillation counters (Shamu 1962). These
methods do not yield angular distribution data. Often the
gas filling is also the target and the method could then be

mentioned under iv).

iii) The emulsion technique

In some cases the ermulsion has been loaded with the target
material (Kaul 1962), in others external targets have been

used (Xumabe 1957). The alpha particle tracks have been




distinguished from fast proton tracks by special developing
techniques, but unfartunately the emulsion nuclei always give

rise to a large background.

iv) The detector canstitutes also the target

The only instance in which thick targets can be used in the
study of (n, o) reactions, is when the detector material
constitutes at the same time the target. Experimenters have
exploited this oppartunity by bombarding silicon detectors
(Colli 1963), lithium drifted gerranium counters (Aitken 1965)
as well as detectars using NaI(T1l) (Bizzeti 1962), CsI(T1)
(Marcazzan 1961), CsBr(T1) and RbI(T1) (K¥nig 1965), us scin-
tillators. Unless special techniques are employed (Forti
1966, Morgenstern 1966) angular distributions cannot be
obtained by this method.

v) Use of a single counter without coincidence requirements

In some experiments useful spectra have been obtained by
simply placing a detectar in front of the sample target
(Cindro 1961, Marcazzan 1963, Cuzzocrea 1964 and Rubbino 1966).
The wall material of the vacuum chamber must be properly
chosen and the neutror flux must be low in arder that small
background pulses cannot pile up and contaminate the high

energy end of the spectrum.



vi) Counter telescopes

Various counter telescopes cansisting of one or two dE/dx
caunters and a totally absarbing detector are described in
the literature (Irfan 1963, Slinn 1963, Kulisic 1964,
McDicken 1966 and Maxson 1968). The totally abscrbing
detectar has usually been a semiconductor device or a CsI(T1)
scintillator, and the dE/dx counters have been gas filled or
totally depleted silicon detectars. The use of a telescope
allows considerable background reduction through coincidence
techniques and particle identificaticn.

vii) The activation method

A large number of total (n, a) cross sections have been
determined by activation analysis (Paul 1953, Jeronymo 1963,
Yu 1967). The method, of course, requires that the residual *
nucleus be unstable and the measurement is then made by

estimating the induced activity.

2o e



II - GENERAL DESCRIPTION OF THE APPARATUS

This sectimn gives an over-all picture of the experi-
mental method that has been énployed in the present wark.
The experimental assembly cmsiéts of a vacuum chamber
mounted in the vicinity of the neutran producing target of
a 100 kV Cockraft-Walton acceleratar. Fig. 2.1 gives a
schematic picture of the system. The vacuum chamber which
is filled with 200 mm Hg of A and 20 mm Hg of CO, houses the
sanple target, a counter telescope consisting of two propar-
tional counters and a lithium drifted solid state detector.
Each detector has its own amplification and discriminator
system. Alpha particles emitted by the sample target can
only reach the semiconductor detector by traversing first
the two proportional counters, whose cathodes are tungsten
wire grids, easily penetrated by the alpha particles. The
latter 18e anly a small fraction of their energy in the

proporticnal counters (dE/dx counters). All the remaining

energy is deposited in the semiconductar detector (E-counter).

The discriminator output fram each amplifier is
cannected to ane input of a triple coincidence circuit. The
autput from the latter triggers a particle identification
system which singles ocut the events corresponding to alpha
particles. The necessary infcrmation for particle identifi-
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cation is provided by the semiconductor detector and the
adjacent proporticnal counter. The signals from the semi-
ccnductor detector due to alpha particles are further

processed and recorded.
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IIT - VACUUM CHAMBER AND COUNTER ASSEMBLY
Thé vacuum chamber and counter assembly have been
designed after it was decided that: |
a). no angular distribution measurements would be attempted.
'b) only the high energy part of the alpha spectrum would
be recorded.

3.1 General design criteria,

Two important conditions have to be met by the design:
i) the alpha particles emitted by the sample should be
counted as efficiently as possible.
ii) the sensitivity to background radiation produced by
materials other than the sample target should be as

small as possible.

Fig. 3.1 shows the design of the vacuum chamber and the
counter geometry that was finally adopted.

This choice will now be justified.

3.1.1 Achieving optimum efficiency.

Maximun counting efficiency will be achieved if the
detector area is large and if the detector is placed as
close as possible to the sample target. But the counting
geametry affects the energy resolution. From the reaction

kinematics it follews that the energy of an alpha particle
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emitted 1n a (n, a) mactlm and leavmg the res:.dual nucleus
in a defmrte state, w111 depend o’ the angle between 11:s -
vpath and that of the neutron that mltmted the react:lm.

If one wants to observe sharp peaks :m the energy spectzurh for
.alpha part:ucles 1eavmg the res:Ldual nucleus in a def_mrte
state, the acccptance angle of the E—coum:er- nust be llmlted.
“I'lus l:.m:rtatlm .‘LS mom dmstlc for llghter target rmclel

The mmumm sample-detector dlstance is dictated by the |
detector area and the maxn.nm tolemblc energy 8pr~ead Qze
should a]so keep m mJnd that the tmtlum 'target-sanple
target d:.stance plays a par*t in f:x:mg the maximum possible
angle -between an :ngo:._ng n;zutmn a:nd an outgoing alpha particle,
in order that: thelat‘ter' stlll be counted.

3.1.2 Minimizing the background,

The backgrourd radiation in the vacuum chamber includes
all radiation emitted by materials other than the sample and
particles other than alphas producad in the latter.

The sources of this background radiation are:

a) the silicon of the semiconductor detector.

b) the walls of the vacuum chamber.

c) the proportional counter gas.

d) the tungsten wires which constitute the anodes and cathcdes

of the proportional counters.
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The backgr-ouﬁd originating in the E-detector can be reduced

in two ways which complement each other:

i) One can choose a type of detector whose main constituant
element has a very small cross section for (n, a)
reactions.

ii) By installing at least one propartiocnal counter between
sample target and E-counter, and demanding a time
coincidence between the signals from both detectors,
the alpha particles generated in the E-counter can be
eliminated from the spectrum. Only those alpha
particles which are generated near the front window of
the solid state detector and travel backwards can give
rise to a coincidence. Fortunately, these deposit anly
little erergy in the E-counter and will not contaminate
the high energy end of the spectrum.

In the present work a silicon lithium drifted detector
was used, which is not a good choice in view of i): both
2885. and 2985. have a large cross section for (n, a) reactions
at 14 Mev (with Q-values of respectively - 2.6 and -0.035
Mev). This type of detector was selected for other reasons
given belaw.

Most materials emit alpha particles when subjected to a

bambardment with 14 Mev neutrons. The maximum energy of the
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emitted alphas depends on the Q-values of the respeci:iVe
(n, o) reactions. Two policies can be adopted to nﬁninﬁze
the background: |

i)  One can arrange that the E-detectar only sees high

Z-materials which generate few alphas cn account of

their high Coulanb barriers. The emitted particles
necessarily have energies not much lower than the ,
barrier height and up to a maximum value governed by M
the Q-value of the reaction. The resulting background

covers nevertheless the whole spectrum, down to zero

oo A e 1

energy, because many alpha particles criginate from

well below the surface of the material and may lose : ‘
cansiderable energy before emerging. Although the

background covers the whole spectrum, it remains small,

which might be an important asset.

ii) The E~counter cnly sees materials which have a strongly
negative Q-value for (n, «) reactions. The background
alpha particles will be numercus but all will have low
energy. If the neutren flux is such that no pile-up
cccurs in the E-counter amplification channel, the
background spectrum will feature a high counting rate
in the low energy region, but will be clean at high

energies.
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Graphite is highly suitable as a wall material to meet

objective (ii). The percentage abundances and Q-values are

respectively 98.9% and 1.1%,- 5.70 Mev and - 3.83 Mev fap

12 and 130.. These isotcpes also have negative Q-values in

TG sy Ty e

excess of 12 Mev for the (n, p) reaction, which reduces the

high energy proton béckgr*ound.

In this work the high energy end of the spectra was

measured for a series of elements covering a wide range of

s o s e 41

- Z-values. A low backgrourd in the high energy region was
highly desirable and, therefore, policy (ii) was adopted.

The inclusion of at least one proporticnal counter

between sample and E-counter, with a demand of time coincidence,

reduced the background further. Indeed, many particles reach

the E-counter from the walls, without having an appreciable
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path in the dE/dx counters.

Experience showed that the inclusion of two proporticnal
counters (and demanding a triple coincidence) is still more
effective in reducing the registration of parasitic radiation.

An important requirement of the proportional counter gas
mixture was that it should not contribute appreciably to the
background. A mixture cantaining 200 mm Hg of A and 20 mm Hg

of CO2 was selected. The Q-values of the varicus constituents

for (n, a) reactions are:
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120, . 5.70 Mev
10: 2,21 Mev
40

A: - 2.42 Mev

Thus all alpha particles generated in the counter gas had
energies well below 14 Mev.

The cathodes and anodes of the proporticnal counters
were coanstructed from tungsten wire. The total mass is
considerable, but the totael surface area presented to the
neutron beam is small, and this together with the law cross

section for (n, a) reactimns (2 = 74) resulted in a small

contribution to the total background.

3.2 Design of the counter assembly.

Many features of the experimental arrangement have
already been dictated by the general design criteria. The

choice of the counter assembly will now be discussed in detail.

3.2.1 The E~detector.

Three types of detectors can be conveniently used for
the measurement of the alpha particle spectra.

a) a CsI(T1l) scintillator.

b) a surface barrier silicon detector.

¢) a lithium drifted silicon detector.

. e ri gt ron PAININF P RIS NI AN S
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The main advantage of the scintillation detector lies

in the low cross section for alpha particle production in the

Cs end I of the crystal. The large gain of the photomultiplier

eliminates the need for considerable post amplification of

the sigpals. Several disadvantages should hawever be noted:

i) the resolution is considerably inferior to the one
obtained with a semiconductor detector.

ii) the energy response of CsI(T1) is nonlinear at low
energies. This mekes the energy calibration of the
spectrum difficult.

iii) great experimental difficulties are encountered in
trying to achieve a permanently stable seal between a
thin CsI(T1) crystal and the light pipe coupling it to
the photamultiplier, when the pressure in the target
chamber is variable.

Surface barrier silicon detectors were tried, but their
operation secemed to be seriously impaired by the presence of
the proparticnal counter gas. Often the bias voltage could
not be raised high enough to reach the desired depletion
depth, without causing electrical breakdown.

Lithium drifted silicon detectors of the type built by
Simtec Ltd. cperated satisfactorily in a gaseous environment,

because of their tough but thin inactive front window.

BTN W WY V7. V4 R PV M R X N
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These detectors are, hm:ever, qulte sensn:lve to radlatlon
damage by fast neutmns, cons:.derably There so than surface
banmer detectors. In both types of counter's the dete.rlora-
tlcn is due to silican atoms be:mg knocked out of thelr
crystal sites by mc1dent neutzms. "'he d:splaced atoms end
up in interstitial posrclcns in th~. lat't:lce. The msultmg
vacancy-mterstltzal pa:::os, or Frenkel defec*bs, act as '.
carrier trappmg s11:es. ThCS\. ,trapv.mg s:r.tes reduce both

the carmer n’ob:x_llty and carm.er llfetnma thhlum dmfted

' detectors are espec:.ally sensltlvc to thls effec“ because of .'

their 1ow internal flelds (and consequent shor't trappmg
lengths). Moreover, lrthlm tends to precz.p.tate out m
radiation produced vacancies. - 'f .' o

In splte of ‘thlS drawback a bDO m2 8111con llthlm
drift device having a depletlon depth of 500 u was used in
the present work It was found that the detectcr could
stand a dose of about 1012 neufrms beforr. becom:mg unusable.

This carresponds tc mlgh"v 100 hours or opemtlm.

3.2.2 The Jr-ooor't:mnal countws

Several cms1derat1cm° dlctated th‘. use of gas filled
proporticnal counters as db/dx detectors. Totally depleted
silicon detectors of the required thickness are expensive,

fragile and possess rather short lifetimes. Moreowver, many

i
i

i
i
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alpha particles would be generated in the silicon. Fig. 3.1
shows that the cathodes of the proportional counters have an
elliptic rather than a circular contour. In this manner,
the sensitive volumes of the proparticnal counters still
cover the total active area of the E-counter, while the
target semiconductor detectar distance can be made considerably
smaller than would be possible with cylindrical cathodes
having a circular cross section. Tungsten wire of G.003"
diamster was used in the construction of the proportional
counters. Aftler much experimenting a gas mixture of 200 mm
Hg of A and 20f mm Hg of CO, was selected.

Using a high voltage of 750 V, a stable spectrum was
obtained, indicating that the multiplication factor was not
too high. During the first 30 minutes after the counters
have been filled with fresh gas, the multiplication factor
decreases by about 20%, due to contamination of the initially
pure gas. After this iritial pericd it remains virtually
constant over a pericd of 20 hours. Therefore, cnly minor
adjustments were required cvery two hours.

When 5.47 Mev alpha particles were allawed to traverse
both proporticnal counters along similar paths, it was found

that all signals fram the gas counters had the sam: pulse

. -
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height with a 14% spread. Fig. 3.2 shows the observed pulse ’
height distribution for the counter adjacent to the source.
These measurements were carried out by placing an 241 Am

scurce at the location of the sample target and registering

the signals of the respective proporticnal counters in a

multi-charmel analyser, the latter being gated by the semi- - ;

conductor detector. Only the alpha particles which completely

traversed both proporticnal counters were, therefore,

included in the pulse height distribution.
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IV - THE NEUTRON MONITOR

4.1 Methcd,

If one wants to quote absolute (n, a) cross sections,
the total number of neutrons produced in each experiment must
be knovn. An alpha particle is asscciated with each neutron
produced in the 3H(ZH, n)uHe reacticn. The neutron yield was,
therefare, measured by counting the asscciated alpha particles
emitted within a nown solid angle. The orientation of the
alpha counter (associated particle detector) is not important
because the 31-1(21*1,r1)1+l-163 reaction is virtually isctropic at the

low deuteron bombarding energies used in this experiment.

4,2 Experimental arrengement.

The alpha particle detector, which is of the surface
barrier type, was mounted eRcentrically inside the acceleratar
tube at a distance of 32-3/u4" from the tritium target, in such
a way that it would not interfere with the deuteron beam. The
detector was mounted inside a metallic case in arder to avoid
heating by the periphery of the deutercn beam. The case
provided at the same time a good protection against electronic
pick-up. The front face of the detector, which has a nominal
sensitive area of 7 mmz, vas covered with a 150 ug/cm2

aluminum foil, in order to absorb stray electrons which might

R e et e, e e e e L L
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reduce the useful life of the detector. The experimental
set-up is schematically illustrated in Fig. 4.l.

In order to calculate absclute cross sectims, the ratio
Nap/Nn rust be known, where N, " is the tctal number of neutrons
and Nap the corresponding number of counts registered in the
associated particle detectar. In principle this ratio can be
deduced from the geametry. A fraction of the counts Nap is,
havever, due to coulamb scattering of alpha particles into
the associated particle detectar by the wall of the beam tube.

This effect is difficult to evaluate.

4,3 Measurement of Nap/Nn

The assocciated particles emerge with an energy of 3 Mev
in the backward direction. A calibrated americium source,
having the same diameter as the tritium target was substituted
for the latter. Nickel foils were placed in fromt of the
source to degrade the alpha particle energy to 3 Mev. Dencting
by Ca and C‘_;lp the rate of emission by the source and the
correspanding counting rate in the associated particle

detector, cne may write:

C
ap_ = _2p (4.1)

i
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From this it was deduced that:

N
—2 . (9% 1.4) x 107 .2)
Nn
If the sensitive area of the asscciated particle detectar is
known, the contribution to Nap by coulemb scattering can be

calculated. This turns out to be about 30% of the total

number of counts.
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V - THE ELECTRONIC SYSTEM

5.1 The propartional counter circuitry,

Fig. 5.1 shows the circuitry asscciated with each
proportianal counter. It cansisted of a stabilized high
voltage supply, a preamplifier and a main amplifier. A
wjndmlcjtizc[:f‘c:}mimtor allowed the selection of pulses which
are cmrpy’iééci between independently adjustable upper and
lower levels. The discriminator signal passed through a

pulse shaper and then activated cne channel of the coincidence
system.

5.1.1 The preamplifier .

The final design adopted for the preamplifiers consisted
of a tube input stage (Jordan 1947) and two transistarized
stages (Waugh 1960). This preamplifier provided the
possibility of large gain. (It wae not known from the start
what nultiplication constant would be used in the proporticnal

counters). Figs. 5.4 and 5.5 respectively show the tube
stage and one transistor stage.

5.1.2 The main amplifier and the window discriminaton

The main anmplifier and the window discriminatar were
incorporated in a commercial unit. The counting rates in

the proportional counters were very high and double delay

".'.
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line clipping was used to minimize the danger of pile-up.

5.1.3 The pulse shaping circuit,

The pulse shaping circuit consisted of a monovibrator

followed by an emitter follower (Fig. 5.6).

5.2 The solid state detector circuitry.

A preamplifier and a main amplifier featuring double

delay line clipping were associated with the solid state

detector (Fig. 5.2). The output from the integral discrimina-

tor was fed into a pulse shaping circuit.

The use of the particle identification system required
that the signal from the linear amplifier be delayed for
approeximately 25 usec before being presented to the malti-
channel analyser. The lumped parameter delay line (delay 1)
had an impedance of 100 Chm. An impedance matching circuit
separated the output of the main amplifier and the delay line.

5.2.1 The preamplifier,

The preamplifier was a cammercial version of the low
noise circuit with cascode input stage described by Chase et

al. (Chase 1961A).

5.2.2 The main amplifier, the integral discriminator and

the pulse shaping netwark.

The main amplifier and the integral discriminator were

incorporated in a commercial unit.

P,
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The lithium drifted silicon detecctor was in principle
capable of a resolutien better than 1.5% for 5.47 Mev alpha

particles. The energy spread due to non-electronic causes

P
T
Fon
54

gave rise to a much poarer resolution. The extra noise
introduced by double delay line clipping was negligible in
camparison with the "non-electranic! energy spread.

The pulse shaping circuit was identical to the cne in

section 5.1.3.

pi-ig

5.3 The neutron monitor circuitry

The neutron monitor equipment is shown in Fig. 5.3.

[ WY YRV T

The preamplifier (Chase 1961) was followed by a cammercial

linear amplifier with single RC shaping and an integral

S AN M KA.

discriminator. The linear output was fed into a 3 usec

VARSI BT LRI AR L L CF -
YANY L LO H0O AJ.ISHB/\II\'J_I']

delay and then displayed on an oscilloscope. When the latter
was triggered externally by ths discriminator output, the

discriminator level could be adjusted by visual inspection.

5.4 The coincidence system

5.4.1 The random coincidence rate

Completely unrelated signals from the three detectors,
which occur within the resolving time of the coincidence
circuit, give rise to ¢ random coincidence at the output.

A random triple coincidence also takes place when a genuine
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coincidence between two counters is followed by an unrelated
signal from the third counter within a period shorter than
the resolving time.

The counting rates per second are respectively Nl’ N2
and Ny in the three channels. FEach detector activates the
coincidence circuit for a time t after an event has been
registered (r is supposed to be identical for the three
channels). Tt can be shown that the randam coincidence rate

R is given by

2
R= 3t Nl N2 N3 (5.1

if no carrelations exist between the various pairs of
channels (De Benedetti 1958).

Let Ni and Nj be the counting rates in channels i and 3.
A carrelation is said to exist between channels i and j if
Cij among these counts canstitute genuine double coincidences.
The presence of these coincidences affects the chance triple
coincidence rate considerably. Tt becames now (De Benedetti

1958):

2
R= 3t N! NLN!+ 2¢ (C12 N

1 15 Ny 3+ ClB 1\I2+C23N1) (5.2)

ith 0! = K. =C.. ~ C.. (i 4 . S
with ‘Ji = I\i Ci] C:_k (i, j and k constitute a combination

of the indices 1, 2 and 3).
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5.4.2 The choice of 7,

The ratio of genuine to chance coincidences should be
as high as possible. R can be reduced by making t small and
by operating at low counting rates. The minimum value fap
T is set by the respanse time of the porporticnal counters
which is considerebly longer than that of the solid state

detectar. A value 1 = 1.5 usec was adopted.

5.4.3 Principle of operation of the coincidence circuit,

Fig. 5.7 shows the triple coincidence circuit. Transis-
tars T], T, and T, which have a common collector load, conduct
heavily in the quiescent state. As a result the potential
of P is close to ground. If all three transistors are cut
off simultaneously, the potential of P is lowered to -10V
until at least one input signal disappears. Tq inverts the
signal and T5 provides a low output impedance.

The cutput of the coincidence circuit provides the
gating pulse for the time tc pulse height converter of the

particle identification system (Secticn 6.3.3).
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PROPORTIONAL COUNTER CIRCUIT
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ASSOCIATED PARTICLE DETECTOR CIRCUIT
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VI - THE PARTICLE IDENTIFICATION SYSTEM

In order to distinguish the alpha particles from the

protans and deutercns resulting from neutron interacticns in
the sample and surrounding materials, a particle identifica-

tion system was used.

6.1 The principle of particle identification,

All methods for charged particle identification require
the similtaneous knowledge of the total cnergy of the particle,
and a quantity related to its rate of energy loss in matter.
Far non-relativistic velocities Bethe's well-known formula
for the rate of energy loss of a charged particle in a naterial

medium reduces to:

4 2 2
E - bmez g, 2w (erg ) 6.1)
dx mv2

e and m are the charge and mass of the electron.

V and 3 are the velocity of the charged particle and the
number of elementary charges it carries.

N and Z are the number of atoms per unit volume and the atamic
number of the material medium.

I is the mean excitation cnergy of the atomic electrons

(Evans 1955).
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Expression (6.1) is not universally valid. The range
of validity for each type of particle depends on the nature

of the absarber through which it travels.

If ¥ and E are th2 mass and kinetic energy of the

charged particle, (6.1) can be written:

2

€, _ Kl—rf‘i—-mz-E— (6.2)
dx E M
Yme 'NZ b
with K = LN and K, =
1 2
2m I

Kl and K, are constants for a given absorber.

The product
e £ L kel ok B (6.3)
dx - M

depends on the nature of the projectile through z and M,
but is nearly independent of E within a large energy range.

(The logarithmic term InK, ;—,‘I varies only slowly with E).

: IS
The product E g-i- hag, therefore, a definitce value for each
type of particle, irrespective of its energy. Iany particle

identifiers are based on the evaluation of this product:
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e.g., Briscoe 1958, eianeni 1960, Aitken 1961, Swenson 1964.
Some inébrpjcyjlrate“é&‘*'r_éctign fac;tobs in order to account for
the effect of the 1ograr1‘thm1c term. If the product

E —%— is ‘-pu‘f eq'ualr"co‘_ 16 for alpha particles, it will be
roughly 2 and 1 far deutercns and protons. Since in this
work the identifier is only Iused to single out alpha

particles, the logarithmic term can be safely ignored.

6.2 The present identificaticn system,

The design of the present identifier is similar to
that of Aitken (Aitken 1961).

Aitken uses the pulse height to time conversion
perfarmed cn the E-signal in a multi~channel analyser to
provide a start and stop signal to a sawtooth generatar
producing a signal with a slope proporticnal to gE—x .

The final pulse height of the sawtooth is proparticnal to

E % . The product pulse is then sarted by a single channel
analyser, in time tc allow an inhibiting pulse to be fed
back into the multi-channel analyser, if the product pulse
is not of the decired value.

In the present desipn the need for access to the

internal circuitry of the multi-channel analyser has been

P 4
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eliminated by incorporating a pulse height to time

converter in the multiplier. Figs. 6.1 and 6.2 explain

how the product 25 E 1is obtained and how gating of the

multi-channel analyser is achieved.

E~counter pulses asscciated with a triple coincidence
are transmitted by linear gate 1 to a pulse height to time
cawerter (PIC). They are transformed by the latter into
square pulses of constant amplitude with widths proportional
to the input amplitudes. Pulses with slow expanential decay
from proporticnal counter 2 are applied to linear gate 2.
The latter is gated by the output of the PTC. The pulses
at the input of linear gate 2 are, therefore, transmitted
during a tims interval which is proporticnal to the
amplitude of the corresponding E~counter signals. Square
waves modulated in amplitude by g—f{- counter 2 and in width
by the E—counter appear behind linear gate 2. Subsequent
integration yields pulses with amplitudes proportional to
%‘ .E. An integral discriminator allows to select those
product pulses which correspond to alpha particles. After

having passed through a pulse shaper, the discriminator

pulses gate the multi~channel analyscr.
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It will be noted that E and g—i‘-; signals are delayed
by delay circuits 3 and 4 exd amplified by a linear
amplifier. The delays ars necessary to provide correct

time correlation between gating pulses and counter signals.

Fig. 6.2 shows waveforms for two alphs particles with
different energies at several points of the block diagram
in Fig. 6.1. Tt can be seecn (Fig. 6.2e) that the product
pulse reaches full amplitude at different times, depending
on the size of the E-counter signal. The logic pulses
from the integral discriminator show, therefore, a
considerable time jitter with respect to the E-counter
pulses which are fed directly into the multi-channel
analyser. To insure proper gating of the analyser, the
Z-counter signals must be delayed by an amount larger than
this maximum time spread by means of delay 1. The square
waves from the pulse shaper must be wide enough to
guarantee overlapping of E-signals and gating pulses at
all times. The building blocks enclosed in the dashed
rectangle in Fig. 6.1 constitute thec heart of the

identification system and have been built as a single unit.
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THE PARTICLE IDENTIFICATION SYSTEM -
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6.3 The circuitry of the identifier .

6.3.1 The delay line circuits .

~

Delay line circuits 3 and 4 in Fig. 6.1 were 3 usec
delays incarparated in an amplifier. One of the two circuits

with a gain of about 4 is shown in Fig. 6.3,

6.3.2 The linear amplifiers .

The linear amplifiers increased the level of the E

and dt/dx signals further. One of them is shown in Fig. 6.4,

6.3.3 The pulse height to time converter .

The PIC is shcwn in Fig. 6.5. The E-counter signal is
transfarmed into a pulse with linear decay. The time taken
by the pulse to return tc the base line is then poarportional
to the input amplitude. The linear decay is achieved by
letting the input pulse at K charge capaciter C tc a
negative voltage aV. After disappearance of the input

signal, both dicdes D, and D, are backbiased and C discharges

2

through R towards the supply veltage Vo (+30V), D, prevents

the upper plate of C fram poing positive.

If Lav | << 1 the discharge is essentially linear
Vo
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between AV and ground. A cathode follower couples the
signal with linear decay to the next stage. Fig. 6.6 a)
and b) show the waveforms observed at K and L. The pulses
at L are further amplified. The larger pulses exceed the
dynamic range of the stage (Fig. 6.6c), but this is of no
cansequence since the base line recovery time is the
quantity of interest. 'I‘2 has a large collector load and
the pulses on its base are transformed into square waves
having the same width at their base as the signal at M
(Fig. 6.6d). After polarity inversion the time analogues

of the E~ccunter signals act as triggers for linear gate 2.

6.3.4 The integrator,

The operational integrator is shown in Fig. 6.7.
Chase shows that nearly all of the input charge appears
an the feedback capacitor C and that the veltage at the

emitter of T2 is approximately % (Chase 1961 B).

6.3.5 The integral discriminator,

The scheratic diagram of the integral discriminator

which follows the integrator is shown in Fig. 6.8.

6.3.6 The linear gates .

Linear gatcs 1 and 2 arc nearly identical designs

(Gabriecl 1961). The schematic dizgram is shown in Fig. 6.9.
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6.4 The complete clectranic system,

In Fig. 6.10 tho electronic system is shown in its
entirety. The neutron monitor gircuitry which is completely

self contained has not boeon included.
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VII - THE DETERMINATION OF CROSS SECTIONS

The caleulaticon of the cross scetion from the obserwved
counting ratc dopends both on geometric factors and on the
angular distribution of the reaction., The apprepriate
expressiats arc deveicgcxl belov for two cases - an
isotropic angular distribution and an arbitrery distribution.
The first caloulation, for the isctropis distribution, will
illustrate the way in which the geonotrical factors have
been computcd and the second calculaticn will show the
natural extcension to any arbitrary angular distributic.

This is followed by a discussion in section 7.4 of the
inherent cnergy resolution of the apparatus and of the
effect of the geometry and the angular resolution oﬁ the

paak profile,

7.1 Ths ruaction products are distributed isotropically,

7.1.1 The cross section formula,

Fram N » the total numbuor of neutrons produced in the
tritium tarpet and from Na, the numbor of alpha particles
that have been doetected, the cross seetion o for the (n, o)
reaction can be duduccd. Fig. 7.1 @ will be helpful in

rclating these threc quantities.

P
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If Nn neutrens are emitted isotropically by the

tritium target, the sample target will intercept N, of them
H, = S 0w (7.1)

wy is the averape solid angle subtended by the sample at
the tritium targer. These N, neutrns generate I, alpha
- Ry ’ P

particles in the sampls and

s Frar (7.2)

i n ¢ Avogadro's number

density of the sanpic

[9]
.o

M @ atomic mass of the aaml

t : sample thickness

F : relative abundance i ‘e isovope of interest
(o < f <1).

3t the reaction cross seotic.
One supposes here thar whe oipie particles are emitted
isotrepically from the sampis . The number that will reach

the semicenductay detector is:
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w2
\
I\a = N'2 - (7.3)

where wp is the average solid angle subtended by the semi-
conductar detector at the sample.
From (7.1), (7.2) and (7.3) one finds:

N.p
3 n Wy 2o A . =
@y g
If ane calls &, =~ and G, = -—— and solves
1 y 2 i
m =+
(7.4) for o :
G = H H (7.8
Nn 6 G, Ny oft
7.1.2 The choice of Gl and G2
The product €48, in (7.5) is called the geometry of the

experiment.  The scleeted geometry is a compromise between
cantradictory requirements. If G, -6, is large, the detection
=fficiency of the assembly is high, but its anguiar rusoluticn
becomzs poor, which causcs a smearing out of the peaks in the
2lpha spectrum. The product GlGZ is also limited by practical
cansiderations.

i)  th: need far cocling of the tritium target ruquires a

minimum distance Ixaween the latter and the sample. This
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sets an upper limit to G-

ii) two proporticnal counters must be accommodated botween
the sample and the semiconductor detector. This scts

an upper limit to G,.

7.1.2 The evaluaticn of Gl and G? .

The calculation of both Gl and (32 reduces to the following
problem: given two pareliel disks of redii a and A (where
a denotes the smaller of the two), if one disk emits particles
uniformly and isotropically from its entire surface, what
fraction of the particles will k¢ intercepted by the cther
disk? In other wards if a is the scurce and A is the
receiver (Fig. 7.1b), the average solid angl: subtended by
A at a has to be evaluated and vice versa. Garrett has

given the solution to this problem (Garrett 1954).

Lot 7 be the distance between the two disks and R2 = A+ Z°,
.._A__ w SJ.IB and .E._ = cosB
R R

If a is thoe scurce and A the receiver then 6 (a+ A) = K (7.6)

A is the scurce ancg & the recoeiver thon

C (hra) = (%—)“"K 7.7
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P_(o) n
=1 _ . 2 n a
K =3 [1 cos +2 sin‘g }j TGS M (cosB)(ﬁ);l
n = 2,W,.,.

(7.8)

The P_ and Pé are the legendre polynomials and their first
derivatives.

The quantities @ (a + A) and 6 (A + 2) can in principle
be computed from equations (7.8), (7.7), and (7.8). In an
appendix (scetion Al) it is shown, however, that the G's can
be correlated with the mutual inductance of a salenoid and

a ccaxial circular filament. This amalogy yislds the

follewing simple cquations.

G la~+A) = 1 - Qo cosg ) (7.9)

2 .
GA+a) = a (1- Qo cosg ) (7.10)

— 2
where o = :C\_}-"Qo:Qo (a, p ) and p = sing

The values of QC axe tabulated (Grover 1946) and can be
optained through interpclaticn. In this way the summation of
series (7.8) can be avcided.

:

.2 The reaction oroducts are not isctrepically distributed |

I general the measured yvield of & reaction in an

k)

clement of eo0lid anele a¢ is edven Ly
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dN N.p
T N g-% n€e) (7.11)
dn M n

where n (8} is the detection efficiency at an angle 6 with
do

respeet to the path of the incoming neutron, and o

the differential cross section. If the distribution of
reaction products is not isctropic, the number of particles
emitted in varicus dircetions is not the same, and they are
detected with cifferent efficiencies because n is a function
of 9.

Expressimn (7.5) which is based on the caloulation of
the average solid angle becomes invalid and (7.11) has to
be integrated fomally.

In the present geometrical arrangement cne has:

O<n{s) <l forec<y

(7.12)
n{8) =0 fare 6

and the valuc of 0, can be casily deduced from the geometry.

Integrating {7.11) over 6 and ¢ one cbtains

NAp a1 n A
T 4 | ¢ P i¢ ~—= n (0) sing (7.13)
r: » noJ b J Q¢ g " (6) sin
12
o G

where N is the total alpha particle yield.
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'n'
No do
. FtN 2n [ — . n(0) sinede (7.14)
¢ M T de
o

To integrate (7.14) further one must eithcr know the

angular distribution or assume a plausible distribution

do
da

= k¢(9) (7.15)

vhere k is a scaling factcr.

But n(8) =o for 0 > 8, and, therefore,

0,
NAp
N = £t 2nk I ¢CoIn(e) sineae (7.16)
. (o]

Solving equation (7.18) for k and substituting into

(7.15) yields

do Hoé(2) (7.17)
an SN 01

—— pftN 27 . [ 4(e) n(e) sinode

1

t 0

N ) -

5(a)de = M T ¢(09) sindde (7.18)

T Fad ' ;l 91

I\zApI't 1

0 [ ¢(2) n(c) sinodo
(e}
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If one wants to use the assumed angular distribution only
over the range for which the reaction yield is observed

experimerntally, then:

01
?} " i J #(8) sinede
i ald)de = . —e - (7.19)
i, pft i 01
AP
° - n [ $CoImco) sinoae
(4]

If the assumed angular distribution is accepted for the full

range of ¢ (from o to v in the laboratary system), then:

. R . m
" o N, ) ¢ (8) sinede
g =g (8)dg = 5 (7.20)
' N, oft ~ H X
o AT Ty (ednedsinodo

v}

I the reaction products are distributed isotropically

do =} oard (7.20) becomes
an
. AL
g M ‘a o sintde - M
¥ oAt N 01 Nypft
AP .
o u o n(8) sine6de A
il . 021)
X @ 2
N 81

I n{2)sinodo
(o]
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61
Putting G = 7 .[ n(0)sin0do and substituting in (7.21)
0

N M
yields ¢ = —2 (7.22)

N, Hpft G

(7.22) is identical to (7.8) with ¢ = Gn‘G? ag expected,

7.3 The determination of n(o),

7.3.1 Introduction |

The problem is the fellowing:

N neutrons are emitted from the source having radius
Ry. (Fig. 7.1C). The source emits isotropically and
unifarmly over its entire surface. In the hyvcthesis that
every neutron which hits the sample target (radius R2)
produces an alpha particle msking an angle 0, with the
direction of the incident neutron, what will be the ratic

N

= ._1. aye [
n(0) -, where My

hit the detector having radius R;. The source to sample

is the number of alpha particles that

and sample to detectar distances are dl and d, respecfive—;ly.
The analytic solution of this problem presents

serious difficulties. Ho simplifying assunptions can be

introduced becausc the radii of the varicus apcertures ars

of the same order of magnitude as the distances that

separate then.
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DETERMINATION OF THE GEOMETRY"

- {a)

je—>
DI

Rl I-‘

A B Cc
A : TRITIUM TARGET
BQ;SAMPLE TARGET
C : SEMICONDUCTOR .DETECTOR

FIG. 7.1 _Oé.
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It was, therefore, decided to sclve the problem by means of
a Momte Carleo type calculation. This is equivalent to

carrying cut an imaginary experiment.

7.3.2 The Monte Carlc procedure,

By means of a random number genereting subroutine in the
camputer, a point is sclected on the disk of radius Rl from
which a neutron is supposed to be emitted. Two random
numbers are necded te fix the coordinates (xl, Yys o) of
that point. The neutron emission being isotropic,two new
random numbers are needed to fix the three direction cosines
(ul, Vis wl) of that neutron. Nert one checks whether the
neutron hits cr misses the sample. If it misses it is
abandcned and a new source neutron is selected. If it hits
cne generates & line passing through the impact point (XZ’
Yos dl)s making an angle o, with the incident neutron direction,
but otherwisc randemly oriented. The latter is the most
difficult step in the procedure. An elegant solution is
suggested by Cashwell and Everctt (Cashwell 1958). One
random number is needed to find the direction cosines
(u?, Voo wz). One has to verifv finally that ithe line
through (xz, y2,dl) with the:forementioned directicn cosines

strikes the detectar aperturc. If ¥ is *the “otal number of




Bl

source neutrons processed and i, the number of alpha particles

1
that strike the detector, n(e) = =L is the desired quantity.

bR
Iy

A lot of computer time will be wasted in letting the
neutron sowcs be isotropic in s11 space. Clearly, neutrons
preceeding towards the hemisphere pointing away from the
detector cannot hit the sample. Closer examination of Fig.
7.1C shows that the only neutrons that can possibly hit the
sample are those comprised within the solid angle of
aperture p, perpendicular to the source and pointing towards
the detector. ‘The apex of this cone can of course be any
point of the neutron sowrce. Actually, any neutron emitted
in this solid angle has a good chance of hitting the sanple,
and this results in a tremendous economy of computer time.

.‘1 ) N
If (i;) is the ratio far all space and (:‘__3:) the ratio
v R : - o O
il C il
for source neutrons which are restricted to the solid angle
u {expressed in steradians), then
!

S oH,
L 7.23)
- M Y
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Fig. 7.2 shows the greph for n(8) versus ¢ which is
obtained by repeating the above procedure for various values

5 .
of B¢ 10” source neutrons were processed for each point.

7.3.3 Verification of the result &

Monte Carlo programs are notoricusly difficult to check
far errors. The validity of ‘the prusent oalculation was checked

in two ways:

a) When & = ¢, n(8kiis the avereye =0lid angle subtended by
the semicanductor detectcar at the neutron source. This

quantity can be calculated by the method of secticn 7.1.30

-
-
v

which yields n(c) = 6.58 * 1t

gives n(c) = 6.7 X 10-3, the agreement being better than

The Monte Carlo precedure

2%.

: &1
b) Vher the integral G = 2 [ :(:)sinsdy frem sectien 7.2

is evaluated, the result choulie ! identical to that
obtained by the method descritwe in secticn 7.1.3.

. . . . . W e e 2=3
Numerical integration yields ¢ = 1.9 X 10 7, whereas the

product of the twe average solid arzles yiclded the same

numerdcal value up o 3 significent figures.
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7.4 The process of peak formation,

7.4,1 TFactors determining the puise profile.

Definits line widths are associated with the various
peaks in the experimental spectra. The factors contributing
to the line profile will be examined and the theoretical line
width will be calculated for a specific case. The results )
will show whether useful information can be extracted from
the observed line profiles.
In a "good geometry” experiment three factars account
far the line profile:
i) caunter resclution
i1l target thickness . o
iii) different path lengths of the alpha particles in
the counter gas. -
In a "bad geometry' experiment two other causes of energy
spread have to be added: |
iv) the energy of the alpha particle is a function of
the angle of deviation 6 betwcen incoming and out-
going projectiles.
) the detection efficiency of the system is = function
of 8.
Trhrougn iv) and v) the chserved linc shape depends in a

corplex manncy o the geametry.  The effect of iv) is impartant
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for lighter nuclel.

7.4.2 Calculation of the line profile for the ground state

58

trensiticn in the reaction " Hi (n, -a.JSSFe.

The Monte Carlo method provides a convenient tool for
calculating the line shape. The calculation is carried out
'assuming an iscotropic distribution of the reaction products.
The energy spread due to geometry, kﬁnerrétics and finite
target thickness 15 calculated first - In the program a series
of random numbers'(Ri, R2 ,, .,' Rn) is senerated. Rl selects
the angle of deviation between alpha and neutron, which at
the same time fixes the eﬁérgy of the farmer. The curve
ne) versus 6 determined in section 7.3.2, is a probability
distritution for the detection of alpha particles as a function
of 8. By means of R2 aryd this distribution, cne decides
whether the alpha particle is detec‘ced or not. If not, it is
imrediately discaxdea. If yes, the value of R3 decides from
which depth in the target it was emitted and the energy loss
in the target is calculated (one supposus for this caleulation
that all paths arc parallel to the symmatry axis of ik
apparatus). The Firel cnergy of the particle iz recorded in
180 Yecunters' wnich wrv cov o ar 9r the conputer cach covering

2 26 keV ointoywal. Tho reesudy is presented as a multi-~channel
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analyser spectrumn. Fig. 7.3 shows this energy distribution,
which will be referred to as Spectrum 1. Spectrum 1 is used
as input to a new random walk program which will calculate

the energy loss in the proporticﬁal counter gas end evaluate
the contribution of the semiconductor noisa to the total line
width. For each alpha particle which is ‘selected from
Spectrum 1 by means of a random number, the emergy loss in the
counter gas is computed and by means of a secand random number,

a noise pulse is added tc the "sigmnal”. The noise pulse is *

extracted from a ncrmal distribution stored in the computer
memory. The standard deviation of this distribution was
obtained from an actual semicanductor detector spectrum
correspanding to the ground state transition of the
2845 (n, a)25!-1g reaction, which exhibits a peak at 12.0 Mev.
The width was extrepolated to the energy associated with the
58N:'L(n, o) > Fe pround state trensition by assuming a g2
dependence of the detector resolution. The result of this
calculation (Spectrum 2) rust be compared with the experi-
nental line shape.

The seccnd randam walk celeculation was repeated assuming

&)

that all alphe particles arc cmitted with & = o . This

corresponds to an extrem:ly forward peaked direct interaction.
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Rt "’he resultant epergy cl::.stm.butlon (Spectrum 3} should be

'comparmd w:z_th Spectmm 2. If the line width in Spectrum 3
.:.s ccmsxi\.mbly less than“:m the other, some infarmation

an the angular distribution might be extracted from the

peak profile. Figs. 7.4 and 7.5 show spectra 2 and 3. Table
7.1 givees the full widths. at half meximum for the experi-

mental distribution and Spectra 2 and 3.

Table 7.1 - q
Energy distributicn - - FWHM (keV)
Experimental 0 o0 650
Spectrum 2 T, 885
Spectrun 3 o s20

The agrecment between the experimental and theoretical
values of the TWHM is exccllent. The values for Spectra 2
and 3 are too clese together to be able te drew any conclusions

regarding the anpular distribaticn.
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VIII - EXPERIMENTAL PROCEDURE

8.1 Selecting the operating conditions of the system.

Before an experiment can be carried out, the gains and
bias levels in the electronic system must be adjusted such
that the signals from the alpha particles of interest are
properly processed. Alpha particles having energies between
12 and 25 Mev are not available in the laboratory for testing
purposes. One can, hawever, use a 5.47 fev 241/\.13 source for

testing and work out what the behaviour of the system will

be at higher energies.

8.1.1 Calibration and choice of bias levels in the pro-

porticnal counter channels |

The following method was adopted to ensure that the
window discriminators of the proportional counter channels
were set to accept alpha particles between 12.5 and 25 Mev.
An experimental chamber in which the distance between an
21”‘Am source and a solid state detector can be adjusted at
will, was filled with 200mm A and 20 nm COQ. The pulse
height was recarded as a function of scurce detector distance.

From these data and from the well lnom positions and

dimensions of the proparticnal counters, it was possible to
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determine the average energy loss of a 5.47 Mev alpha
particle in the dE/dx counters. The results were respectively
0.400 and 0.450 Mev for the detector closest to and farthest
from the source. The energy loss of 12.5, 17.0, 20.0 and
25.0 Mev alpha particles in the proportional counters has
been calculated from Bethe's formla (eq.6.1). Table 8.1
shows the result. (The data measured at 5.47 Mev are also
included. The 5.47 lev values could not be calculated

because Bethe's farmula becomes unreliable at low veleocities).

Table 8.1
Energy of alpha Energy loss in Energy loss in
particle (Mev) counter 1R (iev) _counter 2 (Mev)
5.47 0.40 0.45
12.5 0.22 0.22
17.0 0.18 0.1¢#
20.0 0.15 .15
25.0 0.12 0.12
2 - counter 1 is enccuntered first by the incident
radiation.

; f
.- -1\1—-1“'1‘—\"
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If the pulse ampl:i.‘cudes.in the propor*t;ional counters for
5.47 Mev alpha particles which completely traverse both
counters are observed experimentally, the expected amplitudes
for 12.5, 17.0, 20.0 and 25.0 Mev alpha particles can be
immediately deduced frem Table 8.1, The upper and lower
discriminatars in the proparticnal counter channels are set
relying cn Table 8.1. Conservative bias settings are never-
theless adopted, so that possible inaccuracies in the table

cannct result in the loss of part of the alpha spectrum. -

8.1.2 Calibraticn ard choice of bias level in the E-~counter

channel.

Two convenient calibration points allow tec establish an

unambiguous rclationship between chamnel number in the multi-~ -

channel analyser and alpha particlc energy. The first point

24 1.Am scurce

is given by the §.47 Mev alpha particles from a
wnich is introduced in the vacuum chamber. The second point
is obtained from the sharp peak at 12.0 Mev correspending to
the ground state transition of the 2885. (n, a) ZSMg recacticn,
This peak is easily observced when the semiceonductor detecteor

is expesed to .6 Mov neutrons and the multichannel analyser

15 allowed o accurulate the speotrur witheut eating procauticns.

A



It is worth noting that the peak at 12.0 Mev is not onlv due
to the alpha particles which leave 25_1‘-13 in the ground state,
but that the recoil energy of the latter nuclei also is
included in the signal.

The integral discriminator of the E-counter amplification
channel was set such as to cut off all alpha particles below
12.5 Mev. In this way the numerous alpha particles from the
2885.(11, a)stg reaction do not contribute to the counting

rate in the corresponding channel of the coincidence system.

This reduces the random coincidence rete drastically.

8.2 The data collection |

Each experimental run consists of typically 4 spectra
accumulated with the target in place, and 2 spectra with a
background blank. Between successive spectra (each representing
about 2 hours of irradiation), the energy calibration of the
semicanductor detector and the proportional counters was

checked.

8.3 The processing of data

After completion of the experimert the spectrz accumu-

lated with the target in place were summed | and the normalized
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sum of the backgrourd runs was subtracted. This was done by
computer. The computer progrem allowed unsatisfactory spectra
to be discarded.

The alpha particles that are recarded have lost energy
both in the target and in the proportional counter gas. Their
ariginal energy is the quantity of interest. A ccmputer
program using Bethe's formula (equation 6.1) for the rate of
energy loss of a charged particle thrcugh ionization, allcwed
the original cnergy of each group of alphas to be calculated
from their observced energy. In this calculation a simpli-
fying assumption was madc: all alpha particles werz suppesed
to originate from a depth d/2 in the target (where d is the
total target thickness), and they were supposed to travel
parallel to the symmetry axis of the apparatus. These energy
loss calculations were checked for several isotopes and for
various cnergies agninst the values predicted by the tables
of VWilliamson and Boujct (Williamscn 1966). The agreement

was cxcellent.
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IX - EXPERTVERTAL RESULTIS

9.1 The alpha particle spectra.

Plots of the yield versus original alpha particle energy
(in the laboratory ccordinate system) ere shown in Figs. 9.1
tc 9.13 for 13 different fargets. The feollowing targets were
also attempted, but either the yield was extremely low, or
the statistical scatter of the peints was so large that nc
structure cculd be seen in the high energy part of the

spectrum: natural Ag, natural Sn, natural Sb, natural Pb.

&

No plots are presented for these elements.
The alpha particle spectra will now be discussed

individually by means of the figures:

Fig 9.1 natural Ni.

The ground state transition and the yield to the 7/2
states at 1.322 Mev and 1.412 Mov in 55?3 arc clearly resolved.
The latter peak is alsc contaminated by the ground state
trensition of the 6ON:'L (n, a)sr]Fe rcaction. The peak positions

aprec well with the locations predicted from the lncvmn
Q-valuc of the reaction, as indicated by the arrcws.
Fig. 9.2 : cnriched 81

The counting statistics 1f more faverable than for the

natural Ni target. Appreciable scatter can, hawever, bz seen
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in the experimental points. This is attributed to the fact
that the semiconductor detectar had already suffered appreciable
radiation damage at the time of this experiment.

Fig. 9.3 : enriched SONJ'.

The peak which appears at the locaticn of the ground
state transition may also contair: contributions to low lyihg

levels in 57Fe .

Fig. 9.4 : enriched i
The ground state transition and the transition to the
0.810 Mev 2 state in 581=‘e arc partially resolved. The peaks

appear in the expected locations.

-~

Fig. 9.5 : enriched Hlos
-
The ground state transition is not observed. The 2
. . .
state &t 1.156 Mev in  Ca gives rise to a clearly resolved

peak in the expected locaticn.

Fig. 9.6 : natural Zn

The high yield from this target allowed the ground state

. . B4 66 68
transitions carresponding to ~ Zn, Zn and  Zn tc be observed.

The first is tctally and the cther twe are partially resolved.
e . . 6l o
Cross sectian values will only be cucted for © 7n, since the

. 6., 68 s -
neaks corpespoerding to o T7n ant CU7n are contaninated respectively
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by alpha particles from = 'Zn and +7"Zn. The Q-value

equation again predicts the carrect position of the peaks.

103

Fig. 9.7 : Rh

A broad, partially resolved peak is observed, at

slightly too low enersy i Fit the predicted location of the

ground state transiticrn. Mo informatior is availabls on the

. SNRILS: yg . -
excited states of Te. If the Q-value frow the 1864

lattauch and Wapstra tables (Mattauch 1965) i correct, the

observed peak «ould Ix: aTtributed to several low lying

excited states i ¥ Te.

Fig. S.% Tl
. . . 59 5
Not withs*tanding the small Q-value of the ““Co (n, «)
reaction, the ftransition to the ground state and the first

excited lovzis of 56

]
14
,.J

.

02 #ev, ete...) are distinguishable as 2 single

- - T 284 \Zh,,
unresolved peak from the line due to the “7Si (n, ) Mg

. - . 56
reaction. The participation of thz excited states in ~ Mn

i suggested by the disagrecinont betweaen nradicted and
SF Yy .

oheerved position of the ground state tranciticn. It is

. . , A . . 28a.
mreresting 1o note that the peak corregpending to the ©7°8

25, . . . - . .
(n, o)™ Hp reaction with the silicon of the semiconductar

Mn (3 at o Mav, 2° at 0.026 Mev and 1

ol

b
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detector appears at 13 instead of 12 Mev. The conputer
program which corrected the alpha particle energies for
loss through icnization in the target and the gas, applied
the same procedurs to the alphas generated in the silicon

and assigned ar: “‘original® energy of 13 Mev to them.

Fig. 8.9 : patural Fe
The ground state transition is partially resolved and
appears in the right place.

Q7
Fig. 9.10 : A

The experimental points show appreciable scatter and
the ground state transition does not appear as an individual
peak. The general shape of the spectrum can, however, still

be recognized.

Fig. 9.11 : natural Ba

A broad peak is observed corresponding rather well to
the expected location of the ground state transition. The
partially resolved peak at 16.8 Mev cannot be taken too
seriously in view of the appreciable scatter of the

experimental points belcs 1€.5 Mev.




Fig. $.12 : natural Cu

The peak corresponding to the ground state transition is

R ST

s . O VR ST I - TR ARV S WP

partially resolved. [Arrows ffng o SLTVEIRIRS by - gy
. 208,
Fig. 9.13 Bi

The considerable scatter of the data only allows the
general shape of the spectrum to be drawn. There is no
indication of a peak corresponding to the ground state
transition.

Table 9.1 lists for each target its thickness and physical
construction: F stands for foil, EA for evaporated on aluminum
and EG for evaporated on graphite. The thicknesses were
measured by weighing and the accuracy is usually 5% or better.

The last column lists the percentage enrichment for the

enriched isctopes.

9.2 The cross section values assuming an isotropic

angular distribution .

If the alpha particles are supposed to he emitted

isotropically, cquations 4.2 and 7.5 can he combined to yield

-3 l N nNe
cow 1,57 ¢ om0 A LM (9.1)
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Table 9.1
Target Thickness (u) Construction % enrichment
natural i 2.6 F
enriched °°i 2.3 3 93.95
enriched %% 2.3 T 99.1
erriched o4 2.2 iy 32.71
enriched *'Ti 4.5 F 80.1
natural Zn 2.8 EA
103z, 3.3 F
3o 2.6 TA
natural Fe 2.4 F
197 px 3.0 F
natural Ba 18.1 £e
natural Cu 2.3 3
209

Bi 4.9 EA
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If Na is the number of counts under an isolated peak,
the (n, «) cross section to the carresponding level in the
residual vucleus is given by (9.1).

IF & e the rumber of alpha particles having an energy

iy

greater: than F (.13 vields the cross section for producing
In some cases when the ground state transition is not
completely resolved, an estlimted value is given for the
corresponding cross sectian.

The results are tabulated in Table 9.2

s (gz.s.) stands for the cross section to the ground
state of the residual nucleus, or to & group of unresolved
levels to which the grourd state belongs.

s (exc.) stands for the cross section to an excited
level, or tc 2 group of unresolved excited livels in the
residual nucleus. If the target contains various isotopes
with comparable abundances, cross sections are quoted prov ided
the contributicne from the varicus isotopes could Ix: separated.

The error limits were calculated by estimating the
uncertainties on Gl’ G,» Nap/Nr- an: the target thickness.

The uncertalnty on i*."a was taken to bo ¥ I '

~
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9.3 Cross section values for anisotropic angular distributions,

In this case the results of section 7.7 must he used.
The procedure will bz illustratec by 2n example. Seebeck and
Rorman (Seeheck 1965) have fitted the angular distribution

[='e) "=
of the total alpha particle vield from 8‘:\‘%':[ (n, :.v.)FC with an

N
- .,
NS,

it

expression of the form:

y (&) = a+b cosze,w (9.3)

where a = 16.1 ib/ster. and b ~ .30 mb/ster. ( 2 is the

centre of mass angle between the neutron and the alpha particle).
The ground statc traensition cross section will now be calcu-
lated from the spectrum of Fig. 9.2 assuming that the shape of
the angular distribution is given bv (9.3). This is done by
applying eg. 7.19 Xeeping in mind that ¢ is the laboratory

system angle in that forrula:
S

‘L M B (a+ b cosze,.)sinvldeL
J atopae, = C = = : (9.4)
Mpft M 1L )
© : ' E) (a+ b cos™ ¢ In(6) Ising 4oy

0. is the laboratory angle between neutron and alpha particle

tan o, = ce—— (9.5)
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where i S 12
- nan (s.8)

MR(ma + 3‘1R)Q_ +MR(MR +m,o- mn)En

-

(3]

mys M and Mo are the masses of the neutron, the alpha particle
and the residual nucleus; Bn and Q are the neutron energy in
the laboratory system and the Q-value of the reaction. (9.4%)
mist be integrated in the centre of mass system and, therefore,

a change of variable must be effected:

Y (:osf.“c +1
doL = f(ac)dec with f(o ) = (9.7)
c
Y o+ ZYcoscc+ 1
. q . sinoc
sino, = _ wWith s ¥ —— (9.8)
5 Y+COSOC
J«.lc 2
“9e " ; (a+bcos ec) - £(0,)de,
M e
J‘c(f‘,ﬁ)dec = — - — its
o - N, ft i 1c s
. n J @t bcoszoc)n(oc) £le )de,
VY 1+g2
[¢]
(9.9)

Equation (9.%) yiclds the ground state transition cross
section inteprated over the angular range that the reaction

oroducts are observed in the experiment. If one wants to calculate the
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total ground state cross section, Olc should be put equal

to 7 in (9.9) and this requires of course that eq. 9.3 be
cansidered valid over the full range 6, = o to 7. Equation
(9.9) was integrated numerically and the results are compared
with the croses section correspending to an isotropic distri-
bution, in Table §.3.

The cross section for the anisotropic distribution is
about 20% smaller than for the isotropic case. The angular
distribution of the global spectrum will in general be
different from that of the alpha group leading to the ground
state. This will be even more true if considerable direct
effects comtribute to the ground state transition. The
present calculation should be considered as an estimate of

the influence of anisotrcpy n cross section values.

Table 9.3
Type of calculaticn cross secticn (mb)
o(g.e.) (isctropy) 1.7 ub
o(g.s.) (anisotropy) 1.4 mb

ch
o{.5.)d% 0.4 mb

0

3
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X -~ COMPARISON OF THE RESULTS WITH THE STAT'ISTICAL THEORY
OF NUCLEAR REACTIONS.

10.1 Inmtroduction.

In this chapter the statistical theory of nuclear reac-
tions is briefly reviewed and its results applied to the
particular case of reactions leading to isclated individual
levels in the residual nucleus. The approach of Weisskopf
and Ewing is considered first, and its development into the
(2I + 1) - rule is stressed. Then the approach of Hauser and
Feshbach is discussed.

The experimental data is compared with those two forms
of the statistical theory. It is found that the two thecreti-
cal procedures agree well with cach other, but that both are
in very poor agreement with the experimental data.

The theory is presented here in a rather abridged form
and is only included for complcteness. Fuller treatments

can be found in the various references given in the text.

10.2 General cross section formulae

Several assumptions have to be made in order that a
reaction of the typs X(a, B)Y can he described by the

statistical theory (Goldstein 1963):
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a) A comound nucleus must actually be formed and its life
time should be long compared to the transit time of the
incident particle tlwough the nucleus.

b) The excitation of the compound nucleus should be in the
region of strangly overlapping levels.

c) Except for the requirement of conservation of total
energy, total angular inomentum and parity, the decay of
the compound nucleus should be independent of its mode

of formation.
Under these conditions the total cross section can be written

cla, b) = oca(ca) (E) (10.1)

onb

9 a(e a) describes the formation of the compound system by

the incident particle with channel cnergy € nb(E) represents
the probability of decay of the compound nucleus by emission
of a particle of type b. I is the ratio of the probability
of decay of the compound nucleus by emission of particle b,
to the total decay probebility through all possible chanmnels.
It can be readily expressed as a function of the various

widths for particle emission

-—2 (10.2)
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10.3 The reciprocity theorem for nuclear reactions .

One can show by reans of a general argument (Weisskopf
1937), that the width I, for decay of a compound nucleus
A by means of emission of particle a is related to the cross
section of formation of the same compound rucleus by
association of a and the residual nucleus B of the farmer

process:

(2 Sa+ Dn_e

(ea) G)B(EB) (10.3)

2 2
T A wA(EA)

s, and m, are the intrinsic spin and mass of a.wA(BA)

and wB(EB) are the densities of states of A and B at excita-
tion cnergies E, and Ep.

The superscript 2 indicates that the expression is
valid for the partial wave 2. By summing over all possible

% values, I'_ can bz related to o
a ca

10.4 The total cross section for the ¥(a,b)Y reaction:

Vhen (190.3) is applied to the outgoing particle b in
the X(a,b)Y reaction, one gets:

25, *1  me),
Ty
N (6)) thz

(%) -
© Oy (cb)wY(L-v ) (10.4)

(2) —
I‘b (eb) = Ly eh
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w, and wy are the level densities respectively in the
coumpound nucleus and the residual nucleus at the indicated
excitation energies. Eb is the binding enersy of b in the
compound nucleus. Summation over all contributing g-values

and integration over all possible energies of particle b

vields:
E-Eb
(28b + l)mb '
ry = P | ebocb(eb)mY(E - Lb - eb)deb (10.5)
™ h W, () i

)

From (10.1), (10.2), and (10.5) it follows that

T

(28b+'1)niﬁf sbocb(eb)wY(E—Bbmeb)deb
-E,

f evccvcev)va(E_Ev—ev)dev
o

ola,b) = oca(ea) (10.6)

L (25 +1)m
\Y) Vv v

vhere Y§ is the residual nucleus associated with the outgoing

particle v. This is the Weisskopf-Ewing formula.

10.4.1 The level density farmula.

The search for adequate expressions describing tho
variation of nuclear level density as a function of excitation
energy has developed into an independent field. The descrip-

tion proposed by Gilbert and Cameron has been adopted in this
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work. (Gilbert 1965). These authors divide the excitation
energy of a nucleus inte two regions, the dividing line
depending on the nucleus under consideration.

In the lower excitation region, the dependence of the
total level density (summed over the angular momenta) and

including all levels degencratc in ﬁg is given by

w(E) =V o 1 €Xp I(E—EO)/TJ (10.7)
T _

¢ is the spin cut-off parameter, Eo and T are constants, the
latter being referred to as the nuclear temperature.

In the second resion the dependence on E is given by

W(E) = Yy . exp(2/ al )
12 nl/q US/H

(10.8)
U=E-~-S¢
In (10.8) E is replaced by an effective excitation energy
U, which is zqual to or smeller than F, dcpending on the valuc
of the positive constant 6 (the pairing energy). a is called
the level density parameter.
Tre introduction of 8 can be justified by noting that

(10.2) was derived under the assumption that the nucleus i

()]
1]

Foel e e Lot ar

. A -4 ' P . N

~ F\:l"““:i)‘ A '\‘l\ : e oo
~ J
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gas of independent fermions. Since there are considerable
interactions in a real nucleus bétween nucleons of one kind,
some of the excitation energy E must be expghded in breaking
the links between the partners of the various pairs. The
parameter 6 reflects the difference of this contribution

for even~even, odd-even, and odd-odd nuclei.

10.4.2 The inverse cross sections

The inverse cross sections qcv(av) play an impartant
role in (10.6). One should note that ch(sv) is the cross
section for cagﬁtpe of particle v by the residual nucleus
Yv, the latter being at excitation energy E - E - e .
Virtually nothing is known, both thecretically and experi-
mentally about the dependence cf the compound nucleus forma-
tion cross section on the excitation energy of the targ:t
nucleus. One is forced through the circumstances to insert
ground state cross sections in (10.6), hoping that the
approximation will not introducce serious erroars.

Several authcrs have calculated compound nucleus
formation cross sections:

Shapiro has evaluated compound nucleus formation cross

scctions by means of the “schematic theory of nuclear

‘:
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reactions" and quotes results for protons, alpha particles

ard deuterons (Shapiro 1953). Results for neutrons based on

the same theory arc given by Blatt and Weisskopf (Blatt 1952).

Huizenga and Igo have obtained the compound nucleus

formation cross section by alpha particles for a large number

of nuclei by means of optical model calculations (Huizenga

1962). Dostrovsky et al. have proposed an empirical ‘
formula which gives a good fit to Shapiro's calculations for

charged particles (Dostrovsky 1959):

52
= 1P . - k.V. P
o, =R (1 +c3)(l ijj/Ec) (10.9)

R is the nuclear radius and Ec is thc centre of mass energy
of the incident particle.
The barrier height is given by
2
v, = 2728 (10.10)

J R+ .
P35

z and Z arc the atomic numbor of the projectile and the
nucleus being bombarded, ¢ is the charge of the zlectron.
P is zero for protons and positive for alpha particles. A

table gives values for cj and k. which depend on z and Z.
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A similar formula fits the data of Blatt and Welsskopf
for neutrons

- 2
O, = TR a (1l + B/Ec) (10.11)

with o = 0.76 + 2.2 A3 ana g = (2.12 872/3 _0.050)/a,

where A is the mass number of the target.

10.5 Cross sections for events leading to individual levels

in the residual nucleus.

By slightly modifying the results of section 10.4, the
cross section for the reaction X(a,b)Y such that Y is left in
a definite state, can be obtained.

To indicate that a definite level g is involved in the
residual nucleus, (10.1), (10.2) and (10.4) are rewritten:

o(a,B) =0,y (ea) -an(E) (10.12)
I'b
Npg = —gr—v&_ (10.13)

() _ %5t 1 Myeng (&) . .
Tor "o, ® 2 Co (ebg)}_wY(E-Eb-ebe)jB (10.14)

where ebBis the channel enerpgy of b which leaves Y in level
8. If one makes the assumption that the spin distribution

of levels in a given nucleus is independent of its excltation
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energy, the expression for the total density of lewels at
excitation energy E can be factorised

w(E) = w, (E) ,% (27 + 1) w (J) (10.15)

w o(E) is the level density dependence on E (the same for
every J-value), and wl(J ) the dependence on J.

wY(E—Eb-e b B) . in (10.14) involves a single level and from
(10.15) one can see that

wy(E-E - ebB) g =2 Iptl (10.16)

where IB is the angular mamentum associated with level 8
On substitution of (10.16) into (10.14) and after

summation over all allowed £ values (10.12) and (10.13) yield:

(2s,+1)m, e, ,0 , (e, V(2T +1)
. B = "bbp%ch Epg’? t21g
c(a,bg) = o, (e_) T-E,
5(25\;*- 1)mvj”evocv(ev)va(E-Ev—ev)de
© (10.17)

\Y

10.6 The (2I + 1)~ rule

Suppose that the cross section 6(a,b £) has been

calculated, level § iying close to B. Fram (10.17)

o(a,bg) - ebeocb(ebs)('z‘lgl)
o(a,bt) ebgocb(ebgﬂﬂg 1)

(10.18)



One is tempted to say since B and £ are close

together that

€ o~ bt (10.19)
Ooblepg? ¥ OoplEpg) (10.20)
and therefore
o(a,bg) _ 21@:&
c(a,bt) QIg'l (10.21)

This is the well known (2I + l)-rule (MacDonald 1962)
which states that in a reaction which can be described
by the statistical model, the probability for de-
cay of the compound nucleus to a level of spin I in
the residual nucleus is proportional to (2I + 1).

One should however be very cautious in apply-
ing (10.21).

The summations
I.(1?,)

Tog = I Tng (10.22)
(2)
Tpg = % Tng (10.23)

which are necessary to evaluate (10.13, are not
necessarily extended over the same range of 2 values

and therefore (16.20) can be invalid. The ranges
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of 2 values entering in (10.22) and (10.23) are
governed by the conservation of angular momentum.
The ranges are different because I ¢ Ig

At 14.6 Mev incident energy the maximum é-
value associated with an incoming neutron, which
still can initiate a reaction is £ = 6. This can

be seen from a semi-classical argument by putting

Ynax® = ™nVn® (10.24)
2
and Tt = Ogylen) (10.25)
m.Vo is the momentum of the incoming neutron and r

is the maximum impact parameter which still can
initiate a reaction. ocx(en) is the total compound
nucleus formation cross section for target nucleus
X bombarded by 1l4.6 Mev neutrons.

When the summations in (10.22) and (10.23)
involve about 6 terms, it is anticipated that the
resultant sums will not be very sensitive to the

values of IB and Ig and (10.21) will be well satis-

fied.

10.7 Practical expressions for the cross section

formulae.
Expressions (10.6) and (10.17) will be slightly

modified and presented in a form suitable for numerical

work.
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Ea 1s the binding energy of a in the compound nucleus.
The excitation energy of the latter is glven by

E= €, + Ea (10.26)

The Q-value of the X(a, b)Y reaction is given by

Qp = By - E (10.27)
and E-Eb az ea+Ea-Eb =€, + Qab (10.28)

The pairing energy correction of section 10.4.1 must also be
introduced in the cross section formulae. From (10.28) it
follows that

Wy (E -~ Ev" ev)"_“""9 “y (e, * Qav - Gv - €,)

a v
The upper limits of the integrals must be changed because of
the introduction of §, otherwise one runs into negative

excitation energles in Wy,)*

E-E = ¢ + Qav————e €

-d
Vv a + Qav

a v

One more change has to be made in (10.6). If after emission
of particle b the excitation energy of the residual nucleus
is higher than the binding energy Bn of the last neutron,
neutron emission will take place and the quantity

[ 6(a,b) +o(a,b,n) ] rather than o(a,b) will be obtained
from (10.6). To avoid this contamination the lower

limit of the integral in the numerator is chosen
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to be

€ = €5+ Qab - 0 - Bn (10.29)

All lower integration limits remain zero in the
denominators of (10.6)and(10.17). lMultiple
emission is indeed a valid decay mode of the com-
pound nucleus, causing a decrease of the branching
ratié for‘the phenomenon of interest. The final
formulae can now be written:

c(a,b) = cca(ea)

€a * Qup - 0y
X (25b + l)mb soebocb(eb)wy(sa +Qp = Oy - eb)deb
D

(10.30)
o(a,bg) = oca(ea) (25b + l)mbebgocb(ebs)(ZIs + 1)
D (10.31)
D = % (QSv + l)mv
gy + Qav = Gv
X {svocv(sv)va(ea + Qav - dv - ev)dev
(10.32)

It should be noted that in the region of excitation
where level density expression (10.7) is used, §

should be put equal to zero. (At those energies
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no pairing corrections have to be made).

10.8 Agreement of the predictions of the (2I + 1)-

rule with experiment.

Computer programs were written to calculate
expressions (10.31) and (10.32) for the various
target nuclei. The level density parameters and
the pairing energies given by Gilbert and Cameron
were adopted (Gilbert 1965). Also Dostrovsky's
formula for inverse cross sections was used
(Dostrovsky 1959). The latter yields values of
cc(eb) which correspond to a summation of oéﬁ%sb)
from 0 to « with respect to4. This is equivalent
to assuming the validity of the (2I + 1) -rule.

The oca(ea), the total compound nucleus formation
cross sections, were taken from the compilation

by Pearlstein (Pearlstein 1965). Table 10.1 gives
the (n,a) cross sections to individual levels in

the residual nucleus for various target nuclei.

The first four columns name the target, the residual
nucleus (R.L.), the excitation energy and spin of
the residual nucleus at that excitation. Column

5 gives the expected cross section to the level

on the basis of the (2I + 1l)-rule. Column 6 will
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————

o

Table 10.1
Targ. R.N. Exc.En. Spin o (o}
Rthi (2I+1)r0 H.F. EXP.
(MeV) (mb) (mb) (mb)
S8Ni  S5Fe 0.000 3/2  0.2uy 0.200 1.7
£.413 1/2  0.115 0.102
0.933 5/2 0.321 0.285
1.322 7/2 0.395 0.361
1.412 7/2  0.395 0.360
60Ni S7Fe 0.000 1/2 0.0570 0.0718 5.3
0.0144  3/2 0.114 0.139
0.136 5/2 0.171 0.197
§INi S58Fe 0.000 0 0.0105 0.0104 0.8
0.810 2 0.0475 0.0528
“77i  *%ca 0.000 0 0.0334 0.0538
1.156 2 0.1k 0.228
64%7n 61yi 0.000 3/2 0.0273 0.0230 8.2
0.0674 5/2  0.0409 0.0324
0.284 1/2  0.0121 0.0118
63cu  €%Co 0.000 5 0.0121 0.0140 3.5
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Table 10.1 (con'd)
Targ. R.N. Exc.in. Spin o o
R.N. (2I+1)r. H.F.
(MeV) (mb) (mb)
0.0586 2 0.00550 0.0081
$9Cco  56Mpn C.000 3 0.0151 0.033
0.026 2 0.0108 0.0239
0.109 L 0.00648 0.0153
56Fe S3cr 0.000 3/2 0.109 0.129
100
108%h Te 0.000 1 0.000 0.000

o}
Exp.
(mb)

1.4

3.7
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be discussed in seqtion 10.10. Column 7 gives the
experimentally observed cross sections for the
ground state transitions, assuming isotropic
emission of the alpha particles. (These values are
extracted from Table 9.2 and repeated for con-
venience). The experimental results should be
compared with the sum of the cross sections to all
levels which lie close enough to the ground state
for not being resolved from the latter. A graphic
comparison of the predictions of the (2I + 1l)-rule
with experiment is shown in Fig. 10.1. The 5
nuclides shown were selected in order that Figs.
10.1 and 11.2 could be easily compared.

The agreement between theory and experiment
is poor, both in the absolute magnitudes and the

variation of the cross sections for various nuclides.

10.9 Description of the Hauser-Feshbach method.

Hauser and Feshbach have calculated the
differential and total cross sections for the
inelastic scattering of neutrons (Hauser 1952).
Their formalism can be readily extended to nuclear
reactions in which charged particles are produced,
by introducing the appropriate spins and trans-

mission factors.
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These transmission factors, Tz(s), which are
the most important quantities eﬁtering into the
calculation are closely related to the inverse cross
sections discussed in section 10.4.9%:

_ (%) _ :
oc(e) = %oc (e} = E‘ 5(22 + 1)T2(e)

(10.33)
where k is the wave vector of the incident (or
emitted) particle and the summation is extended over
the allowed values of g.

One supposes that the compound nucleus is
sufficiently excited, so that the statistical model
may be applied to it. The cases where the statis-
tical theory does and does not also apply to the
residual nucleus are envisaged separately. In the
latter event, cross sections are calculated to
isolated levels in the residual nucleus.

In the Hauser Feshbach method summations over
particle energies, intrinsic and orbital angular
momenta are carried out properly in the region of
non overlapping energy levels. No level density
expression is needed and no simplified assumptions
are made with regard to the ranges of allowed

angular momentum values. (In the region of over-
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lapping levels a level density formula is of course

needed).

In view of what has been said it may be an-
ticipated that this method will yield more accurate
results than the calculations based on the (2I + 1)-

rule.

10.10 Comparison of the predictions of the Hauser

Feshbach method with the (2I + 1l)-rule data and the

experimental results.

A computer program has been written at the
Chalk River iuclear Laboratories for cross section
calculations by means of the Hauser Feshbach method.
Transmission factors are computed using the optical
model. Column 6 of Table 10.1 shows the (n,a)
cross sections to individual levels in the residual
nucleus, obtained for various target nuclides by
means of this program. The optical model parameters
were taken from the following papers:

Rosen et al. for protons and neutrons (Rosen 1965),
Huizenga and Igo for alpha particles (Huizenga 1962).
In the continuum region the level density parameters

of Gilbert and Cameron were used. (Gilbert 1965).
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In Fig. 10.2 Hauser Feshbach and (2I + 1)-pule
predictions for the "ground state transition cross
sections” are compared. The ordinates in this
graph are the sums of the cross sections to the
various levels which cannot be resolved experimen-
tally from the ground state. (See also Fig.blO.l).
The quotation marks are there to remindxéhat states
different from the ground state may be involved.
From both Fig. 10.2 and Table 10.1 it is apparent
that the predictions of the (2I + 1l)-rule and the
Hauser Feshbach theory are in excellent agreement
with very few exceptions. This is an encouraging
result, especially since the Hauser Feshbach results
were obtained without fiddling with the optical
model parameters. It seems that the underlying
assumptions for the validity of the (2I + 1)-rule
are well satisfied.

Already from Table 10.1 and Figs. 10.1 and 10.2
one can conclude that the agreement between the
Hauser Feshbach theory and the experimental data
is poor. A much firmer conclusion will be drawn

in section 10.11.
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10.11 Calculation of the alpha particle yields by

means of the Hauser-Feshbach theory.

The Hauser Feshbach treatment also yields a
detailed angular distribution for the alpha particle
group to each level in the residual nucleus. This
permits a truly meaningful compafison of this
theory with experiment.

The (2I + 1) -rule did not provide information
on angular distributions and the comparison of
theory and experiment had to be carried out assum-
ing isotropy. Any serious departure from isotropy
results in considerable errors in the data of
column 7 in Table 10.1.

For each target that has been measured, the
thickness and total neutron production are known.
It follows from section 7.2 that the total number
of alpha particles leading to a definite state in
the residual nucleus that will be detected with

this experimental arrangement is:
s

/I ¥ s?

T
Na = ZRNAgﬁth dr¢(6c)n(6c) f(ec)dec

(10.34%)

ec is ‘the centre of mass angle of deviation between
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incoming neutron and outgoing alpha particle and

n(Gc), s and f(ec) have the same meaning as in

section 9.3. ¢(6c) is the angular distribution

obtained from the Kauser Feshbach calculation.
Introducing in (10.34%) the number of counts

N__ registered in the associated particle detector,

ap
one finally obtains

ks
N = 3.99 % 10% pft U $(6 _In(o )———2—r(0 )do
o R A
(10.35)

The quantities N, are calculated for the individual
levels in the residual nucleus of each reaction.
The contributions to levels which can give rise to
a single peak in the spectrum are summed. These
various sums are then compared to the observed
number of alpha particles under each peak. Table
10.2 summarizes the results of the calculation.

The first four columns are identical to the cor-
responding ones in Table 10.1. Column 5 gives the
theoretical alpha particle yield Na(th) to the
level under consideration. In column 6, labeled
ZNa(th), the yield from levels which might contribute

to the same experimental peak are summed. (The
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terms of the sums are grouped by means of accolades
in column 5). In column 7 one finds the number

of alpha particles under the ground state transition
peaks in the experimental spectra. In three in-
stances (5%Ni, ®!Ni and *7Ti) contributions to a
resolved peak corresponding to oné or more excited
states in the residual nucleus are also given.

These cases are identified by asteriéés in columns

6 and 7. Experiment and theory are also graphically
compared by means of a semi-logarithmic plot in

Fig. 10.3. The points on the theoretical curve

for 5%Fe, S8Ni, 59Co, ®°Ni and ®!Ni follow the same
behaviour as in Fig. 10.1. Agreement between

theory and experiment is poor, the theoretical
yields being in some cases two orders of magnitude
too small. !°3Rh does not appear on this graph,

but it can be seen from the table that the theo-
retical yield for the ground state transition is

catastrophically low. It could not be verified

whether low lying excited statesin '°°Tc contribute
to the experimental yield, since no information

is available on the level scheme of !'°°Tc.
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Table 10.2
Targ.. R.N. Exc.En. Spin Na zNa No
R.N. (th) (th) (exp.)

_(MeV) _
$8Ni SSFe 0.000 3/2 911

0.413 1/2 49 ) 140 475

0.933 5/2 119

1.322 7/2 137R

1.412 7/2 137J 393%  1uu7%
80Ni 57Fe 0.000 1/2 23

0.01u44  3/2 uzz

0.136  5/2 55|

0.368  3/2 42 182 989
61Ni S5%Fe 0.000 0 4 L

0.810 2 23 23%  469%
773  “*ca 0.000 0 28 28

1.156 2 113 113%  588%
64%7n  SINi 0.000 3/2 3}

2.0674  5/2 5\
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Table 10.2 (con'd)

Targ. R.N. Exc.En. Spin HNa INa Na
A R.N. (th) (th) (exp.)
(MeV)

0.284  1/2 2y 10 957
63cy %°Co 0.000 5 2

0.0586 2 1 3 509
$9Cco %®Mn 0.000 3 14 )

0.026 2 10{

0.109 1 7 ) 31 479

56Fe S3cyr 0.000 3/2 70 70 831

108 200
Rh Tc 0.000 1 0 0 1358
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KI ~ DIRECT IWNTERACTION MODELS

11.1 Introduction.

Serious discrepancies between the experimental
data and the statistical theory were noted in
Chapter X. The disagreement was much too large to
be accounted for by the experimental uncertainties.
This suggests that direct interaction processes
play an important role in the transitions to low-
lying levels in the residual nucleus. A nuclear
reaction is said to be "direct", when the process
is completed in a time interval which is comparable
to the transit time of the incident particle through
the nucleus. The formation of a compound nucleus
does not take place and the configuration in the
outgoing channel depends strongly on the conditions
in the incoming channel. At the present, it is
not possible to make accurate predictions of
absolute direct reaction cross sections. One or
more parameters appear in the final formulae. These
cannot be deduced from first principles and are
adjusted to make the theoretical curve fit the ex-
perimental data.

It will first be shown that the variation of
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the ground state transition cross section with
target nucleus is in fair agreement with what is
anticipated on the ground of a simple pick-up theory.
Next the absolute ground state transition
cross section will be calculated for a pick-up
process, taking the following approach: the target
nucleus is supposed to always present itself in a
"%e + core" configuration. The effect of nuclear
spins is almost entirely neglected. This calcu-
lation gives too large a cross section. It will
then be shown that the discrepancy between theory
and experiment can roughly be accounted for by the

simplifying assumptions.

Finally a plane wave Born approximation cal-
culation, incorporating exchange effects, is intro-
duced. This treatment is similar to the previous
one, but here the possibility of "heavy particle
stripping” is considered, and the nuclear spins
are taken into account. It is shown that reason-
able cross sections and angular distributions are
obtained for certain values of the adjustable para-
meters. Distorted wave Born approximation fits

were not attempted, because experimental angular




133

distribution data are not available.

11.2 The successive nucleon pick-up model.

Bayman et wal. have attempted to interpret
the relative intensities of the ground state tran-
sition peaks of (p,a) reactions for even and odd
Z targets by means of a simple pick-up mechanism,
in which the three constituents of the triton are
successively picked-up from the target nucleus
(Bayman 1962).

This picture will now be applied to the (n,a)
process, in which two protons and one neutron must
be picked up. These three nucleons together form
a 3He nucleus.

One assumes that the Z' protons outside closed
shells are in the state of lowest seniority of the
configuration jpz'. This means that the seniority
is zero (sp = 0) for even Z nuclei, and sP = 1
for odd Z nuclei. Similarly s, = 0 and 1 for

even and odd &f nuclei.

The result of a Born approximation can then

be written:
[+ -]

<5

- 2 (o . 2 4] 2
do(gr.st.) = _f S|~up(r)un(r)3£(qr)r dr|
an V. &

(11.1)
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PICK-UP MODEL FOR (n,) PROCESS.
THE MOMENTUM TRANSFERS. .

BRACKETED NUMBERS PERTAIN TO SECTION 11.4

-FIG. 1.1
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Ve and V. stand for the initial and final relative
velocities of the components of the system. R is
the interaction radius and un(r) and up(r) are the
radial wave functions of the picked-up protons and
neutron. jg(qr) is the spherical Bessel function .
of order 2. a is the momentum transfer vector

and S is the spectroscopic factor.

{
tll
Vi My Eq MR (11.2)

Mn’ Ma and MR arsa the masses of the neutron, the
alpha particle and the residual nucleus. En and

E& are the neutron laboratory energy and the centre
of mass energy of the alpha particle.

The momentum transfer ah to the residual
nucleus is equal to the sum of the momentum changes
of the neutron and the 3He nucleus.

In Table 11.1 the momentum changes are cal-
culated from Fig. 11.1, in which the kinematics of

the reaction is illustrated.

Table 11l.1
Particle Initial /¥ Final ¢ Momentum "
momentum momentum change
n B. M il _
o a

A%
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IHe - Mspe ﬁi Mape ﬁf Mape ﬁfi.MSHe ?i
I‘IT Hy MOL MT

-From Table 11.1:
> Moo+ Mage B 4 [Mone 3
= T f A Y R

o T

M Mj;
(o S S T - He
dn = P - S Py
Putting ﬁf = ﬁfh
-
it follows that a# ¥ if _ A ; 3 ii
(11.3)

It should be noted that do depends on the
angle between the reaction prggucts through a.

The spectroscopic factor S is proportional to
the product of the probabilities for pick-up of
each of the two protons and neutron, such that the
residual nucleus remains in the ground state. It
can be deduced from shell theory (Macfarlane 1960),
that if the outer shell is occupied by n particles

(the expressions are valid for both neutrons and

protons), then

S(n+n+~-1) = n for n even (11.4)
and
S(n+n-1) = 1 -n-1 for n odd

27 + 1 (11.5)




137

where j is the nucleon angular momentum in that
shell.

One can see in a qualitative way that (11l.4)
and (11.5) are valid.

When n is even, all particles in the shell
are coupled together in pairs, such that the re-
sultant angular momentum and also the seniority are
zero. If one nucleon is picked up, one pair must
be broken. The uncoupled nucleon gives rise to a
state with s = 1, which is by definition the
ground state (the state with lowest seniority).
Any of the n nucleons gives rise to the same situa-
tion when picked up, and therefore the cross section
for the ground state transition will be proportional
ton: S = n.

For odd n the seniority in the shell is s = 1.
The picked-up particle can either be the uncoupled
nucleon, or alternatively one of the pairs can be
broken. Since the latter operation increases the
seniority in the shell, it is the pick-up of the

isolated nucleon, yielding s = 0, which gives
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rise to the ground state transition. There is only
one uncoupled particle available, but 2(n - 1) cou-
pled pairs. The ground state transition hence
becomes less probable with increasing n. Equation
(11.5) displays this property, S being a decreasing
Lunction
factor of n.

The spectroscopic factors for 3He pick-up from
even-even, odd-even and even-odd targets (SEE’ SOE
and SEO respectively) will now be evaluated.

In each case

s = S(pl) S(p2) S(n) (11.6)

where p;, is the first and p, the second picked-up
proton.

i) Stg
First a proton is picked up from a shell containing
Zz' protons. (Z' is even).

— 1
The second proton is picked up from shell con-
taining Z' - 1 protons

S(py) = 1 -2 -2
2]p + 1

(jp is the angular momentum in the last proton shell).
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The spectroscopic factor for picking up one neutron

from a shell containing N' neutrons (N' is even)

is: S(n) = N'
Finally
25 - 2' + 3
= 1 ]
Sk 2N ey
(11.7)
ii) SEO
- '
S(pl) = 2
s(p,) = 1-2' -2
| 1
23p +
S(n) = 1 - N' =1
2jn + 1

jn is the angular momentum in the last neutron shell.
. . s
2j, - ' + 32§, - N' +2

S = 2!
EO 23, * 1 75, + 1
(11.8)
iii)? SOE

S(Pl) = l - Z' - ll

23 +

Ip
S(pz) — Z' - 1
S(n) = N'
OL T

(11.9)
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11.3 Agreement of the successive nucleon pick-up

model with experiment.

The variation of the ground state cross sec-
tion for various nuclei will now be calculated from
(11.1), assuming that the value of the radial in-
tegral remains constant. This sweeping assumption
is obviously unrealistic. The error might be
somewhat reduced by comparing the ground state tran-
sition cross sections for nuclei which fill up the
same neutron shell on one hand and the same proton
shell on the other hand.

One also stipulates that both protons are
picked up from one shell in all nuclei. Thié
requires that the last unfilled proton shell contains
at least 2 protons. In view of these restrictive
conditions, equation (11.1) can only be applied to
the following nuclides for which experimental cross
sections were obtained: ®°Fe, 5°Ni, %%Co, °°Ni
and S!Ni.

The variation of the cross section as given
by (11.1) is almost exclusively due to the spec-
troscopic factor if the integral is taken to remain

constant. (Vf indeed only varies from 0.51 to 0.58
Vi
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for the 5 above mentioned nuclei). Their shell

occupation scheme is given in Table (11.2)

Table 11.2
Nuclide 2 N proton shell neutron shell
S6Fe 26 30 (1f7/2)6 (2p3/2)2
SeNi 28 30 (1f,,,)° (2py,,)°
59%Co 27 32 (lf7/2)7 (2p3/2)“
SONi 28 32 (1f, ,,)° (2pg,5)"
Sini 28 33 (lf7/2)° (2p3/2)3(1f5/2)z

Bayman et al. assumed that the neutrons start
filling the 1f. ,, shell after having completed the
lf.”2 shell. This brings more consistency into
their results. It is assumed here that the 2pg,,,
shell fills up after completion of the lf.”2 shell,
which is a more natural sequence.

Fig. 11.2 shows in dashed line the variation
of equation 11.1 for the various nuclides. The

results are normalized with respect to the exper-

imental value for °®Ni. The experimental curve is
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drawn in full line.

It can be seen that the shapes of the exper-
imental and theoretical curves are in good agree-
ment, although the variations of the experimental
values are more pronounced. )

An explanation must still bc found for the
low yicld from tin, antimoriy and lead and for the
lack of structure in the silver spectrum.

The shell structure of !°7Ag and !°%Ag is

similar to that of !93Rh for which good experimental

data were obtained (Table 11.3).

Table 11.3
Nuclide Z N proton shell neutron shell
103 45 58 (2p;,,)'(1lgg )" (1gy,9)*
1077g 47 60 (2P1/2)1(139/2)8 (137/2)“
1090 47 62 (2pl/2)1(lgg/2)8 (187/2)6 2

o o . - o pm iy —

L

All three nuclides in Table 11l.3 possess one
proton in the 2py /9 shell, whereas the lgg,, shell
contains in all cases an even number of protons.

The incoming neutron can pick up two protons by
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either capturing the unpaired proton in the 2pl/2
shell and then breaking a pair in the lgq,, shell,
or by picking up a pair out of the 1g9/2 shell
without interacting with the 2p,,, proton. The
ground state of the residual nucleus can only be
reached through the former process, the latter gi-
ving rise to various - excitations«

Because of the competition between these two pro-
cesses, the intensity of the ground state transition
is considerably reduced. It can be seen from Fig.
9.7 that the "ground state peak" for %3Rh is very
broad and that various excitations probably con-
tribute to it.

" The 10700 and !9°Ag isotopes, each having
about 50% relative abundance, give rise to a spec-
+rum without definite structure. Here too an un-
paired proton occupies the 2py /5 shell, and sharply
resolved ground state peaks might therefore not be
expected. The over-all yield from silver 1is some-
what less than for rhodium.

It is interesting to note in this context
that $3Cu (Fig. 9.12) also shows a broad and ill-

resolved ground state peak. The proton configuration
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of %3Cu which is (1f7/2)°(2p3/2)1, suggests that
the explanation for this should be sought along
the same lines as for !'°°Rh.

The yields for tin and antimony are so low,
one cannot speak of proper spectra. Chatterjee has
noted in a survey of experimental data that the total
(n,0) cross sections are very low when the Z-number
of the residual nucleus is close to §0. (Chatter-
jee 1964 B). He was able to justify this trend by
means of the statistical theory, using a shell-
dependent form of the level density (Ericson 1960).

One also expects, on the other hand, a low direct

interaction yield near Z = ©50: the energy gap
between neighbouring shells at Z = 50 is consid-
erably larger than for 2 = 20 or 28 (Elliott 1957).

It is therefore difficult to break the lgg,, shell.
The energy gaps at the magic numbers 82 and ‘126

are even larger. It is not surprising that the
direct interaction yield for 2°®Pb (Z = 82 and

N = 126) was found to be extremely low. Also

the statistical theory predicts a low cross section

for lead in view of the large coulomb barrier.
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11.4 Pick-up of a preformed *He cluster.

In this approach one supposes that the target
nucleus consists of a YHe cluster.bound to a core.
If these constituents are respectively denoted by
2 and 1, and if 3 represents the incident neutron,
the (n,a) reaction can be described in terms of the
pick-up of parficle 2 by 3.

(1 +2)+3+14+ (2+ 3)
Neglecting spins and using the Born approximation,

Banerjee obtains the following expression for the

cross section: (Banerjee 1960).

.,

' 232
a0 _ Mi¥e Pr ey, + 9B ) (2225 + 1)R}(q;IR3(qy)
m h Pi 2‘11 2

(11.10)
$i and ﬁf are the centre of mass momenta in the
ingoing and outgoing channels, €12 is the binding
energy of the 3ge cluster in the target nucleus and
2,3 is the relative orbital angular momentum of the

neutron and 3He in the emerging alpha particle.

1= 141

My My *H, My (11.11)
1. 1 41

Mg fy =, + My (11.12)
I

Hio My My (11.13)
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- >
qfn and qéh are the momentum transfers associated

with particles 1 and 3. From Fig. 11.1 one deduces

that
>
My + My (11.14)
> M
W = P Pe - By
My + Mg (11.15)

The integrals Rl(ql) and Ry(q5) are given by:

[--]
R,(q,) = r2.¢,,(r7,)] (g r,,)dr
1'31 £ 12712712 212 1712 12 (11.16)
.-
R.{(q,) = r2, 085,(r,,)3 (q,r,,)dr
3(q; £ 2398372373y, 9323723 10 19y

ry, and r,, are the relative coordinates of the
particles in the bound systems.

619 and $,4 are the radial wave functions of
the initial and final bound states.

jz(qr) is the spherical Bessel function of
order 2. ¢4, and ¢,, are taken to be single par-
ticle wave functions in a harmonic oscillator po-
tential well. Integrals R, and Ry can then be
evaluated.

The radial harmonic oscillator wave functions
have the form,

1N (-1/2vp 2% () (11.18)
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vnﬁ(r) is an associated Laguerre polynomial and
an a normalization constant. The frequency of the
oscillator is found from the relation (Roy 1967):

v ~ ulN

n at/3 (11.19)

M is the mass of the particle in the well.

The value of £ is fixed by the requirements
for conservation of spin and parity. n is dictated
by the number of particles in the well (The cluster
will form in a partially filled.shell).

When ¢4, and ¢,5 are known, (11.16) and (11.17)
can be evaluated and substituted into (11.10).

The total (n,a) cross section g(n,a) can then be
calculated:

o(n,a) . J’%g_dﬂ (11.20)
Q

11.5 Agreement of the cluster pick-up mechanism

with experiment.

The calculation will be carried out for the
target nucleus °°®Ni. ¢, describes the motion of
a ‘He nucleus around °°Fe in s8ji. The spins and
parities of the three particles are:

+ - .
‘He : 1/2 3 35%Fe : 3/2 3 sei : 07
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It is clear that a 1/2” state and a 3/2 state can
only combine to oF if Ly = 1. Moreover n = 2
because both the proton and neutron numbers are

comyﬁgsed between 20 and 40 in 58Ni. This yields:

l 2 53 Sk 3 2
b1 = (Byp 15 vy (myp - 2/5vprypdexn(-uyryy)
(11.21)
where v, is the frequency of the oscillator.
Similarly Ly = 0 and:

2 3 2
¢33 = (ms V3 SXP (-3vgryy) (11.22)

One finally obtains:

do = X ~-27 ~25_2y27272
a0 3.03 £ 10 (17.7 + 0.732 x 10 ql) 1313
(11.23)
«©
I, = J (u? - 2u®)exp(-u?)j,(ku)du
o} 5 2
(11.24)
«©
- 2 - 2 >
I, .£ v? exp( % )30(k3v)dv
(11.25)
h)
- 3 - 3
kl = ql/v2 » kg = q3/v3

should be expressed in cm ! in (11.23), to find

A1
do in cm?/stér.
dan

A computer program which uses expressions
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(11.14%), (11.15), (11.23), (11.24%) and (11.25) to
evaluate (11.20) has been written. The theoretical
angular distribution is shown in Fig. 11.3. The
ground state transition cross section (integrated
over 4m) was found to be o(n,a) = 1300mb. If

one adopts the shape of the angular distribution

in Fig. 11.3, one finds an experimental ground state
transition cross section of 1.1 mb from the exper-
imental data, by carrying out a similar calculation
as in section 9.3.

The fact that the pick-up of a preformed SHe
cluster gives rise to a cross section 1200 times
too large, can be attributed to four causes:

i) The target nucleus will only consist of
a %He cluster and a core for a part of the time,
whereas the calculation has assumed a permanent
cluster structure.

ii) The use of plane waves 1is unrealistic.

iii) The effects of spin were neglected.

iv) Harmonic oscillator eigenfunctions were
chosen for the internal wave functions of the initial
and final bound states for mathematical convenience

and not for physical reasons.
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The first point will be commented upon by out~
1ining the method by which the "amount of 3He clus-
tering" in the target nucleus could be calculated.

In the isotopic spin formalism the total wave
function for a nucleus with mass number A can be
written ¥{£;1,...,A), where the A nucleons are
indistinguishable. & groups all quantum numbers
which characterize the ground state of the nucleus.
¥ is antisymmetric with respect to the interchange
of all coordinates of two nucleons.

The wave function ¥ can be expanded in terms
of a set of functions #n(g;A-m,m), each ¢n repre~-
senting a different partition of the nucleus in two
clusters, containing respectively A-m and m nucleons.
WE3L,...,8) = I a ¢ (E:A-m,m)

(11.26)

All possible partitions must be included in
order that the ¢ constitute a complete set. If
they are not orthogonal they can be transformed into

an orthonormal set by the Schmidt orthogonalization

process (Mandl 1957). The sum over n represents

a sum over all possible values of m and it is im-

portant to note that n takes a range of values for

>




each m, For instance when m = 1, the one nucleon
"oaluster" can be a neutron or a proton; m = 1 con-
tributes therefore two terms to (11.26).
Writing ¢, in a more explicit form:

>
¢, (E3A-m,m) =(Ac(1r)( E%);A-m) C%)( E(I?;m) I;\?l)( .‘;(;); ) z;l;,’l)(e"r'l);ﬁ)

(11.27)

1 2
2

\
n and Ch'are the internal wave functions of the

two clusters; éf and éﬁ)describe respectively the

pelative motion of the two clusters and the centre
of mass motion of the nucleus. One is reminded by
the symbolukythat ¢n(£;A-m,m) must be antisymmet-

rized.

The expression
i) 12) 3) + HY e
g% +£’n+ &n ° éd > & (11.28)

expresses symbolically that the quantum numbers of

the ¢ combine to yield the set describing the

ground state of the target nucleus.
If in the wave function ¢n(£;A-3,3), éﬁ(&i%3)
corresponds to a 3He cluster, the probability that

the nucleus will assume this configuration is given

'i
|

by:
la 1? = |<¥(E31,...,A) |6 (E3A=3,3)>|"
(11.29)
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Expression (11.29) is referred to as the square
of an overlap integral. The evaluation of this
overlap integral is difficult. The fact that
¥(£31,...,A) does in fact consist of a sum of various
shell model configurations, each having a definite
amplitude, complicates matters further. Hird and
Li have calculated overlap integrals in the study
of the !°F(p,a)?®0 reaction (Hird 1968), but such
lengthy calculations are not justified in the pre-
sent context, where various drastic simplifications
were introduced in the calculation of the cross
section.

~Hird and Li found a value of 0.1 for the square
of the overlap integral measuring the probability
of triton clustering in !°F. The tendency towards

3He clustering in °°Ni is expected to be consider-

| ably less pronounced, in view of the following

qualitative arguments:

a) !°F contains one proton and two neutrons
outside the closed magic 1Py shells. Such a con-
figuration is extremely favourable for triton cluster

formation.
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b) Z = 28 corresponds to the closure of the
semi-magic lf7/2 proton shell. One does not anti-
cipate strong residual interactions of two compo-
nents of this closed structure, with one of the two
neutrons outside the closed 1f,,, neutron shell.

By calculating the 3He pick-up cross section
and the overlap integral for each of the 5 nuclei
appearing in Fig. 11.2, an absolute fit could be
made to the experimental curve in that figure. It
would be interesting to see whether the variation
of the ground state transition cross section pre-
dicted by this calculation would agree bettzr with
experiment than the successive nucleon pick-up model.
These calculations, however, would be very compli-
cated and are outside the scope of this experimental

project.

11.6 PWBA treatment combining pick-up and heavy

particle stripping.

Warsh and Edwards have fitted the angular dis-
tribution of the ground state transition of the
19p(p,a)'0 reaction with a plane wave Born approx-

jmation treatment which considers +he reaction as
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a mixture of direct pick-up and pick-up with ex-
change (Warsh 1965). This treatment will be referred
to as the PWBAE theory. Exchange pick-up is also
known under the name heavy particle stripping.

Fig. 11.4 illustrates the above process applied
to the (n,o) reaction. One assumes that the target
nucleus T is found in the ground state in one of
two configurations: it consists either of a 3He
particle and a component R, which is the residual
nucieus of the (n,a) process, or it is made up of
a core C bound to an alpha particle. Fig. 11.u4(a)
shows the direct pick-up mode which has already
been discussed in section 1l1l.4. The emerging alpha
"particle travels mainly in the forward direction.

In the heavy particle stripping mode {Fig. ll.u(b)),
the incident neutron picks up the core C from the
target and the two components combine to form the
pesidual nucleus R, which travels mainly forward.
The remaining alpha particle recoils mainly in the
backward direction.

The cross section formula obtained by these

authors can be written:
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]

g K{AZA(8) *+ A3B(8) - 2A;4,C(8)

(11.30)
The three terms A, B and C respectively represent
the direct pick-up contribution, the heavy particle
stripping and the interference between the two
mechanisms. 6 is the angle between the incoming
neutron and emitted alpha particle. The detailed
expression for each term can be found in the orig-
inal article. K is a constant.

Together with A4 and A, four other variable
parameters appear in (11.30): A(6) depends on a,
and R, B(8) depends on a, and R, and C(8) is a
function of all 4 parameters. a,, 25, Rl and R2
are cut off radii in integrals containing radial
wave functions. The values of the 6 variable pa-
rameters determine the relative importance of the
direct and exchange pick-up mechanisms and the in-
terference contribution,

A computer program was written to integrate
equation (11.30) numerically for the case of 3°Ni.

One cannot speak of agreement between theory
and experiment in this instance, because any exper-

imental cross section value can be fitted with six
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parameters. Fig. 11.5 shows four angular distrib-
utions obtained with the PWBAE treatment for four
sets of parameters. Each of the four curves yields
a total cross section of about 1.7 mb when integra-
ted. When the direct pick-up dominates, the an-
gular distribution is forward peaked; heavy particle
stripping causes peaking at backward angles. It

is interesting to note that an appropriate mixture

of the two processes can give rise to an isotropic

distribution.

It is clear that all direct interaction models
which have been considered in this chapter will
explain the data provided a suitable set of para-
meters is chosen. This is in contrast with the

findings of the statistical theory.
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XII CONCLUSIONS

In this experimental study of (n,a) reaction
spectra, transitions leading to the ground state
of the residual nucleus, or to states close to the
ground state, have been observed for eight isotopes:
58Ni, 69Ni, €!Ni, €“Zn, °®Fe, 5°%Co, °3Cu and !?3Rh.

The intensities of these transitions are nearly
always greater than the predictions of the statis-
tical theory. As this points towards the presence
of direct interaction effects, the data were ex~
amined in the light of various direct reaction
theories.

The relative values of the ground state tran-
sition cross sections for five nuclei, which popu-
late respectively the same outer neutron and proton
shells (5¢Fe, 5%Hi, 5°Co, ®°Ni and ®!Ni), agree
well with a successive nucleon pick-up model.

The attempts to associate definite reaction
mechanisms with the various transitions are hand-
icapped by the fact that present direct interaction
theories do not predict absolute cross sections
well. They do however yield angular distributions,

and it is unfortunate that these could not be
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measured in this project. Nevertheless, the exper-
imentally observed cross section for the ground
state transition of the 3®Ni (n,a) 5°Fe reaction
could be accounted for by means of two cluster
pick-up models, by choosing appropriate parameters.

The observed peaks do not always correspond
to transitions to a single level in the residual
nucleus: sometimes two or more unresolved low-
lying levels are involved. The use of targets with
a thickness of 200 instead of 400 keV coupled to
a reduction of the angular acceptance of the detec-
ting system would improve the resolution and enable
angular distributions to be attempted. It would
however result in a lower signal to noise ratio and
a slower data acquisition rate.

The final conclusion which one can draw from
this work is that in (n,a) reactions initiated by
14.6 MeV neutrons, the intensities of transitions
to low-lying levels in the residual nucleus are

mainly determined by direct interaction processes.
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POST-ORAL DISCUSSION

At the oral defence of this thesis, the need
for an additional correction factor in the
determination of the total neutron production
was brought to light,

In section 4,3 the quantity Nn was computed
assuming that the neutrons and alpha particles
from the 3H(ZH, n)4He reaction are isotropicaily
distzributed in the laboratory system,

It will ba shown below that this is a reasonable
assumption for the neutrons, The alpha particles,
however, are considerably forward peaiked,

By monitoring the asseciated alpha particles at
a backward angle of 176°, the neutron production
is underestimated,

To evaluate the correction factor one supposes
that all neutrons are produced at the centre of
the tritium target, Denote by Yni the number of
neutrons striking the sample target in the

hypothesis that the emission is isotropic.

Al
Yni = % (l - COS emax)lin
] is the maximum angle between the deuteren

max

beam and a nrutron which still strikes the target,
The qQuantity Yna fot an anisotropic neutron

distributien is given by:
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e .
o max o (8) sin 8 d
Y . N
na n

b )
" o_(8) sin 6 a8
(o) n

Values for cn(e) , the differential cross
section for neutron production in the laboratory
system, can be found in Los Alamos Report LAMS~

2162 (unpublished), One finds:

Y .

Ni = 0.96
na
One also defines the alpha particle counts Yni and
Yﬁt in the associated particle detector, These i!!

quantities refer respectively to the isotropic and

anisotropic distributions, The calculation yields:

Y01 = 1.18
a
From o
Tia- 1.23 Ini
v -

~a Ol
it follows that all cross sections in Table 9,2

must be divided by 1,23
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APPENDIX

Mutual inductance of a solenoid and a coaxial._cir-

cular filament.

Consider a right cylindrical solenoid of radius
a a?é length x, wound with N' turns per cm (Fig.A.la).
Concgﬁigéc with the right hand end plane of the
solenoid and at a distance Z of the latter, a cir-
cular loop of radius A is placed. The mutual in-
ductance of the solenoid and the circular loop is
the sum of two components, each involving a single
end plane of the current sheet. If x is very large
compared to Z, only the right end plane will con-
tribute significantly. From electro-magnetic
theory it follows then that the mutual inductance

M(a,A) between solenoid and loop is equal to

%%‘I%i-é—)- = pa2G(a+A) (A.1)

where G(a+A) is the average solid angle subtended
by A at a divided by Humw.

On the other hand it is shown by Grover
(Grover 1946) that the mutual inductance of a right
cylindrical solenoid (of radius a and length x) and

a coaxial circular loop of radius A in its end plane

&
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is equal to:

MCa,A) = ZqzaapNQo(a,pz) (e.m. units)
(A.2)
where a = a, p2 = A? and N is the total number
A ATF x?
of turns (K = N'x). The values of Q  are tabulated

as a function of p%and o. (See also Fig. A.l.Db).
The last figure is a special case of the previous
one with Z = 0. Horeover the value li(a,A) for the
case with Z # 0 can be claculated from (A.2) in the
following way:

First calculate the mutual inductance N, of
the right cylinder of length (x + Z) having a wind-
ing density N' and the circular loop of radius A
in its end plane. Then compute lij, the mutual in-
ductance of the right cylinder of length Z, having
the same loop of radius A in its end plane. It
follows that:

M(a,A) = M2 - MB (A.3)

From (A.2) and (A.3)

M(a,A) = {Qﬂzaa pzNQQo(a,p;) - p3N3QO(a,p§)}
(A.4)

Replacing p and a by their value and remembering
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that:

N2 = N'(x + Z) and N3 = N'Z we obtain

‘Qf(aaﬁb) 72Q C(a,p2) )
M(a,A) = 2n2a?N' )22 0"%2P37 |

-9 7 77

(A.5)
In order to substitute (A.S5) into (A.l), the limit
of (A.5) for large x must be taken, since (A.l) is
only valid for a long solenoid.

M(a,A) = 2wZa?m’ 6Q (a,0) - cosBQ (a,p2)
o o 3

X =2 ' (A.5)
— 2 2 = A2 -
where ¢osB = (7% A s P3 AZr gz and Qo(a,o)—l

according to Grover's table.

Substitution of (A.6) into (A.l) yields

G(a+A) = 3(1 - roosB) (A.7)

and one can show in a similar manner that

G(A+a) = 3a?(1 - Q cosB) (A.8)
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CALCULATION OF Glg,A)
-~ FROM M(agA)
A

(a)
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