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SUMMARY

The relative importance of competing reaction channels in
the photo—excitation of the giant resonance in 016 has been studied
by measurement of the angular distribution of the emitted photo-—
neutrons through the corresponding energy range using a multi-angle
neutron time of flight spectrometer installed at the Kelvin Laboratory
of the University of Glasgow.

Design factors for the spectrometer are discussed with regard
to optimisation of energy resolution and counting rates under the
constraints of the source, and the obtainable accuracy of normalisation
between neutron detectors at different angles has been measured. A
reliable method of calibration of the neutron energy scale at each
angle is described and corrections to the neutron spectra for absorption
by materials in the flight path have been made, The energy dependent
efficiency of the neutron detectors is calculated in an appendix by a
Monte Carlo technique using a new measurement of the scintillation
response curve for recoil protons,

Angular distributions of photoneutrons from the D2(X3n)p reaction
with 26,9 MeV bremsstrahlung have been measured and are found to agree
with previously published results and theoretical predictions to
within the expected accuracy. This is taken as confirmation of good
angular normalisation in the system,

Measurements by the author of the angular distributions of photo-

neutrons from 26.9 MeV bremsstrahlung on 016 are presented and absolute



(ii)

cross sections have been obtained with respect to that known for
deuterium, Photoproton data from other authors is analysed in
a similar way for comparison with the photoneutron results,

In the El approximation, the relative intensity of s/d
wave admixture is found to follow the resonance structure for
both protons and neutrons and the corresponding phase difference
is found to vary about the value expected from optical model
predictions, The E2 cross section has been extracted from
the data and is found to rest mainly in two broad states centred
at about 23 MeV and 24,7 MeV, while a Barker-Mann analysis shows
the isospin impurity in the 016 giant resonance to be small and
to be mainly associated with the regions of E2 strength.

The pure lplh dipole approximation fails to describe these
features and the observed splitting of the giant resonance in 0
but the presence of more complicated excitations is shown to be

more consistent with experiment.
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PRETFTACE

The work described in tihis thesis was performed by the
author at the Kelvin Laboratory, University of Glasgow, during
the period Octeber 1967 to March 1972,

An investigation was made of the relative importance of
competing reaction channels in the photo-excitation of the giant
resonance in 016 by measuring the angular distribution of the
emitted photoneutrons over this energy range uging a multi-
angle Time-of-I"light spectrometer installed at the linear accelerator
of the Kelvin Laberatory.,

The development of such a spectrometer is described with
optimisation of energy resolution and counting rate usder the
constraints of the source and the possible precision of angular
normalisation of such a system has been found for the neutron
detectors used., Correct aligoment of the energy spectra is
demonstrated, This is essential for a meaningful comparison of
the spectra from different angles as are the corrections for neutron
absorption effects and detector efficiency which vary with neutron
enerry in the LAB, frame and are therefore necessary to avoid
distortion in the C.,M, frame of reference. A precise measurement
of the absorption has been made and an original calculation of the
detector efficiency is described, with an accurate measurement of
the response of the scintillator used, Analysis of the data is

entirely original,
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Angular distributions of photoneutrons from 20,9 MeV
bremsstrahlung on 016 are presented and absolute cross sections
have been obtained with respect %o that known for deuterium,
Photoproton data from other aunthors is analysed in a similar way
for comparison with the photoneutron results,

In the El approximation, the relative intensity of s/d
wave admixture is found to follow the resonant structure for
both protons and neutrons and the corresponding phase difference
is found to vary about the value expected from optical model
predictions, The E2 cross section has been extracted from
the data and is found to rest mainly in two broad states centred
at about 23 MeV and 24,7 MeV, while a Barker-Mann analysis shows
the isospin impurity in the 016 giant resonance to be small and
to be mainly associated with the regions of E2 strength,

The pure 1lplh dipole approximation fails to describe these
features and the observed splitting of the giant resonance in 016
but the presence of more complicated excitations is shown to be
more consistent with expérimenf. The interpretation of the

results is entirely due to the author,
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1.1 Tntroduction

Photons provide a convenient probe for nuclear structure studies
since the electromagnetic interaction is well understood and the
interaction with nucleons is weak, so that perturbation of the system
is minimised.(l) A review of the photon absorbtion spectrum for a
tvpical nucleus in section 1 of this chapter will show thét the giant
dipole resonance is its dominant feature and the following treatment
will concentrate on this phenomencn, with a bias towards the light
nucleii and the spectroscopy of emitted photoparticles,

Examination is first made of the reaction characteristics which
depend on the nature of the interaction operator (selection rules,
sum rules) rather than the nuclear structure effects and a review>of
the éxperimental trends is presented from this point of view before
introducing the nuclear structure models and enquiring how they
satisfy the experimental data. Predictions of the independent
particle shell model for light nucleii will then be compared with more
detailed experiments involving the fine structure of the giant
resonance states, and justification is made for the author's
experiment on the anguiar distribution of photoneutrons from the giant
resonance of 016° Finally, a review is given of experimental
techniques for the study of the nuclear photoeffect, with emphasis on
photoparticle spectroscopy and, in particular, high resolution

measurencnts of photoneutron spectra by nanosecond time of flight

techniques, as used in this project,
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Fig. 1. The photon absorption cross section for an idealized nucleus. Region I is that
part of the energy scale below the particle thresholds where the absorption is into dis-
crete energy levels. Region II is the energy range above the binding energy where
structure may still exist in the absorption cross scction. In Region I1I the absorption
cross section is smooth. The processes that can take place are indicated along the
abscissa; o(y, #) here stands for the cross section for nucleon emission. The energy
levels in the nucleus 4, 4 —1, and 4 —2 are illustrated at the top of the diagram. The
binding energies for one and two particles are designated by ET and Egt. The level P,
in 4 —1 represents a parent of the ground state of nucleus A.
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1.2 Experimental Trends in the Nuclear Photoeffect.,

The photon absorbtion specirum for an idealised nucleus is
reproduced in Figure 1 (from Reference 3). At the lowest photon
energies, only Thomson scattering from the vhole nuclear charge can
occur (region 1 figurel) and since this does not disrupt the nuclear
coordinates it will not be discussed further, Ilaclear energy levels
are excited at higher energies and absorblion takes place into
individual bcund and continuum  states, as in regions 2 and 3. Since
successive states have a possibility of decay to all those preceding,
the widths increase with excitation energy until the states overlap at
some energy greater than the particle emission thresholdo(S’é)

The dominant feature of the photon absorbtion spectrum for all

(1,2,3,4,5)

nucleii is the Giant Nesonance. In 1947 this was
discovered as a strong broad peak in the photofissioﬁ cross sections
(16) then fouﬁd in the yield curves in (¥,n) reactions on,C12 and
Cu63 (17) and soon discovered to be a general effect in all photon
induced reactions, appearing as a prominent peak some 5 M,e.V. wide at
an energy betwecn the photodisintegration threshold énd 25 M‘,enV.(g)°
Many later exﬁeriments (20) have shown the Giant Resonance to
correspond to a coherent collective motion of neutrons against protons
followiny electric dipole absorbtion of the incident radiation, in
agreement with the independent early suggestions of Goldhaber and
Teller(ls) and Migdal(lg). It will be shown in section 1,3 that the
electric dipole operator separates neutrons and proténs°

For cnergics above the Giant Dipéle Nesonance, photonuclear

. . . @D
absorbtion takes place predominantly by the quasideuteron mechanism 1



where the low momentum phouvon is able to eject high momentum particles
by interacting with correlated nucleon pairs in the nucleus, The
emitted particles show dynamic relations characteristic of the
photodisintegration of the deuteron and the momentum distribution of

nucleons in the nucleuso(gl’z)

1.3 General Properties of Phetonuclear Reactions,

Mahy of the characteristic features of photoreactions arise from
the nature of the electromasnetic interaction which tends to limit the
type of states reached in photon excitation to those clesely counected
to the ground state by simplé single particle transitions., In
particular, the giant dipole resonance is bhelieved to be a coherent
superposition of such one-particle one-hole (1plh) statesg(l) At
10% energy and linear momentum transfer, photon transitions are
simplified by a preference for low angular momenta, so that only one
or two multipoles make significant contributioun, even if severél are
allowed by the well lmnown angular momentum and parity rules which
again follow from the nature of the operator. A brief indication of
the sources and content of these rules will now be given, A more
detailed account may be found in references (1,2,3,%,5).

The operator H', describing the.pertnrbation’of the nuclear
Hamil“onian in the presence of the electromagnetic field for single
photon transitions, is given by

H'= - 2 /j(r,,t)p Alr,t). dr |
(1.5.1)
where j and A are the nuclear current operator and the electromagnetic

' 5
potential operator, respectively,()) Since j transforms as a vector



operator under rotations, the selection rule for-electric and magnetic
o Lo . .

transitions of order 2 arises from the form of the multipole

(5)

E(£) ATC

expansion for A, as
A
(-1

(- i+ C(1.3.2)

1

M(2) AT

Further properties depend upon the transition rate w between
states i) and |f), given in terms of the density of final states Y
as: W o= %LT-C- ’(f] H L) |2, ry : (1.3.3)
Evaluation of w requires some assumptions in order to bypass the
problem of meson currents associated with i, the nuclear current
operator, In the long wavelength limit (IR«1), H' simplifies to the
product of an angular term and Sﬂi, which is substituted byrthe
nuclear charge density‘ﬁXr,t) on the assumptions of continuity, and
separable time dependence of the operafors.(Q-S) In this series ol

(6)

approximations, known as Siegert's theorem® /, the assumntion of point

proton charges is valid, and for electric dipole (E1) transitions, the

transition operator simplifies to a multiple of the dipole operator:
D=L, etrs : (1.3.4)

By introducing the centre of mass coordinate R and the relative

nucleon coordinate /Cy )

A
R=(1/AY) .., [
2= 0 R (1.3.5)

the centre of mass dipole operator is obtained,

’D :Zlﬁlei/gi = e K L.i:{-r}' c 75.\. L__i:z_‘_,rt (l°)°(’)

so that veutrons and protous are separated by the dipole operator,

and may be considered to have effective charges of ~z/A and MN/4,



X 2,3,4,5 .
respectlvely,( IR The difference hetween the operators D and D!

is the Thomson scattering from the vwhole nuclear charge.
D=D'+ ¢ZR | (1.3.7)
Model independent effective charges cannot be derived for
magnetic transitions, but general results méy be derived for electric

multipoles of order ol (2-5)

¢y e %2' ((A-DF + Dt (z-D)
-1
._en= QOZ'(%] (1'308)
and also for deuteron and alpha emission for Bl radiation.(g’s’k’s)
eg= (N-2)/ A
ea= 2.(N-Z)/ A (1.3.9)

16

In 07, the proton and neutron effective charges are equal for
El emission and are +29/32 and —1/32 for I2 direct emission
respectively. This implies that proton emission should predominate
after B2 absorbtion and El1-E2 interference should produce forward
pealked assymetry in the proton angular distributions and wealker
backward peaking in the neutron distributiouns., Ixperimentally, both
are forward peaked and this requires explanation eg., by postulating

(1)

a nuclear structure model of the mechanism, The El emission of

deuterons and alphas from self-conjucate nucleii should be zero by
these considerations but this is s.ightly violated in practice due to
the effect of the coulomb interaction.(2’3’4)

More generally, the interaction bhetween the electromagnetic field
and the nucleus may be written, under the assumption of charge

li“
independence of nuclear forces, as ( 5)

Hi= He + M/ = HS + 20 alh) Taw (1.5.10)



wvhere Ilo' is independent of isotopic spin but H ' transforms as the

third component of a vector in isotopic spin space, so that for

Ho TRANSITIONS AT =0

H, " AT=0,£1 ;3 T2 +#&

LAT=%+7 y =0 (1.3.11)
By substituting the isospin projection operators.for protons and
neutrons .

Pe=% (1 +7Tz) p.=1 (1-T2) (1.5.12)
in equation (1,3,6), the dipole operator for a self-conjugate nucleus
becones A

D'= @/l i, (FT2)i o (L3.13)
which is of the H ' type and therefore, we obtain the selection rules
for self-conjugate nucleii
(1) E1 transitions obey; OT=+1
(2) Other transitions obey: AT=+1,0 (1.3.14)
in agreement with the oricinal work of Trainor(g) and Radicatti (9).
Isotopic spin impurities due to the coulomb force have been calculated

(9,15) (15')

and agree with the measurements of Wilitinson , so that,
for the light elements, impurities vary between 0,2.% and 5% and the
forbidden transitions are inhibited by bhetween 20 and 500,
The cross section intesrated over the absorhtion line,
L3 5.15
_JedEg = £ wdE}B . (1.3.15)
Line ¢ JAdine
can be evaluated for El transitions under Seigert's theorem. Summing

over the f{inal states 18) and using the closure cendition gives

2 2 — i v L4 .
S:Zﬁjmefg({ﬁﬁ: %Lé ey (allz, (4,20 (1.3.16)

vhich devends ouly on the wove Tunctions in the ground state lay.



H is the total ruclear Hamltonian, written in the form
- . Yar C . -
H = >:L':l ( P/ £ h‘l) + ZL(J (V;,' ). (1.3.17)
, o
The kinetic energy tei: contribuntes h /ﬁ to the donble commautator so
that, summing over the z protons and N neutrens and usivg the

effective charses of emnation (1,3.0), we obtain

S (znlezﬁ/mc)f(wz/m-(HV)

f

H

0.06 (NZ/AY (1 +V) MeV. Barns. - (1,3.18)
V is the contribution from the potential energy, which is novr-zero and
serves to increase the sum rule for exchange forces or velocity
dependent forces which do not commute with H, The minimum value
provided by the kinetic enerpy ternm is known as the Thomas Reiche Kuhn

(11) . . . )
(T.R.K.) sun rule for atomic systenms or as the Classical Dipole
Sur Dule, since the same result holds for a classical charged

oscillator.(g’lg)

Typical attractive exchange force mixtures increase
the dipole sum by about 40%.(13)

The sum rule is useful in that it provides a model - independent
lower limit to the El strentth in a nucleus and indicates the presence
of exchange or Velocitﬁ — dependent nnclear focus in nucleii with
larser integrated cross sections., DBut thé uppér limit of integration
is undefined and the cross section for pure El processes is seldom
measured, A nore useful sum rule was obtained in 1954 by Gell-Mann,
Goldberger and Thirring (GeG,T,).(lh) Assuming that photens of energy
greater than the meson threshold contvibute only to meson production
and that the forward scattering amplitude for a nuclegs approaches

that of z frec protons and N free neutrons as the photon evergzy tends

to infinity, they obtained the intensroted cross section for all



muliipoles up to the meson threshold as

s ﬂ .
‘= [T (BEYdE = c.06 (NE/A) (I +W) (1.5.19)
©
where w depends on the differencc between neasureable photonucleon

cross sections ni high energies, and is estimated to be about 0.6 +
14
0029( )

The two rules have equal values within the errors, showing the

importance of Bl transitions, This is confirmed by the calculations of

(13)

Levinger and Bethe, who showed that cuadrupole transitions can

amount to only about 6% of dipole transitions, Under charge

independence of nuclear forces and neglecting exchange forces, Gell-

(15)

Mann and Telegdi derived an B2 sum rule for 4T=0 (H,) transitions

in self-conjurate nucleii

CE2Y dE _ E°, A . <%
Ex 137 (2 tnc2

viiere (r)cols the mean square displacement of a nucleon of mass m

(1.3.20)

from the nuclear centre, For 016 this sum vule has the value 5.5 uB./
}he.V.(26)

The above model - independent results have proved to he useful
guides in the study of photonuclear reactions for the& provide orders
of marnitude by which to judge the importance of nuclear structure
features in the measured phenomena, The values for 1016 will be

consulted - later in this thesis,

1.4 The Giani Dipole Resonance and Muclear Hodels,

For medium to heavy nucleii, the coalcscence of individual levels
in photoahsorbtion occurs about the energy of the Giant Resonance which
tends to be a smooth curve whose properties depend only on the gross

nuclear parameters of size and shape, (1,2,3,4) Because of the large



coulomb barrier, photoabsorbtion for these nucleii is followed

overvhelmingly by neutron emission, and the absorbtion cross section

(1,2)

is found from the neutron yiclds, When integrated over just the

Giant Resonance region, the absorbtion cross section is found to

(1-5)

exceed the classical electric dipele sum rule, This indicates
the importance of the Giant Resonance in taking nearly ail the El
strength the nucleus may have, and further, the extra strength present
at higher energies demands exchange or velocity ~ dependent terms in
the nuclear Hamiltonian, (section 1.2.)

The variation in the Giant Resonance Peak energy, L, is well

predicted by the hydrodynamic model of the dipole oscillations as:
A -l
E, = 80 AT M.e.V. (1.4.1)

(18,22,23)

This model considers the nucleus as two interpenetrating

fluids of neutrons and protons with collective vibrations of ong-fluid
against the other excited by electric dipole absorbtion of photons,
For nncleii with large intrinsic prolate deformations, the
hydrodynamic model correctly predicts the ohserved splitting of the
Giant Resonance into two compouents corresponding.to charge

(25,24)

oscillations along the nuclear symmetry axes, and the derived

values of intrinsic cuadrupole moments of such nucleii are in good

agreement with other measurements.(”) The shape dependence leads

naturally to the observed varintion of the width of the Giant Ilesonance

1_‘!"
with A, and its minimum value for closed shell nucleii,( 5) Although

the neutron spectra and angular, distributions from the decay of the

Giant Resonance are found to be in accord with the predictions of

29,1-5
statistical evaporation from the compound nncleusg 9,1-5), these
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collective models offer no mechnnism to explain the observed high
yield of dircctly emitte? fast photonarticles.

In complete contrast, the dipole resonaince of light nuclei is
always between 20 and 25 M.e,V, 2und is cormposed of a number of
’individual resonances, The density of this level structure is found
to increase and the level widths found to decrease from 012 to CaQO.
Direct photounucleon emission is found to predominate, and the smaller
coulomb barrier allows the yields of neutrons and protons to be
comparable, The total cross section is essentially the sum of the
(v,n) and (¥,p) reactions and its value interrated to 25 H.e.V. is
only ~60% of the T.,R.,K. sum rule, the missins Il strength beiang
assumed present in the hinher energy quasideuteron cross section,

These features are incompatible with hydrodynamic model
predictions and the observed individual level structure suogests an
independent particle shell model description of the photoeffect,in
which the giant dipole resonance is due to electric dipole absorbtion
of photons by excitation of nucleons from the uppermost shell to the
next shell of opposite parity, under the selection rule 2l=+1, In
the simple Harmonic oscillator shell model, the itransitions are all at
the cnergy of the oscillator spacing (neglecting the spin orbit
splitting) and this is the energy of the giant dipole resonance, so
that, in this model

Eo=40 A~ MeV. (1,4,2)
which is wrone for both the light and heavy nucleii, Althoush the
splitting of the giant resonance in deformed nucleii can be predicted

successTully by this model, it has no mechanism to produce the
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Transitions in O T._ALB_'_E__J_ .
Transition 3P /@ 1P(4) E(vev) BI(MeV) D 3(%) P
1 p% -2 s% ) . L/3 11 18.53 19.6 2 .951
1 p% -1 d%. 6 50 17.65 22,2 73 .898
| 1 Py ~ b d% 10/3 28 16.58 18.1 1 .90%
1 Py~ 2 53 2/3 5.5 12,38 13.5 4 ' 996
lp,~1lds . 2/3 55 22.73 25.2 20 963
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observed absorption at higher energies,

1.5 The Tndenendent Particle Shell Model and the detailed structure oi

16)

the divole resonance in Lisht “cleii (0

The simple shell model was improved to sive hetter agreement with

16 (30)

observed transition energies in 0 by Elliot and Flowers, The

basic shell model transition energies were defired as the sum of the
energies of the excited particle and residval hole, assumed to be the

17

“known bound states of 07' and 015(0r le) respectively, Perturhation
by the vesidual interaction between the particle and the hole mixed
these states and changed the erergies, so that most of the strenst!
was taken by one or two hich enersy transitions. Brown et, a].(sl)
used the schematic model to exnlain that the success of this
calculation lay in the effect of the‘residual interaction, Later one
particle one hole (1plh) calculations produced results entirely
similar to those of Elliot and Flowerso(B)
The nucleus 016 has hecome & testing cround for theoretical study
because of its convenient closed - shell structure and the relative
simplicity of its excited confimurations, The five main Iplh
excitations in 01 are noted in tahle 1 with the enercgies and strenmths
for unperturbed and perturhed transitions in the calculation of
Gillet.(32) The fraction I' of the initial transition in the final
state is hish and the two most intense are the nodeless transitions
(1;%/2; 1d5/2,3/2,). The Elliot and Flowers result is compared with
the total cross section of Burrov ct, 319(33) in figureVQ, witere

. . . 3
arbitrary widths have becn assiaoned to the peaks.( ) The gross

structure is reproduced reasonably well, but the calculated cross -
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. -t N2y . -
section (Elktbljh) 1s necessarily too larse due to the use of
. L
artificinlly increased EHR values and unchanged values of DE= with
o ad Tarmoni e osos (A=) oo
respect to the basic simnle Ilarmounic oscillator case, Brission of
predominantly d - wave photoparticles in the 22-25 l,e,V. region is,

(34)

Explanation of the fine structure was sousht hy consideration of

however, correctly predicted,

the effect of hicher multipole absorbtion in the El giant resonance,

(51

Dodge and Barber ound a2 fairly constant finite value of the Al
coefficient in the angular distribution of protons, implying a bhroad
region of quadrupole absorbtion, which was correctly nredicted by the
. . , (35) , nd
1plh calculation of Spicer and Eisenberg ‘- and the later 1lplh and
2p2h calculation of Eisenberg, Spicer and Rose(36) for 1+ and 2+
levels in this resion, More accurate ancular distribution
.. . . (92)
coefficients from the (p,ﬁ) experiment of Farle and Tanner showed
a broad E2 resonaice centred at 30 M,e,V., some 10 M,e.V, wide, with a
peak cross section of about 1uB and due mainly to f — wave proton
capture, The observed constancy of the odd (interference)
coefficients with energy implied that the structure in the cross
section was not due mainly to L2-FEl interference but was equally
probably due to interference betwecn the strong broad El resonance and
¢ dif (92)
wealter El resonances of different phase,
In attempting to predict the experimental structure, the shell
model did not estimate the widths of the resonances, in fact the use of
the energies of bound states in the neighbouring nucleii neglected the

finite widths of the real states, for protons in the 1d3/2 state or

. - 1 C . .
nentrons in the 1d3/2 or 2s states of 0 6 lie in the continuum and
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(1)

car. decay by penetration of a potential barrier, Considerations of
the wvidth of the dipole state as proporti07a1 to the product of state
intensity and harrier penetrability for particle emission lead to

qraiitative explanation of the observed narrowing of the dipole states
through the 2s - 1d - 1f shellso(l)

In 1966, Buck and Hill(SB) performed a continuiuum calculation of
the giant resonance in 016, using the optical model potentiai to
describe the interaction between a nucleon and the'corresponding nass
15 nucleus., Reaction channels with qﬁantum numbers Jﬂi 1~ were studied
and the giant resonance capture states were taken as lplh gnly,
neglecting matrix elements mixing in higher configurations: The
scattering wave functions produced by the model were used to calculate
reaction amplitudes and cross sections directly as a functien of
energy, Inclusion of quadrupole capture from the incident elastic
channels allowed evaluation of the small E2 cross sectiou and its
effect on the angular distributiouns. The results were compared
directly with the measurements of (p)y) cross sections and angular
distributions of Earle and Tanner‘and the polarization data of Bertozzi
et, al.(sg)

The magnitude of the calculated cross section was adjusted to fit
experinment by inclusion of a finite absorbﬁion term in the optical
model potential, which the authors describe as a device approximating
the effect of the competing reactions not explicitly treated in the
calculation ((p,o) (p,p')) and as a substitute for the two — body

correlations in ‘the nuclear wave function which move some of the

strensth out of the giant resonance to higher energies, They"
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therefore expected to predict the envelope of a more detciled
structure, and this prediction is well borne out by the comparison
wvith experiment reproduced in figure 3. The angular distribution and
polarization results gave more approximate agreement, (figure 4).Buck
and Hill concluded that the 1plh model reproduced the main features of
the giant resonance but that prediction of the observed structure
effects required a theory encompassing higher ph configuratlions or
nore scattering channazls,

Some confirmation of this postulate came from the calculations of
Gillet et. al.(ko) who coupled 2p2h excitations into the 1lplh basis for
the giant resomance and correctly predicted the dip at 22,7 H.e,V. in
the 016 spectrum., A peak in the N14(d,y) spectrum of Suffert et. al.
(él)at this energy, was related to the 2p2h state calculated to cause
the dip in the 016 absorbtion. The emitted garma ray was found to be
dipolar in the le(d,Y) reaction,(hl) but the dwuteron effective
charge is zero for pure T=1 electric dipole transitions (equation
1.3.9) so that the reaction must proceed through a T=0 admixture in
the T=1 giant dipole resonance., This corresponds to the construction
[0%;7=031" ,T=1> of the 2p2h state iu reference %0,

This was the situation at the time of commencement ogfthe
author's researches (1967), The giont dipole resonance in O16 was
approximately described by the 1lplh shell model but the observed
structure was not predicted and nature was somewhat more complicated.
Further study of this nucleus vequired detailed knowledge of the cross

sections of the recactions competiuvg for strength from the giant

resonance, iu particular, a measurement of the neutron angular
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distributions would be useful to provide multipole information and an
accurate total cross section for comparison with the proton channel,

If isospin is a good quantuwm pumber, the (v,n) and (¥,p) cross
sections should be identical,., Barker and lann (42) have shown that
the admixture of isotopic spins is sensitive to the cross section

ratio., Their expression may be written

dsp®) _ R© P, ¥ | -7 |? |
d6n(@) Fn (©) Pn an Va('fao . (1-501)

where Gp,Fo, Pp and yp are the proton cross section, angular
distribution, penetrability and reduced width respectively, and
similarly for the neutrons, and @, and @,are the amplitudes of T=l
and T=0 components in the wave function., Assuming equal reduced
widths for neutrouns and protons and using calculated values of the
slowly varying penetrability ratio gives a direct measure of the
isospin impurity of a state, if the angular distributions are
identical, This assumption has been made in calculations of the T=0
. ) . . 16 (90)
adnixture in the dominant T=1 giant resonance states of 0
but an accurate measurement of the poorly known photoneutron angular
(78)

distributions was required to confirm its validity.

16

In addition, continuum calculations of the (yn) process in 0

(un)

were being made at this tine and a further detailed assessment of
the 1plh model wonld be possible by direct comparison of (v,n) theory
and experimental angular distributions, The author therefore feels
that a measurement of the angular distribution of photoneutrons from

: 16 .
the giant resonance of 07 was required for several reasons and that

the sclection of this experiment as his research project was



—
o

justified on theoretical grounds,

1.6 The Development of Exnerimental Technicaues in Photodisintesration.

The following discussion will concentrate ou the technicues
applicable to the stndy of the modes of excitation of the.Giant
Resonance in light nucleii, especially the photoparticle spectroscopy;
but a briefer review of the general development of photonuclear
experiments will be presented., More comprehensive summaries »f the
early work are to be found in references 1 to 5, and the Bibliozraphy

(20)

of Photonuclear Disintegrations provides many references,

The type of experiment performed at a particular time was

naturally goverened by the source of gamma rays available, Allhouszh

a

the relatively weak photon sources from natural radiocactivity and
{(5)
nuclear reactions continue to be useful in restricted areas of study, 7/

systematic trends through the periodic table and with energy could ot
. . . - 15,1 (47)

be observed until the development of the Betatron (Werst, 1941)

provided reasonably iuntense, variable energy bremsstrahlung, ith the

introduction of hish current electron linear accelerators in the 1957

to 1900 period, more precise experimeuts, vsing electrou scatterirg

(48-54) (55-64)

and neutron time of flight spectroscopy became pessible,
. 7 ' - s . .

and monochromatic photon beams( 9) (produced by position annihilation in

flighf) were provided, although with initially low fluxes, The preseut

(83) . . . .

trend is towoerds high current, high duty factor, linear accelerators

in order to provide mood fluxes of monochromatic photons or to enable

coincidence experiments and the study of correlations between nuclear

particles,

(66)

Forly attempts to measure the nuclear absorbtion cross secticn

for photons directly (hy tarret in and out measuvements with a long
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absorber) were hampered hy the uncertain values of the do»inant atowmic

(67)

absorbtion coefficients, hut later developments'® gave agreement

) . (68)
with photon scattering data

(2)

and the more usual yield measurements,

The classic Betatron experiment involved measurement of the yvield
Y(E) of a photonuclear reaction as a function of E, the end roint
energy of the continuons bremsstrahlune snectrum ([ﬁ(E)), so that:

E
YE = [ [w) §0w) diw) . (1.6.1)
[4]
Since the (¥,n) nrocess fresnently results in residual activity of
reasonable half life, this activity has been often used as the

measured yield in determining the (¥,n) cross section as a function of

(15,17,69)

energy., By coulomb barrier considerations, this is

essentially the total cross section for the elements heavier than about
tin. Tho data on the trends in cross section and width of the Giant

Resonance in the heavier nucleii has in fact been gained mainly from

‘)F'
the reutron yield measurements.( %) Tlowever, the analysis of the

vield curve data has faced many problems, including uncertainties in
the neutron detection efficiency, the monitor response function, the

neutron multiplicity corrections and the shape of the bremsstrahlung

(3)

spectrum near the cnd point, The method used of inversion of the

. (70) . < N
bremsstrahlung matrlx( ) is sensitise to these uncertainties and

especially to the statistical uncertainties on the vield curve, so that

activation curve statistics of O.F% were recuired to produce 5% to

. . 3 . .
10% accuracy in cross sectlons.( ) Comparison of results obtained by

this method and by the later monoenercetic source measurements showed

(1)

- - - . . . . . - .
10% to 30% discrepanciecs until errors in the efficiency of the type



of ncutron detector used in the older experiments were dscoveied,

1.p57 .
( P ) The {wo methods now give agreement,

[ i

Measurements ol elastic photon scattering are sensitive to the

P
. . s 3%
magnitude and shape of the photon ahsorbtion spectrum°(08’2')’) Farly

(69

results from these experiments were useful mainly as a check on

the yield measurements, but later, the existence of the tensor

polarizability of the deformed nucleii was first confirmed in this way.

(71)

Discrepancies ¢f up to 30% still existed between cross sections

o . . 1,133
from different laboratories hovever, (1,958)

and cuantitative estimates
of the magnitude of the tensoxr term in the scatterinzg amplitude were
not possible., An estimate of the effect of this term, intesrated ovef
the whole energy spectrum, was made in 1905 from bremsstrahlung vield

(72)

subtraction measurements on aligned nucleii and then as a function

of energy using nonochromatic photons in 19695(73) This may serve to
illustrate the advancerment of experimental metiods in the field.

For the light elements, the (Y,n) contribution could he measurcd
as above, but the important (¥,p) part of the total cross section
usually produces stable or long lived isotopes, so that it could not be
determined by activiiy measurements, and enulsions or cloud chambers

(74,20) Althoush

were initially used to measure the proton tracks.
limited in statistical accuracy, the visual techniques made important
- (76) e
contributions, for Gorbunov et. al. showed the significant
contribution of hich energy spallation rcactions to the interrated
absorbtion cross section using a cloud charther, and Hilone et. al.
(77,78)

found evideunce [or structure in the photon absorbtion

spectrum by the close similarity belween their emulsion spectra for
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(v,p) and (,n) events in Olc. The existence of this structure had
heen a point ol controversy for some time hecause of the inconsistent
encrries of "brealks" found in yield curves from different ‘
laboratories anu the frammentary nature of data on the photoparticle
energy spectra.(z’pss)

High resolution experiments were required to resolve the possible
structure aund confiyrm the validity of either the collective model or
shell model apnroaches to the giant resonance in light nucleii. In
fact, techniques for high resolution spectroscopy on the neutron and
prolon spectra weré evolving at about the same time, as the
application of inelastic electron scatﬁering to the giant resonance,
(48-51)

In electron scattering, the excitation of both longitudinal and
transverse modes may occur, and form f{actors for each are measured as
a function of momentum transier for each level, allowing assignments
of spin and parity by comparison with theoretical predictionso(48_54)
Althouzh early experiments showed that detailed studies of level
schemes and continuoum transitions in light nucleii were possible by

(DO’DI) it is only since about 1968 that results with high

(53)

this method

resolution in the giant resonance region have been attained so
that this technique will not be discussed further at present,
. . 20,85,86,87
Measurements of proton yields using counters (20,85,86,87) showed

the same gross features of the giant resonance found in the neutron

results, but pave little detailed infcrmation on proton spectra, a

notahle exception being the 0lb (e,e'p) experiment of Dodge and Barber

(3n)

who used a magnetic spcetrometer with about 2% resolution o
I ) i
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determine 016 proton energy spectra and preliminary angular
distributions. The significant advance was nade later by the Yale
group (59,p219;93) wno used solid state counters to determine the
energies of protons extracted from the (Y;p) target via a magnetic
lens, This avoided the severe background problems-associated with
the intense ¥ - flash in the target area, and permitted resolutions of
1% over the miant resonance recion in the preliminary results of
Morrison(QB). Towever, other (¥,p,) spectra obtained by this method
were published after the start of the authorts research and will be
discussed in a later chapter, Ilich resolution proton data was
obtained mainly from precision (p,¥Y) measurements in the pre-1967
period, for the tandem accelerators provided proton beams of less than

(88-92)

10 k.e.V. spread. The principle of detailed halance allowed

. A i . .
the giant resonance of nucleus . to be studied by bombarding nucleus
A- . - 0 3 .
‘§ with these protons and the limit of experimental resolution was
=
set by the target thiclkness, so that later measurements gave
excitation spectra for several light nucleii with 50 Lk.e.V,

(90),

resolution in the giant resonance A similar performance in
neutron energy measurement was developed in about the same time by
applying new techvology to the old technique of neutron time of flight
(62)
spectinscopy.

The time of flight '+' of a neutron of evergy B (M.e.V.) over a
distance 'd' metres is given in nanoseconds (n.s.) by

t=723%d /B (1.6.2)

so that the energy resolution is given in terms of at the time

dispersion of the system by:
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Al = (1/356.15) * B %% (st/d). (1.6,

N
R

In order to study giant resonance photoneutrons Ffroin the light

elements (typically 6 M.e,V.) with a resolution of 200 k.e.V. or (0
k.e.V., requires a time of flicht resolution of 0.5 n.s./m, or 0.1% n,s.
/m. respectively, so that time resolutions of less than 10 n,s. are
required to use the 10-20 m flight paths imposed by typical
accelerator shielding conditions, Therefore a fast timing detector of
neutrons is needed, as is an accelerator with a pulsed electron heam of
suitably short duration and hich instantaneous current.

(55)

and produced the

=5 (56)

-

first measurements of fast photoneutron spectra in 1955,

The .I.T. group developcd these techniques

Unfortunately they were restricted, by their accelerator, to photon
energies below the giant resonances of the interesting 'In' light
nucleii and such information was obtained from a similar system
; he Tt - —  ernbare (97958)
installed on the Ifarwell Linac by Firk and collaborators.
These nucleii ave couvenient experimentallyin that the
corresponding residual nucleiil formed in photo disintegration have
first excited states which are well separated from the ground state, by
. . LN .

some 'G' M.e.V, Since the top G M.e.V. of the pholonucleon energy
range can only be produced by ground state transitions, only a few runs
at widely spaced bremsstrahlung cnergies are required to give ground
state photonucleon spectra, which can be related to the spectra- of

' . . o . e alD .
the absorbed photons by kinematics. The first excited state of 077 is
at 5.2 M.e.V., so that a run at just one bhremsstralung end-point energy

16

provides a good enercy rance of around state transitiouns in the 0

(Y,U) 015 reaction,
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Firk et., al. obtained = neutron enersy resolution of about 200 -

16 (57)

300 k.,e.V,. - in the giant resonance of § which they subsequentl
improved to give spectra for this and other lirht nucleii with less

59
than 100 k.e.V. resolution throushout the giunt resonance.()g)
(90,60) and

This
allowed detailed comparison with the (p,¥y ) data
preliminary estimates of isotopic spin purity in the giant resonance
states;(go) To make accurate measurements of this required koowledre
of the photoueutron angular distributions (as previously discussed)
but these did not exist in any quantitative form.

The emulsion measurements of HMilone and Rubbino(78) had indicated
assvmmetry in the angular distributiouns of photoneutrons from the
giant resonance region but with little energy resolution and few
statistics, vhile the only modern measurement(GB)(by time of flight)
had covered but three angles and did little more than confirm the
earlier results,

A measurcument with good energy resolution was required to resolve
the individual level structure and allow detérmination of the mixture
of partial waves from resonance to resonance, so that only the time
of [light method was useful. To obtain information on up to 5
Lesendre coefficients (A0 to Ak) required data frem at least six
angles which should span as much of the range 0 to TC as possible, in
order to be sensitive to the higher coefficients. The angular
variation could be obtained simultaneously by six flight paths or by
using one flight path and successively altering the angle between the

incident photon beam and this direction, The former method has the

advantase of simultancous collection of data from all angles which
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increases the total count rate and decreases the problem: of angle to
anzle normalisation by essentially reﬁoving its denendence upon time,
This requires six expensive detector systems instead of one however,
and few laboratories have shielding geometry flexible enongh to allow
six 20 m, flight paths.

The geometrical conditions were satisfied at the linear
accelerator of the Kelvin Laboratory, University of Glasgow, and the
author's research project at this establishment has been the

cormissioning of a multi-angle nanosecond time of flight spectrometer

and the nmeasurement of the angular distribution of photoneutrons frox

16

the photodisintegration of 0




Chapter 2

2,1 Introduction,

This chapter describes the development of a multi — angle time of
flight (T.0.7.) spectrometer for measurement of photoneutron angular
distributions with zood energy resolution, The linear accelerator of
the Kelvin Laboratsory, University of Glasgow is considered as a
srurce for such experiments and its characteristics are shown to have
determined the choice of basic experimental perameters,

Advantace was taken of the open geometry of shieldins in this
laboratory to provide six 20m. flight paths for simultaneous
acquisition of angular distribution data and one 53m. evacuated fliasht
path for higher resolution work, Flight path collimation was
designed to allow the solid anglc subtended by each detector to be
determined by the detector size, so that by using identical detectors,
angular normalisation depended simply on the bias level set on each
detector, The choice of detector is made with respsct to the required
efficiency, count rate and resolution and the possible accuracy in
normalisation between detectors is demonstrated.

2,2 Nanosecond T.0,F, spectroscopy at the Welvin Laboratlory,

It whs shown in chapter 1 that the energy resolution in neutron
T.0.F. experiments was
3/

E = (1/3615 .5 . at/d (1.6.3.)
so that a system with good resolution must have a small time
dispersion (st) and long flight paths (d). Both these reyuirements
decrease the count rate, which can only be rectified by increasing

the peak current available iv the photon pulse produced by the
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electron accelerator, The neutron T,0,7, is measured by a form of
clock which is started by somevtime zero signal and stopped by the
pulsce from the neutron detector, Such systems normally count only
one stop pulse per start pulse so that the absolute count rate is
proportional to the pulse repetition frequency of the accelerator. A
more oﬁvious consceraint on accelerator performance is that the
electron enmergy range available must span the resion of interest and
the beams produced should be stable,

The electron linear accelerator at the Kelvin Laboratery of the
University of Glasgow satisfies most of these requirements. Electrons
at 30 k,e,V. are injected from a Pierce geometry cylindrical diode
gun capable of 2A current, The beam is deflected in to the
accelerator by a fast 10k.V. pulse from a thyratron driven spark gap -
aﬁplied to a pair of deflection plates giving 3.5ns, F.W.H.M. pulses
of up to 200m,A, peak current in the first section of the accelerator,
Peak currents of 50 to 150m,A. are available after acceleration
depending upon the final energy ( 25 to 100 M.e,V.) used and
repetition rates of up to 480 Ilz, are possible, The energy is
measured round the 900 maguetic analysis system in the beam
deflection room (B.D.R.) (figllr; 5)e

Nanosecond experiments are periormed in the straight through
position in the well shielded ueutron cell vhere the electron beam
strikes a thick tungsten bremsstrahlung converter placed some 4"
hefore <vhe photoneutron tarcei which sits at the intersection of all
the flight paths with the electron beam line (figure 5). Territe

toroids placed at intervals down the accclerator and heam transport
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Count Rate Estimate Table 2

(1) N° electrons/pulse = i*r/ = 5*10—2A*3.5*1é§ = 1,1#10%)
q 1.6*10-'19 coulomb
(2) Bremsstrahlung Conversion = y's per electron ¥ geometrical factor
Efficiency ¥ energy bite
- = 0.15%0.66%0,035 = 3,5%107
(using bremsstrahlung spectrum, fraction between 22 and 27 M.e.V,
.035(100))
(3) Photoneutrons/photon = Nb.p.t.6'=6*1023*1.0 * ( 1.5) * 26%10™27
g .16
= 6,7*107
(since /o dE = 26 M.e.V. m.b. (Ref. 101))
(4) Therefore, Photoneutrons/pulse = 2.6*103
(5) Solid Angle = 2.25*10'6
(6) Detector Efficiency = 0.3
(7) Counts/second (4,5,6) = 0.84/sec, i
(8) Channels for 5-10 M.e.V. = 360ns/1.4ns/channel = 250 channels,
nevtrons .
(9) Count Rate = 12/channel/hour = 290/chanuel/day.
(10) 3% statistical accuracy in 3 — 4 days.

NOTE THAT DEAD TIME EFFECTS

et

ARE SMALL AT THESE RATES
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system allow monitoring of the electron current, and the time zeroc
pulse (START pulse) for the svstem is conveniently taken from one of
hese, 'STOP' pulses are obtained from suitable neutron detectors
placed in the fiight paths and the time interval is converted by the
subsequent electronics to an analogue pulse to be stored by a multi-
chanvel analyser, The timing system is shown in figure G,

The resolution of the present spectrometer is determined mainly
by the 3.5 n,s., width of the electron pulse. Fiight path and detector
perameters have been determined by the compromise between resolution
and count rate;

2,3 Count Rate Estimate,

A calculation of the counting rate is performed in table 2 using
typical values of electron currenf and some necessary limitations on
target thickness which will be explained more fully later. Although
the total experimental time required (1 week) is not unusual; the count
rate is severely limited by these factors and the low solid angles
involved to the point where general background radiation contributes

10% in the interesting time recion (from 5 to 10 M.e.V. neutron
energy). Experimental technidues involving loss of coﬁntinz rate
(such as fine avalysis of the beam energy or the use of 'thin -~ tarcet?
bremsstrahlung) are then impossible without increase in accelerator
peal current.

The following systiem has been desimned to maximise counting
efficiency inside useful limits of resolution and to rednce the total
accelerator time required by simultaneons acquisition of data from all

arecles,
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2.5 Geometrical Considerat.ons,

The flight path system installed by the author is showm in figure
5 and details of the neufron cell and the engineering and collimation
of the flirht paﬁhs are shown in figzure 7. "ae neutron cell was
originally designed with five flight path apertures, all at forward
angles, These terminated at the building wall after various path ‘
lengths from 8m to 17m. The earth hanking round the experimental area

T~

vas designed to allow erection of one long flizht path, possibly to
100m, The author was not responsible for this preliminary work,

Enerpmy resolutions of 100 k,e.V, for 6»N.e.V. neutrons could he *
obtained from the expected 4~%ns, time resolution only by using flight
paths of about 20m, The 23%0 forward angle was discarded on these
erounds and hecause of the enormous flux of Compton — scattered gamma
rays expected at the forward angles, This 'camma {lash! causes
backrround effecis in the detector and can paralyse it in severe cases,
Six angles coverins a ﬁnoﬂ angular ranme were required, The author
installed 3 backward flizht paths throuch the sectional shielding
vall of the B.D.R. at well spaceﬂ anrles which evoided the main
structural supnorts of the building and gave useful values for
Lesendre polynomials, (fisure 8) ‘leasurements at these six angles
should give rood definition of the\contribution of polynomials of
different order, To obtain 20m,, the forward flicht paths ﬁcre
extended outside the huilding and each was equipped with a detector
station in the form of a hut with a power supply, a cable linlt to the
counting room and a temperature reculated heating system, This

involved some execavation of the shieldiuns hanls at the two most forwerd

~2
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angles, The oricinal 70%0 detector stations were retained and an
evacuated flicht path assembled for hiech resolution measuremeﬁbs at
25m and 50m, The vacuum pipe is 12 dia, to 29m, and 10" thercafter,
and thjs larze volume is evacuvated hy a rotavry pumn to pressures less
than 1% atmospheric in ten minutes and to final pressures less than
190y, The neutron cell flange is 4" thick steel except for a 2"
central thin window of ,01" 'Mylar!, while the 10" window required at

' n
the detector end is of .05 aluminium for safety reasons,

The backward flicht tubes are of'6" i.d, thick - walled plastic
supported rigidly by steel formers and surrounded hy a matri? of
Barytes chips. (firure 7) This material is suitably dense and
provides a convenient method of sealing the radiation weaknesses
introduced in the séctional shielding wall;

The alignment of the flizht path tubes was sufveyed by
theodolite #=ainst a small £érget, dead centre of the neutron cell
and the krown electron heem line, Small non -~ linearities in the
pipe were unimportant since the torzet — detector cone was to be

defined by collimators wvhich could be adjusted for optimum alignment.

2.5 Collimation of the Meutron Beams,

The demands of radiation shielding impose a basic geometry on
neutron time of flight experimenté. The neuntron source is alway: in
a small enclosure surrounded by many feet of concrete and the
particles emerge from flight tubes in this shield as shown in figure
9 where the dimensions are those found in the Helvin Lahoratory but
are not unusual, The disadvantace of such a systém is that the flirch*

path pine and its imame on the hack wall subtend a solid auwle at the
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source which is very much greater than that subtenaed directiy by the
letector, and rescatitering into the detector from these areas is not
necligible, Trom the solid an~les in fisure 9 the relative
probability of scattered radiation being detected is abowt %%, but the
neuntron scattering cross sections of fast neutrons are hichly back and

.

forward peaked so that the effect leads to highly contaminated spectra
in some cases, This was observed in early'experiments and crred hy ’
collimation at the inner apnerture of the fiight tube, for the
contamination is proportional to the solid angle of this aperture,

Neutrons were then accebted only from a small volume round.the
photoneutron target, which allowed the bremsstrahlung converter to be
placed close by, in order to maximise the useful photon flux, The
collimator must discriminate sharply against neutrons from the
bremsstrahlung converter and since the neutron vield from this was less
than from the photoneutroun target (tarwet thiclnesses are discussed
later) an attenuation factor of 103 for the collimators was considered
adequate, This factor had to be achieved as cdmpactly as possible
because of access problems in the neutron cell,

The neutron capture cross section is only appreciable at fhermal
cnercies, so that fast neutrons are best removed by scattering out of
the beam. TFor neutrons below 3 M.é.V. kinetic energy, elastic
cnllisions with lirht nucleii (preferably hydrogen) provide the
fastest reduction in neutroun enersy, but neutrons of hicher kinetic
energy are hetter slowed by inelastic processes for which the

materials with hich mass number offer lower thresholds and high cross

sections.(lo)) This is confirmed by the effective neutron absorbtion
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coclficients measured as a “nnction of energy hy Hopkins et. al.(log)

(figure 10),

A composite collimator is therefore most effective and those
designed by the author utilised 2' of borated paraffin aud 10" of lead,
The attenuation factors so gained for fast neutrons and gamma rays (of

1 M.e.V,) were 10° and 10°

et. a1.5102)

respectively using the data o¢f Hopkins
confirmed by the shielding data from references 103 and
104, The construction was sectional (fimure 11) with aboul 6" of the
lead at the detector end to absorb any capture garma radiation
produced, The collimators fitted in to the Tlight éubes in tée
concrete shielding wéll or in to specially built concrete blockhouses,
depending upﬁn ansle, so that the conérete cémpleted the absorbtion
éf the scattered neutrons (figure 7).,

Exactly the same type of construction and the same attenuation
factors were used for outer collimators placed nearer the detector end
of all flight paths, in order to define accurately the extent of the
veutron beam at the detector and prevent scattering from the
background shield, The diameter of this collimator and its distance
from the source were chosen to define a beam of neutrens at the
detector which would have é radius 2" 1arger than that of the detector
(24") and the lead backeround shield was built at least 13" outside
this beam at all points,

The philesophy behind the collimation procedure is‘shown in
figure 12, Target and detector are reciprocally entirely in view,
well inside the conical limit set by the collimators on the escaping

radiation., ote that the position of tarzet or detector is nron -
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critical, This system allows the solid angles to be made the same for
all flight paths by the simple process of using identical detectors at
identical distances, Some trouble was taken to arrange all the
corresponding (inner or outer) collimators to be identical and‘at the.
same distance from the source and geometrical constraints led té the
present positions {figure 7) where concrete blockhouses enclose the
collimators which lie outside the shielding wall,

Typical flicsht path dimensions are shown'in figure 13 where the
penuwnbra effects are shown to be acceptable., The measurement of -
~neutron flux over a typical detector position is also shown in figure
13. A flat topped beam is found with cut-offs where expected.

2,6 T.0.F. detectors.

Organic scintillators have been found to be the most useful

(105)

detector of fast neutrons in T,0.F, spectrometers for large
volume detectors are available with high efficiency and good:  timing
resolution, Very large scintillators coupléd to several photo-
multipliers have been used in some T.0.F. systems(loc) but the gain
obtained in solid angle is‘at the expense of a worsened time
resolution and a non — uniform light collection and the cost of
reproducing such a device six times prohibits its use in the present
arrangement,

The detector used was a 5% dia, 5" thick plastic scintillator
directly coupled to an XP1040 photomultiplier which has the desirable
properties of a large diameter photocathode and good timing resolution.
High voltage from a stabilised supply was appléed to a resistor 'hase!

chain to set the dyunode voltages and fast signals from a 50sa anode
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load were taken to trigger a discriminator, The timing s.gnal from
the discriminator was transferred to the counting room and subsequent
(W I.M.) electronics, This arrapngement gave a reasonably sized
detector with good timirng resolution and a relatively simple
electronic arrangement,

2.7 Total Timing Resolution and Scintillator Thickness

Time uncertainties arise from the duration (B) of the electron
pulse, the transit time variation of neutrons in target and detector
(D) and the time resolution and 'jitter! of the detection process-and
subsequent electronics (0). tn this syétem, 0 will later he shown to
be smaller than B or D, so that the resolution (R) is related té'B,D
and the flisht ﬁath length L for neutrons of velocity V, by the
expression.(los)

R = At/t = AV/V = VEL %(8% D7) V2 (2.7.1)
The counting rate (C) is pfoportional to B and vo %?and also, for a
given velocity, approximately proportional to D, so that

c <! W pepx (3% D%)7H (2.7.2)

(dc/dnlso(e (B*-p?) /(B%:D?%) (2.7.3)
Jor a given B the count rate is maximised for é given resolution B,
when D=B, Better resolution can he obtained by decreasing the
scintillator thickness and hence D, hut only by reducing the count
rate, D has a useful upper limit, equal to the mean free path in
scintillator material and since the (n,p) cross section is
approximately proportional to 1/Vup to & M.c.V.,(los) this upper

limit is nearly constaniu@nd equal to 3050.5.)over this range, It

. 1 o =
increases to about s5m.s, at 10 M.e.V, Therefore the optimum
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scintillator thickness (in “his case, with & 3.5n.s. electron heam) is
given by the mean Ifree path for L4 i.e,V, neutrons — about 5" in
typical scintillators., This size was finally used in the authér's
experiment althoush many of his preliminary measurements were made in
higher count rate conditions (at a higher bremsstrahluﬁg end point
energy) with thinner (2") scintillators and somevhat better resolution.
The thick and thin detectors finally gave resolutions of abovt 5n.s,
and 4n.s. for 6 M.e.,V, neutrons so that the factor of 2 gained in’
count rate is more than justified by the small decrease in resolution,

2,8 Detector Timine Nesolution:

Time measurements with scintillator - photomultiplier combinations

(108-113)

have been reviewed by several authors and the causes of

finife time resolution are well known, These are

(1) The ;ariation of the time of interactioun of the incident
radiation with the scintillator,

(2) The variation in the energy debosited by radiation in the
scintillator,

(3) The finite decay time of the light emitting states in the phosphor
and the different times of arrival atkthe photocathode for photons,

(4) The statistical variation in the number of photoelectrons
released per photon,

(5) Transit time variations in thé,tube because of (a) different path
lengths for electrons starting from different areas of the
photocathode and (b) the statistical variation in the energy eod
emission direction of secondary electrons,

(6) (a) Triceerins uncertainty in the associated electronics (*jitter!)

(b) variation in trigrering time with pulse amplitude ('walk?),
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The effect of (1) has alread; been considered for meutrons but wil® be
much smaller for gamma rays whicu can therefore be used to meaéﬁre'the
other effects. Because of the non-linear light response to recoil
protons, the mex.mum pulse heights produéed by neutrons of 1 to 10
M.e.V. vary by a factor of 50 (appendix 1), and since a white spectrum
of recoil protons is produced up to the maximum vwossible energy,
extremely large pulse height ranges must be covered., The effect (2)
requires triggering circuits with small 'walk' 6(b) and such circuits
will be discussed shortly., Statistical effect (4) is normally
minimised by accepting pulses only if they are greater thau a given
'bias' value vwhich is set at a fairly large number of photcelectrons
(~20).

Hydrocarbon scintillators are now available in both selid and
liquid form with high light output and pulse decay times ?f 2-3n.s. so
that effect (3) does not seriously contribute to the time spread, Fast
liquid scintillators NE21l and NE213 were used successfully by the
author in several preliminary measuregents and the plastic NE102A¥*
was used in the experiment to be described. This has a fast decay time
of 2.6n.s.(11é)

The timing resolution of an XP1040 photomultiplier with a large
scintillator is limited by effect (5) to about ln.s, - the transit time
variation over the whole photocathode.(lll) Effects (2) and (6) can be

(112,113)

almost eliminated by modern timing circuits, if these can be

used, and measurcd resolutions approach the transit time variation,

* Supplied by Nuclear Enterprises Ltd., Edinburgh, Scotland.
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2.9 Tiuing Circuits for Photomultiplicrs,

This subject has been reviewed thecretically and experimentally by
(108-113)

»

several cuthors and the reader is referred to these for a more

general discussion, The traditional methods of trigrering on the
leading ed~e of the fast anode pulse (L.i.) and trigcering on the cross
over (XQO.) of the doubly — differentiailed full enerry dynode pulse
were compared by the author for large photomultiplier - scintillator
systems using the delayed coincidence technique. (figure 14) The delav
between coincident events, produced in the two detectors by Nggz
annihilation ¥ rays ovr Co60 cascade gamma rays, is measured by the
time—to-amplitude-converter (T.A.C.) as an analogue pulse stored by
the multichannel analyser, The width of the coincidence pealk: is the
total time resolution of the svstem calibrated by means of a know%
adjustable delay in one channel, To duplicate experimental conditions,
only a lower pulse height limit was used, the pulsc height ratio being
determined by the maximum size of pulse from the source, Typical
results for a 20:1 pulse height range are shown in fizure 15. The
conventional 'slow' cross—over method did not give adequate resolution
and the necessary intearation of the dynode pulse gave a dead time
( lus.) which would have prevented neuntron counts heing accepted until
long after the Y - flash pulse so tlat this technique was discarded,
The L.T. method provides adecunate (*2n,s,) time resolution for the
nresent purpeses, despite its ivnherent fwalk' with pulse heirht,

This 'walk! is essentially eliminated by recently introduced

112,113 . - .
( ,115) which use fast cross—over (F.X.0.) or comstant

timing methods

fraction of pulsc heieoht (C,F,P.7.) triceeriny techniques on the fast
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avode pulse, The discriminator — trigrer systems are included in the.
photonnltiplier bhase chain assembly in these compact cormercial units®
o that duplication is easy and these have heen used where possible in
the author's system, The corresvonding delaved coincideuce electronies
and typical results are shown in fiwure 16, The 1ln,s, photormltiplier
transit time limitation is now the only sisunificant timing contribution
even for pulse height raunses greater than 30:1. However, the
improvemeﬁt in total neutron timing resolution was ounly from Hn.s. to

4,9n.s, hecause of the other factors previou#ly considered,
Photomultiplier switching at forward ausles was found ﬁo.be
essential to avoid satellite pulses caused 3y the large Y=Tlash pnise,
This could not readily be implemented on the commercial hase chain ~
discriminator units, so that L.E, timing was used here following

(115)., “ast

! Both lechni~ues used

specially adspted basme chain structures
discriminators with similar cut — off functions, so that the effective
bias point and therefore the detector efficiency was still the same

for all angles,

2,10 The final {imin~ svstem ond other contributions to the total tinme

resolution,

The electronics used {or the acquisition of neutron T,0,F. eveats
wvas shown in ficure 6, The electron heam generates a fast time - zero
pulse in toroid 'T!' vhich is counled to trisoer 'DY hy a Iour.— turn
tvansforﬁer winding and hi~h quality double -~ screened S0acable,
Typical pulses = 0,5V by 4n,s. FV.JI.M, triscer the discriminator at

* Supplied by Ortec Ltd,, Tenn., U.S.A,
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Total T.0,F¥., Resolution for Neutrons,

(1)

(a)
(b)

worst estimate (L.E.)

(e)
()
(e)

(2)

Walk on start pulse
Bin width in A.D.C.-T.A.C.

Basic Total

Bagic Limiting factors.
Electron Beam width

Detector timing resolution

3.5 n.s.
2.5 n.s,

small
1.4 n,s,
L, 46 n.s.

Walk due to neutron trangit times in target and detector.

(a)
(v)

4-thickness of target

4-thickness of scintillator

= radius

= 0.76 ci,
= 6. 35 Clle

Table 3

Note that this is an over—estimate because of the exponential

decrease in the number of interactions throughout the scintillator.

(3)

Result Table.

Energy | Speed T (ns) |T (ns) |Total T |AE/E | AE
(MeV) | (ns/cm) | Target |Detector |+(e) (ns)| (%) | (k.e.V.)

12 .21 .16 1.33 4,66 2,22 266

9 24 .18 1.52 4,72 1.95 | 176

6 «30 .23 1.90 4,85 1,62 97

4 .36 .27 2,29 5.0% 1.51 60

2 .50 38 3.18 | 5.50 1.10 | 22

1 72 «55 4,57 6.40 0.89 9

Neglect
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i (set at - lOOﬁV.)thich;produces -7V, by 30n.s, 'start! pulses
with negliaible walk, to be fanned out in the counting room and used to
start the individual T.A.C, units used for each angle, The T.A,C,
conversion is stopped by the neutron pulse from the detector at that
anrle,. Delays are arranpged so that the prompt sarma flash comes before
the start pulse at the T,A,C, and is not counted, The analorue pulse
proportional to the méasnred délay leaves the T.A,C, to be digitised
by the Anal&gue to Digital Converter (A.D,C.) and strobed into the
PDP7 computer for storage, through the interface (I).

Non -~ linearities in this process will be discussed i the next
chapter but the resolution of the T.A.C. was easily demonstrated to be
‘less than 0.4n.s, by starting anQ stopping on the same (delayed) pulse,

Typical results are shown in figure 17. - The time rance required to
cover neutrons from less than 1 M,e,V, to above 16 M,e,V, (plus some
allowance for non - linearities at the ends of the scale) gave a
suitable maximum conversion range as l,4us, The storage capacity of
the PDP7Y computﬁr was 10K, so that 6*1024 channels for-the‘detectors
(plus a few hundred more for monitors) were easily accomodated givins
1024 channels per spectrum or about 1,4n.s. per channel, This
represented the optimum value in the compromise hetween count rate per
channel (proportional to channel width) and resolution,for it prq@ided
For channels.per resolution width (5n,s.) or an increase in the time
dispersion of less than 10%,

Table 3 is a summary of the valites of the different contributions
to the total time resolution and the resultineg enevey resolution for

neutrons of varvious enermies,



2,11 Argnlar Mormalisation,

The ideal neutron anqular distribution experiment would presest
ernal prohability of neutron detection for all enersies and ancles in °
the centre of mass (C.M,) frame, Practically this is never the case
and the problem is treated hy ensuring sood angular normalisation in
the laboratory (IéB.) frame then considering the effect of changes to
~the C.H, These transformation effects will be considered in a later
chapter,

2,12 Normalisation in the LAB, svstem.

Angular normalisation has been much simplified in the present.’
system by the use of identical systems at all angles, so that only
non - regularities in the equipment following the identical solid
anzle, identical scintillator arrangement can introduce possible
systematic errors from angle to angle,

Variations in photomultiplier characterictics were minimised hy
using only XP1040 phototubes with sensitivities between 57 and 71 uA,
per Lumen and possible differences in the distributions of photo-
cathode sensitivity were minimised by a careful setting - up
procedure, using similar dynode resistor chains for each tube, DBase
chain - photomultiplier tube pairs were chosen so that all the
phototubes were operated at similar II,T. voltages. Phototube gains

- . . . R 60
were oplimised by focussing for maximum pulse height from a Co
~amma ray source (1,33 M,e.V.), whose larsest pulses are of the same
height as those of a few M.e.V. neutron (appendix 1), This procedure

. s . . 111
also minimises the vaviation in gain over the photocathodeg )

(111)

minimises the transit time variations and disciriminates against
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the amplification of the small satellite pulses which follow larse

depositions of light on the photocathode(llj so that it is to be much

preferred to the common practice of maximising gain for the small
: : W -2/ -
pulses obtained from 60 k.e.V, Am X ravs,

The detector efficiency is determined mainly by the value of the-
threshold set on the anode pulse by the fast timing discriminator,
This 'hias' is necessary to discriminate against photomultiplier noise
and low energy backaround events in the scintillator. Tast
discriminators, do not gather a large fraction of the total pulse
energy and cannot produce a sharp discrimination between different

ulse heichts so that a finite cut — off function is produced as in
P : p

. . . /
figure 18(a). The bias was set by the procedure of figure 18(h), where
the discriminator simply gates the charge (linear) pulses into the

.~ 00 : .

analyser, A Co source was normally used and the required cut -~ off
was expressed as a fraction of the known energy of the mid-point of
the slope on the observed Compton 'edge'! (see chapter 6)., The

. . o . . .22 fs .
linearity of the system was checked by observing the Na  annihilation

1 b 21*1 a0 1

gamma ray Compton edge and the photopeak from Am 60 k.e.V. X rays.
The separation of this peal from tube noise was a useful indication of
the satisfactory coupling of the scintillator - photomultiplier
assembly, The effective hias was laken as the mid-point of the slow

. 60 .. . . . .
cut-off curve measured conveniently on Co which is a Tairly ‘white!

a2kl UO)

spectrum in the normal range of bias levels (from Am (~ 1/90 Co

to %’COGO)

. This procedure wes found to be unambiguous and
reproducible and allowed satisfactlory normalisation of detector

efficiencics,
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The detector responses can nevef be ahsolutely identical, for the
steps taken do not entirely/eliminate the nossible variations in
response already mentioned and small differences existing in the light
collcction efficiency or the discriminator cut -~ off shapes are
aifficult to find and to improve, so that a measurement was regnired oif
the desree of normalisation possible in this system. This was done for
four identical detector electronics assemblies for which the ~bove
setting up procedures had heen carefully followed, The detectors were
placed 24,0" distant from a central point which held a cylindrically
symaetrical AmBe neutron source enclosed in a 4" thick lead pot to
absorb the 60 k,e.V. X rays from Am?41 (The source emitted 1 curie of
gamma rays and about 2.5*106 neutrons per secoad in to 4w).

Measurements were made of cgunt rates with and without an extra 1"
of lead around the source to give different neutron/gamma flux
conditions and the cormon bias level was varied., The detector
responses were found to have a L, M.S. deviation from the mean of 3.1
+ 1,0% which did pot depend strongly upon the actual bias level, Later
neasurements obtained a R.M.S. deviation of 1.7+ 1.0% and a total
spread of 3% under optimum conditions but it was felt that sepagating
the counters to 20m, stations would only allow results of the previous
cualivy, so that the practical limit of normalisation was taken &s 3%

1.M.S, This nave a guide to the statistical accuracy which would he

uscfully obtained in the experiment,
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Chapter 3,

5.1 Introduction,

This chapter describes further prepnrations and calibration
procedures leading to the tlaking of experimental data,

The thicknesses of bremsstrahlung and photgneutron targets have
béen chosen to maximise the counting rate within certain limitations of
background and multiple scattering effects. Sorting and storase of
data was by a computer controlled system and calibrations of this and

the other units prior to data acquisition are discussed, A description

e

s given of the procedure adopted in taking daf%, preceded by the
necessary optimisation of current at the measured emergy and of signal -
to —- bhackground ratio in this condition,
Bremsstrahlung of 26,9 M.e.V. end point energy was used to induce
16 15 - L .
the 07 (Y,n) 0"~ reaction in a water sample and good resolution
photoncutron spectra have been taken by time of flight, simultaneously
at six angles using identical flight path - detector systems,

3.2 016 Photoneutron Target,

The photoneutron target must be large enough to give a reasonable
probability of (¥,n) events while not so large as to cause severe
attenuation of photon flux by atomic collisions or to cause much
scattering of the outmoing nucleons.

In this case water is the most convenient target. Liquid or
solid 016 could be provided by cryogenic methods but the target holder
is necessarily complicated in this case especially for the

cylindrically symmetrical configuration to be preferred in angular

distribution measurements, and therefore it hecomes a significant
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source ol background. Gas targets would have been too larze and would
have caused lavge variations in the travsit time of neutrons which
would have derraded the T.0.7, resolution,

Water targets suffer from the disadvantages of requirine a
container and of having a larse proportion of Ilydrogen in their
chemical composition, Althouch the Ilydrocen cannot cause {<,n) hack-
ground it may distort the 016 photonentron spectrum hecause of the
larre cross section for (n,p) scattering, This sets the upper limit on
target size, for 6 M.e.V., neutrons have a (1/e) attenuation length of
about B%fin water(103) while the absorbtion of photons of about 25 M,e.¥V,
in water has been measured to have an attenuation lenzth of about 24"
(120)and is therefore less significant., In order to keep‘the
probability of neutron scattering helow 9% the cvlindrical tarqeté were
made 0,6" dia,, giving 0.3" averagme thickness, Since the container had
to be much thinner, tarcet ricidity became a problenm,

The target holders used were 0,0" dia. cylinders of ,001" 'Mylar!
with a bottom of the same material, the seals being made with 'Araldite?
adhesive, The heigcht was determined by the amount of water used, for
the cylinders were 5" long and fitted tighily oﬁer a cylindrical
'"Tufnol! former along 23" of their lennth, so that the remaining holder
length derived its rigidity from this fit, In fact the cylinders had
been rolled on formers of this diameter apd the good fit was enhanced
by a thin layer of petrolewn jelly to form a seal which prevented
evaporation of the water. he Tufvel former was constructed to it a

slider on an optical bench vhich the author had fitted along the

electron beam line some 6" above the bremsstrahluns aund photoneutron






Elastic Scattering Formulae for neutrons Table L.

1, Notation: m,M = masses of neuiron and other nucleus, resp.
C.M. quantities have a bar, eg., 6, T
0,f = LAB, C.M. angle of scatter (for the neutron)
Ti, Ts = LAB, kinetic energy of incident, scattered
neutron.
2, Equations:
Ts = M/ (1)), (1+(m/M) + 2. (n/M).cosd). Ti
tan(6) = sin(6)/(c~s6 + (m/M)) |

ds fe _ dﬂ- = (1+(m/M)242. (m/M)cos(B)) 2

dafda =
(1+(m/M)cos(6))

3. {n,p) case: (M = m,) :
cos =/ Ts/Ti 3 6 = 6/2

2[0S = hicostd - k. T8 /Ti

4, (n,p) production of 5->10 M,e.V, scattered neutrons.

a, Incident 10 M.e.V, cos® =‘/-5—/_15-= 1//2 : cos6 min = 1
| 0 o~ W : 0 _, =0°

b, Incident 6 M.e.V: cos® =J—5/T = 911 : cos® . =1
0 o = 24 e 6 =0

¢. Conclusions: Neutrons must make a (LAB) angle of <45° with the
detector to be inscattered. (Solid angle 4kx/18str.)
This is 90° in the C.M. and since do/dfl is isotropic,
(20"23)é the total cross-section is available to these

neutrons,

5 fn,016[ caset (M = 16%m)

All angles are possible; little change in O - 6 or
d6 /AN~ do/dR:loss in neutron emergy = (.887*(1/8)*
(Acos6))*Ti ; maximum energy loss = 223,
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targets. This arrangement, shown in figure 19, allowed sajustrent and

exact replacement of the position of the iargets., With a 0,6" high
water sample, the mass of the target holder in the beam was less than
3% of the water.

3.3 Multinle Scattering,

The interactisn of about 9% of the neutrons leaving the photo-
neutron target leads to some distortion of the neutron spectra by
outscattering (or attenuation) and inscattering, The first can be
treated simply; for the total cross secticus are well kmown, but the
second requires a complete Monte Carlo simulation ef the process ard
this was prohibited by the extremely small solid angles involved Q~10-6)
and the total amount of computer time required.

The contamination due to inscattering is reduced because of the
restricted energy range of interest in the present experiment., Ground
~state transitions are observed orly for the top 5.2 M.e.V. of the
neutron spectrum or from 5 to 10 M.e.V, for 27 M,e.V, bremsstrahlung on
0}6 Kinematic relationships are pres:snted in table 4 for neutron
elastic scattering (the dominant reaction at these energies), The
kinematics and the restricted energy range limit the photoneutrons
inscattered by (n,p) collisions to those originally travelling at less
than 450 with respect to the detector direcition and only half the total
cross section is available to this restricted solid angle (=4ﬁ/18), 80
that the final inscattering from Hydrogen is negligible (£0.2%).

This arguement does not hold for the inscattering from 016 colligions

and the total possible spectrum distortion due to inscattering from
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both nucleii is always bhelow 3% in the 5 - 10 M,e.,V, enersy.yance,

To summorise, the spectra ave corrected for nentron attenuntion
in the sample and the inscattering whieh is not corrected for, hos
been shown to e smaller than the normalisation and statisticel errors
expected,

3.4 PBremsstrolklune Counverter,

\

In order to obtain the maximum yield of photons a high % "thick ~
tarret' converter was used close to the photoneutfrorn target. The
choice of tarcet position and thickness was a compromise between many
factors, A thicker térget wonld produce more bremsstrahlung in the
forvard direction (hut not very much more after O.lr(lzl))and wonld
stop more of the electrons, Therefore the converter would bhe useful
as a charze monitor and fewer electrons would hit the water target.
Those electrons vhich did reach the water could cause hremsstrahlung
and photonentron production and could also cause direct electro-
production of neutvons which wonld distort the ohserved ancular
distribntion, DBut a thicker‘target wonld spread the photon heam and
inerease the backsround from neutrons produced in itself and the walls
of the neutron cell, while the anqular resolution of the system (ana
fherefore the C.M, energy resolution) would be decreased if the {flhicker
target was moved necarer the water,

The tarset used w=s 0,5 mam, (0,157 of Tuonzsten in the form of a
sqauare of 1" side placed perpendicular to the clectron heam 4.0" from
the wnfer tarcet, The position is chosen to avoid the Torward and
backoround detectors seeins the converter while beinm os near to the

tar~et ag possible (fi“ure 20), The Laveet thirlness is just that
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which produces a photon beam with gaussian distribution f~lling to half
mavimum at the solid angle subtended by the water target (assuming a
point source), This was obtained by interpolgtion from figure 21
reproduced from Nationmal Bureau of Standards Handbook 55.(100)

3.5 Apgular Spread of Bremsstrah:ung and Faergy Resolution,

The half angle subtended by the weter target was about 50 and
since the electron beam had a finite extent on the bremsstrahlung
coaverter (a gaussian distribution with F.W.H,M. about 0.7") the
combination of angular spreads became 6°. The variation in cos®
corresponding to this 3_60 causes an energy spread of upto + 18 k.e.V,
in 010 spectra (equation (4.6.1)) but this is unobservable with the
présent resolution for neutrons above 2 M,e.V, kinetic energy.

3.0 The effect of electrons in the photoneutron target.

An estimate of the number of electrens which traverse the water
target in the present system can be used to calculate the effect on the
neutron yield of bremsstrahlung produced in the photoneutrén target and
of electropreduction,

Since the electrons form a wider cone than the phoéons, the ratio
of photon flux to electron flux on the water target is increased to
about 0,2 (from the 0.15 expected purely on converter interaction
probability). The direcf electroproduction correction is performed
more accurately later butelectron events will be inhibited by about
a = 1/137 with respect to photon ones and the nett effect of the
electrons will be of order 33%.

The 0.6" dia. water target presents an average thickness of about

0.45" to the electron beam, or 0.03 of radiation 1eﬂgth-(l21)



But the criticol energy in <mater is 93 M.e.V.glgl) so that for 27
H,e.V, electrons ionisation predominates and the bhremsstrahluns flux
senerated is ahout 5% of that from the tunzsten., Since only half of
the target thickness is available for photonauntron production from
self — bremsstrahlung, the final contribution is 23%, which is small
encuzh to cause little distortion in comparisons with tarset empty
bhack~round runs,

3.7 Bremsstrahluna Spectrum,

Thick target brehmsstrahlung specira are difficult to calculate

especially for conficurations which use a larse range of emission

angles.(121) Measurements of such spectra were made by 0'Dell et,al.
(122) . _ . 2 .
by using the brehmsstrahlung to induce the D (Y}n)p reaction

. . 23 2
and observina the neutron spectra by T.0.F. Experlment(l 3) and theory

(124) are in mood agreement for the cross section and anmular
distribution of this reaction and the incident ¥ —~ spectrum was
obtained from these spectra and the reaction kinematics.,

This technique is convenient in the present experiment, for the
water tarset mav be replaced by an exactly similar heavy water target
. 16
and the oxygen component subtracted to give D (v,n)p spectra. . The O
cross section may then be obtained at any photon energy by comparison
with that of deuterium; and the angular distribﬁtion of the deuterium
photoncutrons may be compéred with theory and other experiments to

check the ancular normalisation,

5.8 Current Monitorins,

The bremsstrahluns converter was intentionally made just larger

than the photoncutron tarcet so that it would intercept all the
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clectrons which could hit 1he water while remaining a sensitive monitor
of beam position and current. The charrce was collected over a 50N
resistor to the earth of a high qualityv cable which transferred the
fast pu}se to the counting room and the electronié arrangement of

figure 22, The pulse from an early toroid pick ~ off was used to gate
the charge pulse into the amplifier to eliminate the slower pick - up

on the cable, The amplifier pulse was to be digitised by a 256 channel
A.b.C. controlled by the PDP7 computer (which collected all of the data)
bug the A.D.C. unit unfortunately caused trouble and this system was .
replaced by the oune shown just before the start of the experiment, The
monitor response was checked against that of a toroid in the neutron
cell and‘both were checked against the neutron counters for linearity.
The results are shown in figure 23,

Because ionisation in the Tungsten target occurred for only 5% of tie
electron beam this monitor was slightly less sensitive to small changes
than one with a larger signmal. A system was investigated which used a
heam dump block after the bremsstrahlung target,

5.9 Beam Dump Block.

This required a low Z material with high critical energy, for the
electron beam had to be stopped with as little bremsstrahlung production
as pocrsible, The device also interested the author as a 'beam
hardener! because the attenuation of the low enersy bremsstrahlung
photons (up to 1 M,e,V,) is much greater than that of high energy
photons ( 25 M.e,V.) in the same material,

The energy dependences of the bremsstrahlung spectrum and the

Complon cffcet ensure a predominance of low energy photons in the
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'y — flash' scattered from the photonentron tarzet, These low energy
photons cause only hacksround effects and any method of reducing their
intensity while retaining that of the useful high energy photons would
help the signal ~ to — background ratio.

Insertion oif a dump block requires the bremsstrahlung converter to
be further {rom the photoneutron target so that the photon 'spet! will
be too large and many quanta will miss the water target unless the
converter thickness is reduced, Therefore the count rate must be
smallér. Tests with a 4" Aluminium block showed a reduction in
y-flash, but also in real - to - backsround rate and the device was
discarded, Charge normalisation was performed usins the converter
system aiready discussed.,

5.10 Monitorina of Relative Detector Respense.

Angle to ancle normalisation has been planned on the basis of
identical detectors and the stability of these is all-important, The
relative count rates should he constant for fixed experimental
conditions, and these were monitored by observation of the integraﬁed
T.0.F, counts every 5 minutes from each detector, conveniently {yped
out by the PDP7 computer which controlled.the data collection,

3,11 Data Colleetion and Storaze,

The information génerated in the angular distribution experiment
nuast be sorted and stored durinz data acquisition, FEach of the six
ancles réquires 1024 channels for T.0,F. storage and extra moanitors
need similar facilities, To satisfy +the requirements the author has
exteuded the data acauisition system on the PDP7 computer® which

* Supplied by Dicital Bounivment Corporation, Haynard,
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originally serviced four 1024 channel A,D,C,'s., A typical data
collection line has already been shown (chapter 2 fimore 6),

By extending the computer memory to 10X (of 18 - Bit words)

12,288 channels of storage were made availeble (plus that of the 'kick-
sorting programme) and the system now has 9 AD,C,%s, The original four
provide up to 1024 chaunels cach, four more allaw up to 8000 chaunelsg
cach and one provides up to 256 channels, The programme normally
spends its time displaying the data but responds to interrupt signals
from the A, D.,C, units to read in T.0.F, pulses in dicital form and up-
date the storage locatioﬁs. Data output is to magnetic tape or 'hard
cépy' (paper tape or typeout).

The programne vas written by Dr. J.D. Kellie of this laboratory
who kindly extended it to service the extra A,D.C.%'s installed by the
author, and to include, at the author's sucgestion, the periodic
typeout routine for relative detector monitoring, The system has
worked reliably in takins the author's data and iv other (neutron
scatterinz) experiments,

%.12 Interfacine of A, D,C.'s,

The PDP7 computer features an interrupt system which allows many
external devices to be controlled., Iun this case, each new A.D.C. was
serviced through an interface designed by the author (figure 24). The
purpose of the interface is to convert the digital informatiou fron
the A,D.C, to standard voltaze levels and to gate these into the
conputer accumulator buffer A4,C.B,) in synchronism with the input
output timing (I,0.7,) cycle of the PDP7,

1

Vhen the A.D.C, has finished converting a uuta nulse it sisnals



Fig.26
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the fact by sending a 'STONE!' pulse to the interface, whore a ‘FIAG!
pulse is generated to trigrer the assincned channel of the antomatic
priority interrupt (A.P,I,) on the computer., The programue 1is
therefore interrupted in its background job (disnlaving the data in
this case) and jumps to a subrousine to service the device identified
by the A, P.I, This it does by emitting memory buffer voltace levels,
in the correct code to gate synchronising input-output transfer
(1.0.7T.) pulses throvgh a 'device selector! into only the correct
interface., The resultant (I.0.P,) pulses rate into the accumulator
buffer the digital information from the 4.D.C. (which is already
present as voltace levels on the connecting 1ines) then reset the
AD.C, gnd the interface trigzering mechanism, By this means, data
from only the correct device is transferred to the computer in
synchrorism with the I,0.T. timing cycle,

The voltage levels and mode of use of the 256 chaanel A.D.C. wevre
somevhat different and therefore so was the interface (figure 25), but
since this device was not finally used in the author's expeviment its
features will not be discussed further,

3.13 Calibration of Electronics,

The electronic arrancement used for running was shown in figure &
and the time resolution of detectbc and electronics was considered in
section 2:10, The T.A.C. = A.D,C. combinations were checked for
differential and inteoral linearity before experimental runs.

Fiocure 26 shows the circuit used to test for differential
linearity and typical results. By using a detector and radioactive

source to provide pulses with a random distribution in time, the pulse
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height spectrum from the T.A.C. should he truly 'white! and each
A.D.C, charnel should acquire an equal number of counts, Sicnificant
variations would lead to distorted snectra in normal measurenents, The
T A, Co = AD.C, combinations showed total differential limearities of
£2%, within specification for the fraction of the range (10% to 100%)
normally used (fizure 26).
| Integral linearity was messured by the gated oscillator method
shown in figure 27(a). A pulse from an oscillator of known (high)
frequency is used to start the T.A.C. vhich is stopped by some later
pulse from the same oscillator selected by coincidence with a random
source so that the time interval is a multiple of the oscillator
frequency and the spectrum obtained is a series of peaks equidistant
in time. The A.D.C. — T.A.C. combination is then calibrated (in n.s./
channel) in terms of the lknown time iaterval and the integral
linearity is found by comparine the ptmber of channels between neaks
(which shonld be constant).‘ Results are shown in figure 27(b) vhere
the linearity is seen to he very good Qﬁ.lﬁ) over the usual 10% to
100% range, A commercial (M.I.M,) unit* using a crystal oscillator
was later used to perform the same calibratious.

The stability of the system was measured by apnlying the same
pulse to start and stop all the T.A,C.'s and noting the time channel
of the peal: over a period of several days. No significant drifts

were observed,

¥ Supplied by Tennelec, Inc,, Oak Ridge, Tenn., U.S.A.
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3,14 Gomma Flash, After-Pulsing aud Photomultiplier switchiug

Satellite pulses are produced in phetomultipliers followivg
intense illuminatiou of the photocathode because of ionisation in
the residual gas of the tube, These pulses >rrive 500 -- 600 n.s.
after the initial pulse in the XP1040 photomultiplier, and can
cause contamination of neutron T.0.F. spectra from electron linear
accelerators because of the large flux of Compton-scattered gawma
rays which precedes the photoneutrons,

The Compton scattering cross section is highly forward-peaked
so that this problem is most severe for forward angles and it was
found by experiment that the 40%0 angle exhibited characteristic
after-pulsing contamination in initial tests but the effect was
not discernible at 864° and the more backward angles.

After-pulsing effects can be minimised in several ways, Mest
previous neutron T,0,F, measurements have been made at 90o to avoid
the worst forward angles but obviously all angles had to be covered
here. Beam hardening had already been discarded for other reasons
although it would have helped. Inclusion of a thin filter of high 2
material in the flight paths can stop most of the low energy photons
but this cannot be carried very far for the neutronsAare also
attenvated, although more slowly, and the count rate will fall (1% of
lead would stop about 90% of the gamma rays and about 50% of the
neutrons), Up to 1" may be useful to stop the large number of very
low energy photons with little neutron attenuation and simple
corrections to the neutron spectra, In this system, 1/8“ of lead was

placed in all flight paths at the neutron cell and next to the first
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collimator.

In some systems the delay in the timing chain can be arranzed to
put the ¥ - flash on - scale of the T.Ai,C. - A, D.C, so that analysis
of events following a gamma flash is prevented by the dead time of tﬁe
T.A.C. ( one count per start pulse). But for multiansle systems the
garma flash comes with very different frequencies for different angles
so that the dead time corrections would vary and for forward angles,
the ¥ — flash comes essentially every time, so that no neutrons would
be recorded,

The best method of reducing the after — pulsing effect is by
switching voltages in the photomultiplier dynode structure to prevent
acceleration of the large electron pulse produced in the photocathode

(115)

by the 4 - flash. Mr, J. 4°Keown of this laboratory has studied
the satellite pulses from XP1040/58 A.V.P. photomultipliers for
reasous similar to those of the author and has develoned a method of
inhibitine the formation of larse pulses by reverse biasing the
photocathode to dynode one voltagéSllS) and he kindly provided
suitably modified dynode chain assemblies for use in the author's
experiment, These provide a reduction in gain of ~300 for the ¥ -
flash and therefore the same reduction in after - pulsing.

The electronic circuit used by the author to initialise the
switching is shown in finure 28, The photomultiplier is normally foi i
and is pulsed 'on' 150un.s. after the ¥ — flash by a signal derived
from the pulse from a fast toroid pick off in the neutron cell, which

arrives prouptly enough to allow the phetomultiplier to switch and

reach a stable D,C, voltar~e level before the arrival of the fastest
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neutrons,

Swvitching was found neéessary Tor the three ferward flight paths,
because of the angular distribution of the photons from Compton
scattering, This assessment had been made during preliminary
accelerator ruus by measurement of the puise hcight of the v - flash.,
After - pulsing characteristics of the XP1lOL0 are reproduced in
figures (29,0:c) where the percentage after — pulsing is seen to
increase expounentially with the ratio of the initialising pulse to the
discriminater threshold with a value of about 1% for 20:1 raﬁios.(lli)
These results were confirmed by the author using the circuit of fisure
30 to measure possible variations in the after — pulsing chavacteristics
of his photorultipliers,

The light source was a rsallium arsenide photodiode {Ferranti
PD5002) optically coupled to the photocathode by a well of optical
cement in a small perspex block and electrically triggered by & fast
pulse generator, For various values of total charge in the anode ﬁulse,
an investiration was made of percentase after -~ pulsing versus
fractional triggering level, This entirely confirmed MC®Keown's results
and the author's photomultipliers were found to have a fairly small
spread in after - pulsing characteristics as expected from their
similar sensitivity and noise values.,

These results showed that if the ¥ - flash pulse height in the
experiment were less than 5% the detector threshold, the total after -
pulsing would be 0,01%, which in the usual conditions (of 480 v -
flash pulses per second) would produce 1.8 counts per hour, These

satellite counts have a definite time distribution with respect’ to the
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¥ — flash as shown in figure 30.(115) Abhout 300 channels are so
cevered in this system and the peak channel can be shown to talke 1%
of the total so that the count fate per channel due to this eifect is
insignificant compared to that due to real counts (about 18 per
channel per hour).

In setting up the experiment with an 016 (=ater) target, linear
pulse height spectira were taken for the ¥ - flash at all the hackward
anzles, The ¥ ~ flash was 5 to 10 times the detector bias used and
was reduced in intensity and average height by the 1/8“ lead ingerted
on all flight paths, so that after — pulsing effects were tegligible.
Typical ¥ - flash ratibs of up to 100% the discriminator threshold
were found for the very forward angle but this was more than dealt with

by the switching procedure,

5.15 Detector Bias Levels,

To avoid after — pulsing, the detector hias level should be high,
but it must be low ewnough so that small variations in the level do not
siguificantly effect the efficiency of detection of the high energy
neutrons, The value used was 1/8th of the Compton edge of a Co60
spectrum which corresponds to the maximwa pulse geight from a 0.9
M.e.V, neutron (Appendix 1), Since 5 M.e.V. neutrons produce an
essentially white energy svectrum up to 15 times this height (Appendix
1) a 10% chanse in this bias level will only affeet the detection
efficiency of 5 M,e.,V. neutrons hy 0.7%.‘ This makes normalisation
evrors due to di{ferences in hias level very small,

3.10 Fuercy Calibration of Dlectron Bean,

0 . ‘s o .
The present 0 system velies on the stability of the accelerator



‘ 56

focussing and steering to maintain the enerry of the electrons which
is initially measured hy deflection round the 900 masnetic-systen,
Since all the electrons were recuired for count rate purposes, a rood
resolution (£1%) heam was rot possible using the typically 35%
F.LM. nanosecond beam at 27 M.e.V,

The author iunvesticated the resolution and stability of the 27

~l

’

M.e.V, nanosecond beam and found that the basic resolution {determine
by the accelerating structure and the input focussing conditions) was
3% to 33% with small (~%%) variations in peak eperzy due to the
residual jitter of the accelefator pulsing networks., Investigation
hefore and after accelerator trips showed the initial enerzy to be
re—established each time after a few minutes warm — up., The iuput
focussing and steering conditions essentially fix the value of the
energy, apart from the control achieved by variation of the rela%i%e
AN

phase in successive sections of the accelerator. These settings were
always stable and were untouched during runs, Periodie tests over
several days showed the long term drifts to be less than half the
resolution width,

The beam energy was measured before, after and during the 3 day
O16 run, also before and after the backrround and D20 normalisation
measurements (of about 24 hours each) and the above statements worve
confirmed. The eléctron enercy used was 20.9 M,e,V,

3.17 Accelervator Runnine Procedure,

The detectors and electronic arrangements were positioned and

calibrated two days before the experiment bezan and left on to

stabilise. Switehing bases with L.B, timing were used on the 5
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forwvard angles and C,1',P.H., timint - base asserblies on the 3 back-
verd ones, Targels were positiored shortiv hefore runuing, nsing the
rnethods and criteria alveady described,

The accelerator was set up by the experimenter who adjusted (hy
experience) the input conditions (gun steering and focus and the sweep
voltage on the deflection plates) to provide stable input conditions
with a mood current pulse 3;§n.s. wide and minimum 'dark current!,
This is caused by stray electrons from the gun which are accelerated
not in the 3,5n.s, fast pulse, but at other times during the lus,
when both gun and R,T, accelerating field are on., The gun current is
normally steered to miss the entrance iris to the accelerator and hit
a metal heam stop and electrons are deflected in to the accelerator by
the fast 15k,V, pulse applied to the deflection plates, If steering
and focussing ave not rood, the perumbra of the spot may reach theA
iris and be accelerated to the neuiron cell, causing ¥y — flash and
photoneutrons with timing cheracteristies entirely unrelated to those
from the 3.5n,s. start pulse., This is a source of background which is
beam and tarcet dependent and connot he simplv subtracted,

The dark current is simply measured by delaying an accelerator
pre~pulse so that it coincides with the usual toroid derived start
pulse (which requires a 3,5n,s. clectron pulse). The new pulse was
then used to start the T,2,Cls and the count rate with beam on is
confirmed to be the same as before, Then the 15k.,V, deflection pulse
was switched off and the count rate found with vo 3.5n.s., pulse
injected, Tinally, the ~un was switched off and allowed to cool and

the new comnt rote found, If +he last two rates are not identical
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(and due to the backeround rate in the detector) then dark current is
nresent,

Dy observing that the shape of the darli current s?ectrum followed
the N,F, pulse envelope, the author realised that the effect must be
mainly due to detection of the scattered gamma rays (not photoneutrons)

i
apd found that by injecting the electrons st the end of the R.F, pulse
these gamma rays could bhe delaved out of the system along with ﬁhe;3.5
n.s, gamma flash, so that the total effect was reduced by the
probability of neutron emission or about 10:3 Dark current eifects are
now easily avoided but the tests were made periodically throuchont the

xneriment,

The energy required is obtained by adjusting the attenuation and
the relative phase of the R.F. pover in alternate sections of the
accelerator and the enersy value and rescolntion are obtained from
measurenents rougd the well - calibrated 900 magnetic analysis system,
before steering and focussing the beam to a spot on the bremssitrahlunz
target in the neutron cell, The converter was covered with a thin
layer of zinc sulphide and viewed by a television camera — mirror
system to mive visual indication of the bean position and intensity.
The value of the current was optimised by examinatiog of the pulsec
from vhe toroid pick-off in the neutron cell and the charge from the
bremsstrahlung converter, The delay in the start chanunel was
adjusted to put the y - flash just on scale, when the dark current was
measnred and confirmed to be indistinemishable from the random back-
avound rate, A further adjnstment of the delay then put the ¥y - flash

o Lo ] oy Ay
same 200n,s. off — scale and count rates were measured Tov sirnnl and
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backgromnd conditions,

5,18 Sources of Brelirround,

In the 5"#3" dia, scintill-tors used, the random hackground (fron

- A0
costiie rays and K7 and other gammn rays from the surroundings) cives
rise to a ¢,c, count rate of ~1%,Hz,, even in the shields constructcd
hy the author, These can only cover half the total solid éngle and
therefore cut the rate hy about %QO. When multiplied by the duty
factor of the part of the T,A.C. range of direct intevest (480/s* 200
n.s.) the random background gives contributions of up to 10% of the
real rate, bhut this can be subtracted easily,

The ¥ - flash canses several background effects, and the steps
' taken to avoid after - pulsing have already been considered. The
bremsstrahlung pulse also injects a cloud cf positrons in to the
environment of the tarret sample and these form prtho—positronium in
air vhich converts to para-positropium and decays by anniliilation with

(61) oy

a mean life of about 150n.s. hese gamma rays can cause
contamination for abot 300n.s. aiter the ¥ — flash, but because of
the long fli~ht paths nsed this is well before the arrival of the
inztest neutrons of interest and is no problem. The effect is also
reduced by the present use of small samples énd cond collimation which
limits the volume of air visible,

The most serious bhackeround effects arise from the large anzular
spread of the bhrensstrahlung - Qlcctron cone hecause this can diroctl&
intersec™ +the AO%O collimator, caunsirg photoneutron nroduetion, and
it nlso hits the'shieldineg smll viewed hy the hackward flizht paths.

.

grmll Tlux of aeutrons, nwnldinly sentteved from the shieldin~ walls
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FIG. 5. Calculated bremssteahklung intensity, per in-
cident cleetron, as a funclion of the angle of emergence,
for monoanergetic electron beams incident perpendicu-
larly oo thick tungsten targets. () 779=30 AeV, and (b}
Ts=60 MeV.

-FROM BERGER & SeLTZER(125)
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of the nentron cell is nrescat for 2ll ancles but is mch less than the
randon rate and is simply subivacted to cood aceuracy hy farpet - out
measurenents,

The bremsstrahlunzy intensity as a fanction of anzle of enisc sion
wes caleulated for thick (0.5r) ‘unzsten tartets by Berger and Selizer,
(125) and their results for an end point eneray of 30 M,e,V, are showm

. ) o .
in fisure 3] vhere it is seen that the flux at 14 and k0" is

. . , . )
respectively about 10% and 234 of thet at 07, Althoush these tarrets

are thiclier th

thosce nsed by the anthor the end noint energy s
slightly higher so that the fall off i1l be similar or slizhtly
cricker in this case, The collimator or wnll las 2 smaller solid an=ale
than the woter target by abont 100 but the tarmet thickness is
increased by about this amount aud the final contributions are
determined roushly by the bremsstrahlﬁng intensity and are therefore of
some sirnificance,

The nuaber of photons reaching the 0% collimator was reduced by
putting the lower Z naraffin materiel inside and by the insertion of A"
lead haffles bHetween the brerisstrahlung target and the cﬁlliﬁntor
entrance, The méchine dependent bhackeround at this angle was then less
than the reneral radionctive haclirround,

Signal to background was worst at the 1560 angle. Neutron
PPOdncfion in the opposite shielding wall was limited and ontscatterine
of these neutrons ims encourared by insertin~ one foot of low 7 lithiarm
Lydride before the conerete hut the imprevenent was slight, A re-
entrant envity in the shielding wall was considered‘but.,his would have

. . cnvre covabituted
"ad o he severnl Teet deen ta Te vsefnl s~pd conld hove constituted a



VBENON  TINNYND

00¢

”wr

T

~—38

SINNDD 40 WA AUVEN




61
radiation hazard, The detector at tlis ernle was closes™ to the
accelerator vault =2nd was therefore in a slightly hisher d.c. bocle-
cround field due to the residual activity in the energy definins slits
in the vault. Since the entular distribution of El d-wave photo ~

n
nucleons is (1+3/2%8in"6), this angle had the lowest yield and
therefore its sisnal to backgoround in the 5 to 10 H,e.V. time rance
was worst at 20%, Other anvles had much betier ratios (5% to 10%).
Packorounds were subiracted by target in - target out

measurements, the relative times allocated to each being optimised for
the back angle by the recipe of Browning.(126) |

Once count rates %ith 016 were determined and signal to backeoround
>ratios optimised, a small (3" x 1) lcad target was substituted and
nornalisation from angle to angle confirmed to first order by
comparing (count — hackpround) vates since the lead photoneutron cross
section is knowm to be isotropic in the energy region 1.5 to 3.5 M,e.V,
where the yicld is maximvm.(127)

3.190 Absnlute Crlibration of YMeutron Unercies,

. 16 «
Althoush the cnergies of the 07 peals are well known, from

(59,60,6

iy 3
measurenents by several authors ) (at one angle), an

independent calibration of neutron enerpy for each apgle was essential
to make a detailed study of the cheure in angular distribution across
the pealks, This calihration was ohtained hy observation of the well

know levels in the neutron nbéorbtion spectrum of C}Q (a1,21-23)

A lcad tarset provided a source of neutrons and spectra were talen at

all ansles simultaneously with 1.5" of graphite'iﬁ each flight path,

. 2, :
A typical spectrum. is shown in figure 32, € bas hecome a standard
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for cross section measurement and the énerqies of the lincs are well
Imown, In particular, narrow lines are present at 6,29 M,e.V. and
5,37 HeelV, just where they are regquired in this experiment and also
at 2,076 M,e.V, The positions of the L hroader pealis are stillv
helpful however in fitting the absolute energy scale, The'method nse:

wi1]l be described later,

3%.20 Normalisation,

12

A second set of lecad spectra were taken with no €  in the way and

the number of counts was integrated between the positions of the 2,076

12 . N f
M,e,V, and 2,947 M,e,V, C peaks to confirm the normalisation of the
six detectors, The beam enersy was then re-measured before beginning
the run with the water sample,

The counting time for the water tarcet was 63,7 hours and the
background was 23,3 hours., These were followed by energy calibrations
and a run with a heavy water (DQO) tarecet closely matched to the
orizinal water tarcet in volume (and number of 0 atoms), This 1 day
run was performned as an extra normalisation for the angular

(123,12%)

distribution of deuterium photonucleons is well knownm and also

-

as a means of oﬁtaining an absolute cross section value for the 010
(v,n) 015 reaction since that of DQ(Y:D)p is again knéwn.(123’12h)
This is equivalent to measuring the absolute bremsstrahlung intensity
as a function of energy.

These measnrements were {ollowed by another similar one at hirber

bremsstrahlung end point energy (30.9 }Le.V.) and n 50m, ruo at 27

MH,e. V. but the results of these latter runs will be reported elsevhere.
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Chapter A4,

4.1 Iantroduction,

This chapter describes the energy calibration of the ¥aw T.0.F,
spectra and their conversion to C.M. energy spectra and spectra of
angular distribution coefficients, |

Photons of one energy produce neutrons with different kinetic
energies at different LAB, angles and this effect is shown to be
observable with the present resolution so that corrections for
distortions of the neutron spectrum which depend on the LAB, neutron
kinetic enmergy must be made before conversion to the C.M. in order to
avoid systematic errors in the angular distribution data. This requires
good resolution information on the detector efficiency and the effect
of absorbing materials in the flight paths and the acqﬁisition of this
data is described,

Kinematics are presented for conversion of the LAB, energy spectra
to the C,M, frame and the interpolation procedure used to find the
yield for each C.M. angle at given photon energies is described in some
detail., The C.M. spectra are correctied for electroproduction effects
before being fitted to a sum of Legendre Polynomials at each energy.

4.2 Background Subtraction,

During data acquisition, the spectra were periodically trangierred
to magnetic tape by the PDP7 computer and the final spectra were also
~ punched out on paper tape in a format suitable for reading by the PDP-
10 computer of this laboratory, Data analysis was performed on this
computer by a series of 'FORTRAN' programmes writtéu by the author.

The first such programme simply allowed each paper tape to be read
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in to memory, and the spectrum could then be displayed on a C.R.T.
monitor, printed out and transferred to PDP-10 magnetic tape for
compact storage and easy access by other programmes, The data stored
consisted of 3*1024 channel spectra for each of the six angles (a water
run, a heavy water run and an empty target (background) run for each).

Normalisation factors beiween different runs were obtained from
thbe monitor readings and the PDP7 typeout and this allowed the back-
grounds to be removed in a second programme by direct subtraction of
the T.0.F. spectra, since the time calibration was constant from run to
run,

4,3 Energy Calibration of T.0.F. Spectra and Spectrum Alignment.

The time of flight (T) of a neutron group is obtained from its
| channel number (X) in the spectruﬁ by the linear relationship

| T = Tz + A¥X k3.1
where Tz is the time corresponding to chanuel zero and A is the
calibration of the T.A.C, - A.D.C, combination in n.s. per channel,
Tz and A were unaltered throughout the series of 26,9 M.e.V.
irradiations so that background subtraction was simplified.

The value of A was obtained firstly from the measurement of
integral linearity ﬁy the gated oscillator method as discussed in
section 3.13 and secondly by fittinc the calculated T,.0,F, values of
the 012 absorbtion lines to the corresponding channel numbers observed
in the lead-C12 spectra taken for each run, This also provided am -

absolute energy calibration (=Tz value) for each spectrum section.

Tz could have been obtained by switching in & known delay in to the

start channel and so putting the y-flash on-scale but this required a
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calibrated delay of 500ns to bring the 4~flash well on to the linear
region of the T.A,C. range and it was not used,

Energies of 012 absorption lines have heen obtained from references
(A1,20-23) and these are reprodurcd in Table 5, The error assigued to
each line is an estimate by the author of the maximum possible error in
the assignment of the energy of the peak of the line, obtained by
comparison of the two sets of data and by consideration of the sharpness
of the line, Since the present energy resolution is between 50 and 100
k.,e,V, in the 5-10 M.e.V, racge of neutron energies the 012 absorption
spectrum provides an excellent calibration, especially if several lines
are used,

The calibration was performed by a computer programme written by
the author which reads in the flight path length (measured to 42cm in
20m,) and then the energy of each 012 line and its possible error
followed by its observed channel number (estimated to % channel) and
the estimated error in assignment of this channel number, 4
preliminary value of A (ns./channel) is calculated from two of the
sharper lines and this is used to calculate all the errors associated
with each point in terms of the time variable, before a least - squares
fit is made to the straight line of equation (4.3.1) passing througﬁ
the channel numbers and calculated T.O.F.'values, Vﬁlues of A and T are
produced with errors and typical results are (400)

A =1,5180 + 0,0070 ns/channel,
Tz = 264,85+2.852 ns

The value of A obtained from the gated oscillator method was inside

the error assigned to A from the C12 calibration eg., for this (403°)
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Energies of neutron absorp*ion rcsonances in C Table 5
E peak (M.e.V.) | 2,076 | 2.950 | 4,260 | 4,945 | 5.370 | 6,290 | 7.745

+ error k.e.V.) | 2, 10, | 30. | 1o. 7. 7. | 35.
Deviations of resonance peaks from fitted line ~ Table 6
E peak (M.e.V,) 2,076 {5.370 | 6.290 | 7.745

Estimated error (n.s.) 0.7 1.1 1.0 | 2.0

R.M.S. deviation of 0.57 | 1.26| 0.55| 2.0

measured points (n.s.)

equivalent R.M.S. 2,48 | 21,5| 11.7| 60.4

energy deviation (keV) |

Estimated B.M.S. 2,80 | 18,7| 21.5| 60.%

energy deviation (keV)
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line:
A (oscillatér) = 1,422 nps/channel.

The errer in Tz appears large but this is merely because the
calibration points are all distant from Tz. The error in the absolute
calibration in the‘interesting region is provided by programme output
of the deviations of each calibration point from the fitted line,

Table 6 shows the R.M.S. deviations of several 012 lines from the
s8ix spectra in n.s. and in energy. The results show R.M.,S. deviations
inside the errors estimated from the accuracy of knowledge of the
energies and the accuracy of assignment of the measured channel
numbers, Consideration of the deviations of the sharper lines
demonstrates that the energy calibration technique is acceptable and

the spectra from different angles are aligned to better than 1 chanmel.

4ok Conversioh from T,0.F. to LAB, Energy.

Since a computer was used to analyse the data it was possible to
use relativistic kinematics throughout the calculations. The épectra
were converted to energy spectra in the LAB, usiﬁg the calibrations of
the last section and the known flight path lengths(D) which ranged from
19.93m, to 20.11m, The calculation proéeeded in the following wa&:

channel number>T,0.F, » B = D/(T.0.F.*C) — Y= I/ﬁ:?

kinetic energy = Tn =m ¥(y-1)

The data was collected in equal time bins which do not convert to equai
energy bins (equation 1,6.3) and the measured yield per channel (dN/dt)
was converted to an energy spectrum (dN/dE) by the relation

dN _dN dt
dE ~ dt dE (B.4.1)
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where dt/dE was obtained from equation (1.6.3). The statistical error
per channel was taken as that in the T,0,F. spectrum for that channel
and stored as a percentage.

The above procedure was followed in early programmeé for each of
the 1024 data points and output data was produced in the form of 1024
channels each of energy, dN/dE and error, This data was then consulted
by a following programme which converted to the C.M, frame., The
intermediate output allowed checking of the programme by hand
calculation,

It will be shown in the next section that a proper treatment of
the (LAB-CM) conversion requires knowledge of several LiB guantities
which need not be permanently stored if the process is performed in
one continuous operation., Although the author's programme now converts
directly to the C.M, frame the corrections and kinematics in?olvedeill
be described more clearly as separate stages.

4.5 Laboratory to Centre of Mass Transformation

Consider a nucleus of mass pumber A, mass Ma whiéh after absorbing
a photon of energy k emits a neutron of kinetic energy Tn, rest mass
Mn, in a direction making a laboratory angle 6 with the photon beam,
If Q is the binding energy of the neutron in nucleus A and the rest
mass of the nuclear recoil is Mr tken conservation of energy and
momentum allow k to be calculated from the other known guantities:

k = To*(1+(3n=Q)/Mr) + o*(1-(9/(2*%Mr)) 4,5.1
I - (Tn+ q)/tir  + (Tn(To+(2%Mn))V2% (cost/Mr)

Following the relativistic kinematics of references 130 and 131 for the

particular case of the zero mass photon as incident particle, the total
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energy of the ayétem in the C.M, may be exnressed as

Bt = [Ma((2%k) + Ma) (&.5.2)
and the C,M, photon energy (excitationAenergy) becomes |

k = Ma * k/Bt (£.5.3)
The total energy of the neutron in the C.M, is

= -2 2 2
En = Bt + Mn - Mr
2 ¥ Lt : 0 (B.5.4)

If the motion of the C.M, is described with respect to the LAB. by I
and BVer/0) Gnere 1 1/4/1-8%, and if EL = B/p vhere ¢ is the
neutron vélocity in the LAB, then the C.M. angle of neutron emission
(5) is given in terms of the IAB. angle 6 by:

- tan 5=l,siﬁ6
r cosf - XL (405.5)

6 will vary with neutron energy (unlike 6) and must be stored as a
éeparate variable for each emergy point. The solid angle subtended by
a detector also varies with angle and energy in the C.M. reference

frame and the data must be corrected for this effect. In an obvious

" notation:
de jis an _ sin’g |
aq./ da an sin36. .(1+K*cosé) (£.5.6)

vhere K is B/f and cé is the velocity of thé neutron in the C.M.

The order of the angular correction is greatest at 86%o where the
change is 50 for Deuterium spectra and 1° for 0%6 The D2 effect is a
significant fraction of the angular resolution (+7°).

Solid angle changes are greatest at the more extreme angles and

16 2
are of order 2% and {7% for 0 and D spectra respectively.
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A monoenergetic beam of photons of energy k will produce "n"
neutrons into the detector cone with a fixed kinetic energy Tn
determined by the kinematics of the reaction, iZ No is the number
of scattering centres per e’ and ny(k) is the pumber of incident

photons normalised to unit flux, then
de&, ‘
=N 1 46
n(Tn) = nony(x) (dn)k,e an ‘ (2.5.7)
In the present case, the number of counts is classified by T.0.F, or
kinetic energy and the detector efficiency C(Tn) and the effect of
absorbing materials in the flight path 7\(Tn) must be included, so that,
do _do , dt _ . doy dk  dé€y
ar, = at " ar, = Mo Tdk dT_ (qa) - 4 M1) €(T) (4.5.8)

and,
Y

d8)  dny _ 1 (o at y,df &k | ;
0" ax = (ot ar )/ (aa dTnMTn)C(Tu)dn) (k.5.9)

Since all the other quantities are lnown or calculable from the pfevioué
equations, values of differential cross section at each angle may be
accumulated as a function of the LAB photon energy (or the excitation
energy of the nucleus or the C.M., emergy of photon or neutron since a
one~to-one correspondence exists betweeun these), This information

plus the value of the C.M. angle at each eunergy point is that needed

for angular distribution assignments, If the same photon energy is used
for all angles the bremsstrahlung spectrum value Q%%f is commen and need
not be known for determination of the relative angular distributions.

It méy be inserted to give the correct scale and energy dependence for

the absolute cross section (i.e. the A, coefficient in the expansion

of equation (4.14.1)).



Table 7 Nuclear Masgses,

(a) Mass excesses (from Ref. 19)

particle M- A (Me.V.) error (M.e.V.)
n 8,07144 1.0%20"
P 7.28899 g%10™
d ’ 13.135,91 1.3%10™%
16, ~4.736,55 2.6%10™"
15 2.859,9 1,2%1073
15y 0.100% g*10™

(b) Q values for photodisintegration (from (a))

Reaction

Q value (M.e.V, )

error (M.e.V,)

016 (Y: n) 015
01® (v,p) #*°

2
D (13“)P

-15.668
-12,1259

-2,2245

.0012
.00085

.0001

(¢) 1 a.mnu,

931.4812 M,e,V, from References 20,21,
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The quantity %&I . may bhe found by a measurement under the same
conditions of the T.0.F, spectrum from Dg(y;n)p as already described,
using equation 4,5.9 with the known value of the differential cross
section for Deuterium., In Cact the angular distribution assiguments
were made for both nuclei in terms of 'Y' and the absolute valucs of
differential cross section for Oxygen were obtaiuod more accurately by
comparison of the total cross-sections so derived,

Note that the correction factor.h(Tn)E(Tn) and its associated
errors appear twice in this process (at different 'T' values for the
same 'k!'), This is the main motivation for extracting the angular
distribution data before inserting the bremsstrahlung spectrun.

The values of nuclear mass constants used in the author's

calculations are shown in Table (7).

4,6 Kinematic effects in the LAB, frame,

It can be seen from equation (4.5.1) that one excitation (¥)
energy in the LAB. (or C.M.) is not represented by equal LAB, neutron
energies at different angles, The order of the effect may be written
as? _

s1(0) ' (.046%(JTa) / (A-1))*(acos) (£.6.1)
8o that in the migdle of the giant resonance in O16 (vhere 6 M.,e.V.
pneutrons correspond to 22 M,e.V, photons) the change in photon emergy
bk is about 300 k.e,V, for the present angular range (acosd = 1.73).
This is about 3 times the resolution of the present experiment and
therefore the effect of phenomena with a strong dependence on the LAB,

neutron kinetic energy (A(T),£(T)) must be removed before conversion to
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the C.M. if systematic errors are not to result. In D2(N3n)p specira
22 M.e.V. photons produce ~10M,e.V, neutrons but the change in :eutron‘
energy from forward to back is 6 M.e.V, so that a good knowledgé of all
distortions of “.ixe LAB, spentra is essential for evaluation of tﬁe
DQ(Y,n)p angular distribution and for the derivation of the
bremsstrahlung spéctrum. We note again that the assignment of an
absolute cross section to the 016(Y;n)015 reaction using this spectrum
involves two separate applicaticns of the correction spectrum,

(AT )e(T IMT,)e(T,))

The author decided to obtain this information at 100 k.e.V,
intervals over all the range of neutron energies measured ( 1.0 to 16
M.e.V.) since this matched the resolution of the experiment in the
useful 5-10 M.e.V. region and each T.0.F. channel would be well
corrected by extrapolation between these stored values, This procedure
was also adopted for neutrons of lower energy, for these did not \
represent ground state transitions in the 016(y3n)015 reaction and the
main use of this data was for (DQO-H20) subtraction and the calculajion
of Dy (¥,n) spectra for which this resolution was adequate.

The two effects which depend strongly upon the kinetic energy of
the neutron in thé LAB, frame are the attenuation of neutrons by
materials in the flight paths (\(Tn)) and the detection efficiency of
the neutron counter. (£(Tn))

4,7 Efficiency of Neutron Detectors

High efficiencies are available for fast neutron detection by
organic scintillators because of the high n-p cross section in this

energy region and the good density of hydrogen atoms in these devices.
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&= {"HUH/("HGH'HICO'C)}‘
- {1 —exp[ —(nuoy+nco)t]} {1—(B/E)}

where

ny = hydrogen atoms per cm?;

n, = carbon atoms per cm?;

oy = total n-p cross sections;

o, = total inelastic carbon cross section;
t = average scintillator thickness;

B = ncutron energy bias;

E = ncutron cnergy.

It



The n-p cross section varics smocthly with energy but the presence of
Carbon in the material introduces a rapidly fluctuating cross section
vhich prevents the efficiency curve being smocth. Detectorlefficiencies
are often required just to enable the shape ¢f the spectrum to be
adjustedrby the general‘trend in energy (dominated by the Hydrogen
cross section) and approximate efficiency formulas suffice, In ome of
the more successful of thesfel,zzi?,he efficiency is taken as the product of
the stopping power, the probability of a Hydrogen collision and the
probability of obtaining a proton recoil greater in emergy than the
detector bias. The formula and the resulting efficiency curve are
shown in figure 33. By using fine energy increments this formula can
take the Carbon fluctuations in to account but it does not consider
multiple scattering in the scintillator nor any of the smearing
processes involved in the detection of protoun recoils so that the
éstimate is not qrantitative,

More precise efficiency calculations require Monte Carlo
simulation of the physical processes and usually do not provide good
energy resolution or statistical accuracy because of their heavy demand
on computer time. (Al,15-17) However, the author has used the Monte
Carlo technique to obtain efficiency values at closely spaced energies
from threshold ( £ M.e.V.) to 16 M.e.V, with good statistical accuracy
and with small estimated errors. (2% - 4%) This required a considerable
amount of new work by the author, including an accurate measurement of
the scintillation response to recoil protons in the scintillators

Ne21l, Ne2l3 and Ne 102A, and consideration of several features of the

detector assembly which are normally neglected. This whole project is
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presented as Appendix 1. (Al),

?he results of the efficiency calculations for the 5" dia. by 5"
thick NelO2A scintillators used in the author's photoneutron experiment,
are presented in figure 34 where it is seen that significant changes in
efficiency do occur inside 300 k.e.V. intervals and the correction is
indeed required., This is made simply by dividingy the spectrum at any
LAB, angle by the efficiency curve E(T) before conversion to the C.M.
frame,

4,8 Neutron Attenuation in Air.

All the flight paths contained 20m of air and the air attenuation

factor was calculated directly from the total cross section£129’A120"23)

of 016 and le for fast neutrons in the energy range where both were
known (up to 4 M.e.V.). Since no N14 data existed with the required
energy resolution above this energy, tne author has measured the
neutron attennation in air by the T.0.F. method.

An intense source of fast neutrons was ecbtained from a 3 radiation
length lead target irradiated by 3.5ns. pulses of 100 M.e.V. electirous
from the linear accelerator of the Kelvin Laboratory. The multiangle
T.0.F. spectrometer has allowed several high resolution neutron physics
experiments to be carried out simultaneously on different flight paths

(115,116) 1,

using such a pulsed source. or example, the author measured the

~effect of having 22.8m of air in the (otherwise evacuated) 53m, flight
31

path while the total cross section of P”~ was measured on one of the
(123)

backward flight paths. Ixperimental monitors were commen to both

experiments. (These were neutron detectors on other lines).

The main detector at 53m was a 2" dia. x 1" thick NelO2A plastic
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scintillator coupled to a 56 A,V,P, photomvltiplier with C.F.P.I,
electronics as already described, and a second similar detector was
placed some 6' away (and just in the neutron beam) to confirm the
stability of the first. Small detectors were used on 24" dia. 56 A.V.P,
tubes to give good time resolution and decrease the effects of the
intense Y=-flash gecerated by the increased electron energy and thé
ircreased Z of the target. The author found that 56 A.V.P. photo-
multipliers were much superior to the larger (XP1040) omnes in such

‘ conditions (for the same photon imput to the photocathode) since they
could withstand pulses some 20 times greater for the same producfion of
after-pulsing, The after-pulses arrived well before the fastest
neutrons of interest at this distance so that they did not contaminate
the neutron spectra and the number of such pulses was made small by
absorbing most of the low energy photons in 1" of lead placed in the
beam line 4' from the lead neutron target.

2048 channels were used to cover the 4us, conversion time needed
for neutrons down to 0.5 M,e.V, and this combined with the 3.5ns beam
width to give a resolution of 0.075 ns./m at 53.4m and energy
resolutions of‘6,16,30 and 5% k.e.V. for 2,4,6 or 9 M.e.V, neutrons
respectively, The count rate was limited by the need for pile-up
corrections to one every ten beam bursts, or 48 per second, and more
than 4000 counts per channel were obtained in two.day runs. The target-
in and target-out runs had a difference of 22,8m of air which was
calculated to give about 20% absorbticn and to duplicate the 20m., used
in the angular distribution experiment as closely as was possible, in

the evacuated line. About 10% statistical accuracy per chanuel was
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obtained and the results aie shown in figure 35 where the correction
factor has been normalised to the values obtained from references Al,
21-23 in the energy regions of overlap._

The attenuation factors for 20m. air at 3060 k.e.V. intervals from
1.0 to 16.0 M.e,V, were extracted from this data by a programme written
by the author to find the average attenuation in a bin extending 50
k.e.V. below and above each chosen energy. The integral number of
channels was found between the upper and lower limits and the final
attenuation was taken as the average of the contributions from each
channel and the fractions of a channel at each end, In this way
several channels were added for each outpuit point and the statistical
accuracy was improved to less than 5% (3.5%) for neutron energies belew
10 M.e.V. (5 M.e.V.). Since the air effect is between 15% and 20% for
5-10 M.e.V, neutrons the residual errors should be less than 1%.

4.9 Neutron Attencation in Lead and Water

The effect on the neutron spectra of the 1/8" lead filter in each
flight path was removed by using the good resolution total cross section
data of referencel32. Since the attenuation was less than 5% forrthe
neutrons above 4 M.e,V, and the errors in the cross section are below
10%, the residual errors should be small,

The attenuation of neutrons in the water sample was calculated
(assuming that all neutrons are produced in the centre of the target)
using the total cross section data of references (A1,21-23), This data
is-accurate to 41% for Hydrogen and to <3% for Oxygen because the bins
used here are wide compared to those in the original data and the

average cross section in each bin was used. The original attenuation
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was = 10% so that the residual errors in treating this efiect should be
negligible (=3% of 10%).

4,10 Correctioﬁs to the LAB, spectra

The final value of correction factor A(T)&(T) for each energy bin
was computed by a small programme from the input of the combination of
effects just given then stored in the main kirnematics programme, The
cerrection spectrum is shown in figure 36 vwhere it is seen to be
fairly smooth in the 5-10 M.e.V. region., Variations in neutron
attenuation are stronger at lower energies, and the correction is more
important for the Deuterium spectra.

The number of counts in each T.0.F., bin is correcfed for the bin
width and for the above effects as its LAB, energy is found, Linear
interpolatioh is used to obtain the correction factor from the stored
values and since the variations between adjacent values are fairly
small the interpolation procedure does not introduce a significant
error, Errors in A(T)€&(T) are dominated by those in €(T) and therefore
have values between 2% and 4% (Appendix 1).

4,11 Conversion from LAB., to C.M.

The vumber of counts per unit energy in the LAB, (aN/dE) is
corrected as above and stored temporarily while the kinematic parameters
of section 4,5 are calculated. The LAB., neutron energy and angle of
detection determine the LAB, ¥ energy which leads to the C.M. values of
¥ and neutron energy if required. The C,M. angle of detection and the
solid angle correction require calculation of the quantities /7, KL and
K which follow from the energies already found, This allows the final

value of 'Y' to be calculated @ssmning doy/dk = 1 at this stage) and




Eneggz»lnterpola{ion Procedure, - Table 8

(a) 01 Case: Final Spacing = 50 k.e.V.  Field = 18 to 32 M.e.V.

Energy Bin 18,0 | 18.5 | 19.0 | 20.0 | 22.0 | 27.0 l
|
(M.e.v,) 18.5 | 19.0 | 20.0 | 22,0 | 27.0 | 37.0
Fine Epergy 2.5 2.5 5.0 | 10,0 | 25,0 | 50,0

Interval (k.e.V.)

Number of points | 200 | 200 | 200 | 200 | 200 | 200

per energy bin

Number of points 20 20 10 5 2 1

per 50 k.e.V,

(») D2 Case: Final Spacing = 100 k.e,V., TField = 4 to_27 M.e.V.

Energy Bin 4, 50 6. 8. 12, 22,
(M.e.V.) 5. 6. 8. 12, 22, 27.
Fine Energy | 5.0 5.0 {10.0 | 20.0 | 50.0 |100.0

Interval (k.e.V.)

Number of points 200 200 200 200 200 200

per energy. bin

Number of points 20 20 10 5 2 1

per 100 k.e.V,
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this is stored as a function of excitation energy along with the values
of the statistical error, and the emission angle in the C,M., before
repeating the whole process (from channel number to C.M, parameters)
for the next channel., Including the input spzctrum, 6¥1u24 storage
locations are required for this stage of the processing.

4,12 Conversion to Common Energy valueg in the .M.

The angular distribution at any photon energy is determined by
knowledge of the C.M. differential cross section at the different C.M,
angles, The data is not taken at a common set of photon energies at
each angle and this information is obtained at 50 k.e.V, intervals by
the following interpolation procedure,

Straightforward interpolation at the required emergies would not
use all the information in the spectrum at low energies where there are
many channels betweeﬁ 50 k.e.V. points, so that the interpolation was
done at smaller energy intervals in these regions with a spacing
approximately equal to that in the original and these results were
averaged to produce the final 'Y' value for each 50 k.e.V. point.‘ The
scheme used is shown in Table 8.

The value of Y for each energy was obtained by quadratic
interpolation between the 3 nearest original channels and the error in
this was taken to be that of the nearest original data point. fhe
scattering angle is averaged in a similar way. The final error in Y
at each 50 k,e.V, point is pnaturally smaller than that at each component
eaergy.

The output of the computer programme written by the author to

perform this procedure is in the form of values of Y,error and C.M.




Virtual Photon Spectra for a Point Nucleus. Table 9

(1)

Definition: N = O’T(y) /KT (¢)

(2)

Sum of Transverse and| N (p,w) = Nt(p,w) + Nl(p,w)

Longitudinal terms,

(3)

Notation: energy, momentum of incident e~ = e,p

energy, momentum of scattered e” = e',p;

m = electron mass, a = fine structure constant.
A= (e 4 e?)p? B = 1n ((ee' + pp'+m)/m(e—e'))

1n ((p+p')/(p-2'))

¢ = (e + e")%/2p? )

(%)

Transverse El: N(p,w) = (a/x) (AB - €D - (p'/p))
Transverse Ml or E2: N(p,w) = (a/x) AB
Longitudinal El: N(p,w) = (a/x) (CD - p'/p)
Loagitudinal E2: N(p.w) = (a/x) (8/3) p'%/ (e-e')®

Longitudinal Ml: N(p,w) =0
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angle at 50 k.e.V. intervals of LiB. photon énergy up to the
bremsstrahlung end point. Including the input spectrum, 6¥1024 storage
locations are required for this stage of the processing and the results
are stored on magnetic tape, so that the data from all six angles may
be read in by another programmne which makes the angular distribution
assignments.

4,13 Electroproduction Corrections.

The pumber of electrons incident on the photoneutron target was
shown in section 3.6 to be about five times the number of incident
photons. The relative number of electrons and photons emefging from
the target is 7:1 and the geometry has been chosen to select most of
the photons and less of the electrons which form a wider cone, (The
average scattering angle is greater for electrons by J§.) The factor |
used in the following calculation of electroproduction effects for the

present target gecmetry was:

Relative flux on e1ectrons]= 5.7(+.6) . (%.13.1)
Photoneutron Target|photons 1

The ratio of the total cross—section for the electron process to
that for the cdrresponding photon process can be calculated from the
interaction between the scattering system and the field produced by the
séattered electron.(sl) This ratio is expressed as a function of energy
by the longitudinal and transverse virtual photonm spectra which depend
on the matrix elements of the corresponding nuclear current operators.
The virtual photon spectra for various multipoles up to E2 have been
presented by Bishgglgor the case of a point nucleus (or a real nucleus

in the long wavelength limit kR&]) and these expressions (reproduced in

Table 9) were used to calculate the electroproduction effects in this
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case,

For real nucleii, the currents must be multiplied by the form factor
(51)

Fk) = 1~ 1/6 k% %y (£.13.2)

where (r2 )l/:i:.as the R.M.S. radius of the system and
(P2 - B = 1,204 g, (£.13.3)
For 030 B is 3.0 fm. and for 27 M.e.V. photons, k is 0.018 £m.~> so
that
F(27) = 1-1/6 (.018)%*3°
= 1-0,0006 (B.13.4)
and the change is negligible. -

Theoretical distributions of photonucleons produced by El photon
or electron events were calculated in the long wavelength limit by
Bosco and Fubini(133) who found that if the angular distribution frem
photoproduction were:

48 -op sin’o : (£.13.5)

then that from electroproduction would be

ds C[(e2+e A )d+e ((e +e )\ )"%%,)p.sinz@]

aa” ee’ ee’
where A= 1n (2 ee'/~(111<;2 (e~-e"))) 4 _ (4.13.6)
and C is independent of 6.

The author has written a computer prog?amme to calculate these
expressions and results of virtual photon sbectra are given for 27,0
M.e.V. incident electrons in figure 37 The longitudinal components
are seen to be negligible in the energy region above 21 M.e.V., In this

energy range, the El virtual photon spectrum is = 0,7% and the
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corrections applied to the cross-section data are = 4.0 (+0.8)3. E2/
Ml transitions are expected to be weaker than El transitions by an
order of magnitude (Chapter 1) so that electroproduction effects from
these higher multipoles are negligible and consideration of electric
dipole processes provide adequate corxrections to the data,
| In order to calculate the correction to the yield at each angie
the constant 'C' must be evaluated for equation %4,13.6. This is done
for each enmergy by using the measured data (without the 4% electro-
production correction) to find the coefficient (/&) of the siu26 part
of the angular dependence of the photoprocess, The two equations are
 then evaluated in terms of (B/x) and the unknown constant (C*cd) for 20
bins of equal solid angle covering the entire angular range. By
requiring the ratio of the integrated cress-sections so found to equal
the corresponding value of the virtual photon spectrum, the electro-
production correcvion at each angle was expressed as a percentage of
the photon yield at that angle.
If the dominant process is the El emission of d-wave photoneutrons
from 0}6 the angular distribution takes the form:
W (0) (¥) =1 - 3P, (cos0) (5.13.7)
El,d
=3 (1+ %f sin26)
With this definition of B/&= (3/2) the electroproduction spectrun was
typically |
W, (6) (7) = constanr x (140.9%sin%6).
Corrections to the yield at any angle were 4 4,5% and the
variation in fhis Tactor over the present angular rauge'was < 0.,7%, so

that the correction has a very small effect on the angular distribution




data for 0L°

For Deuterium, o = 0 and %,13,6 is simplified to
(o) = s_in2 e
corrections to the yield in this case were typically 5% with a
varriation from 4% to 8% over the range of angli~s used.

4,14 Derivation of Angular Distribution Data.

The six sets of 380-channel specira are read in ome at a time by a

programme written by the author to fit the data to the Legendre series
W (6) = An.Pn (cosB) . o (4.14,1)

This programme solves the normal equations for the ieast squares fit of
each set of six data points by inverting the matrix involved. It
takes into account the errors associated with each data peint and
outputs the coefficients An (n= 0,4 usually) and the ratios An/Ac;
(n = 1,4) with errors and gives residuals to the fit for each data )
point and results of a goodness of fit (x2) test on the data. The
basis for the prograrme may be found in references 134 and 135, Tests
were mace of the programme accuracy by inputs of pre-calculated
angular distributions and it was found to function satisfactorily.

The author has altered the programme mainly in its input -
output stages but the storage has been extended to allow conversion of
the whole energy spectrum in one process. The results are provided as
line printer output and are also stored on magnetic tape for access by
plotting programmes.,

As an independent check of the above techniques the data was
fitted to the Legendre series by another programme using a minimisation

routineoseb to optimise the least squares criterion. The coefficieuts

obtained by the two methods agreed to within a small fraction of the
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estimated error in all cases.

4.15 Propagation of Errors,

The statistical errors on the original data are propagated in the
standard way when the various T.0.F., spectra are subtracted and the
effect of the estimated errors iu the normalisation constants are
included. The resultiant percentage error is carried through the
energy conversion processes and the final error on each datum peint is
ovtained as previously described upon interpolatien to equally spaced
bins,

The errors on the yield values for each angle are combined with
the goodness of fit results to obtain the error in the desired
coefficients at a given energy.

4,16 Summary and Presentation of Spectra.

1
Typical T.0,F. spectra obtained by (+,n) reactions on HéO,DiO

aud their difference are shown in figure 38 Ry the methods
described in this chapter, this data was converted to spectra of C.M,
yield versus LAB, photon energy at each C.M. angle.

Figure 39 shows the yield measured for the reaction 016(130) ol?
at the average C.M., angles shown., Note that the bremsstrahlung
spectrum shape has not been divided out of this data and it may be
seen that the end point is 26,9 M,e.V. in all the spectra, confirming
the energy calibration., The familiar structure of the giant resonance
of 016 is apparent, and the energies associated with this stiructure
agree with previous determinations, confirming the present techniques
of energy calibration and data processing. Typical Deuteriuﬁ energy
spectra are shown in figure 40.

The cross sections and angular distribution coefficients derived




from these spectra are presented in the following chapter where
comparison is made with previous ineasurements and the detailed

predictions of the nuclear models of the giant resounance.
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Chapter 5

5.1 Introduction,

The total cross section, the differential cross section at 870
and the angular distributions of ground statc photoneutrens from 016
ar: presented in the energy range 21.5 M.e.V. to 26 M.e.V. Analysis
of this data allows an estimate to be made of the relative intensity
of the dominant partial waves of photoneutron ewission and the
variation of the phase difference with energy. The E2 cross section
for ground state transitions is extracted from the data and is found to
rest mainly in two broad states centred at about 23 M.e.V. and 24,7
M.e.V. Using similar data for photoproton emission, the isospin
impurity in the 016 dipole resonance is found to be small and appears
to be associated with the regions of E2 strength.

The failure of the basic 1lplh dipole approximation in desc?ibing
these features leeds to the investigation of the effects of more
complicated excitations and these are shown to be consistent with the
-observed structure in the giant resonance, and with the observed
distribution of isospin impurity and E2 absérption.

5.2 The Angular Distribution of Photoneutrons Irom Deuterium,

The Legendre coefficients describing the angular distribution of
Deuterium photoneutrons from 9 to 26 M.e.V. are presented in figure 4l
where the data have been averaged over 1 M.e.V. intervals to reduce the
statistical fluctuations inherent in the subtraction of large numbers
in the T,0,F. spectra. Also shown are the (Y,p) results of Weissman
(i23) and the theoretical predictions of Partovi$124) The D2(YED)P

reaction has been fairly well understood for some time and the quoted
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results represent some of tle most precise confirmaticn of this
gencral accord of experiment énd theory.

The good agreement found between these and the present results is
taken as illustration of good angular normal’sation, for no correction
fa~tors were necessary to obtain the coefficieats Al/Ao to Aa/lo shown.
The original value of Aa/Ao so obtained was, however, found to be ~0,1
and the data has been renormalised to remove the small systematic
angular dependeunce responsible, This involved renormalisatioan factors
of less than the expected accuracy of normalisation (3%) at any angle
and it had a negligible effect on the other coefficients,

The same small factors were used to renormalise the 016('{,n)015

angular distribution spectra,

5.3 The D2(y;n)p Au Coefficient and Derivation of the Bremsstrahlung
| Spectrum.
The constant coefficient in the Legendre expansion of the D2(Y;n)p
reaction is presented as a function of photon energy (k) in the
laboratory frame (LAB) in figure 42, This spectrum is the yield 'Y!
defined (%.5.9) as the product 47:(dny/dk)*Ao(k), vhere Ao(k) =
Gé(k)/hx and Gé(k) is taken as the Partovi cross section of figufe 41,
In figure 43, the Partovi cross section has been divided ocut of figure
42 to show the shape of the bremsstrahlung spectrum for the present
experiment, and comparison is made with the 'thick-target' calculation
of Lokan(57) (for a 0.03r Tantalum target). The spectrum shapes are
quite similar although that of the present experiment is slightly
softer as expected from the use of a thicker (0.13r) target. This

agreement is taken as confirmation of the reliability of the technique

used to obtain the 016 cross sections,



(ATW) AJ¥INT  NOLOHd
0-7¢ 0-€¢

022 01z b0z 01 08l
%muamﬁm J =
I I It
ﬁ i g o %; ! £ o N R
Ity P ] F I w o
m I m I I =
m E i H 1&g
i Z
W {28
Lf :
L00U),0 a . _Mm.
¢ . Up
(W3L8) 55
TR TTEIE 12
IES




PHOTONEUTRON ENERGY SPECTRA

57 'Big

hmmvv;:m WOJd L06 LV WNH1D3d4S mwoﬁc.\fmwo
‘gl - 20SU 91°0 S UOIIN[OSII YT, ’
. .w:cEa:mmCoS ASN ST yum uﬁ.ﬁvﬁb uouMm o O(U “A),, O Woay suonnouoloyd Jo pIoik saneI paasnsqo AL ‘(q)f Sig
. . . . . : (A3W) o, O NI ADW3IN3 NOWVLIDX3 .
s2 & 2 ez 1’z oz ) - 8t 3]
T T T ) T - T . T " Y v " [+]

4 o

w

o

2

m

o

s =

o m
Z:Q m
# m™

' A

:0 A m

3

T

ot oz . o M
0'

<

Z
OI-
- Ll
. >

xn

' : 1]

: ‘ 15t 3

CE . . . N ... ”‘ - . . . N , . W

v ' 2 T o .q . . m

. L g a

. oc




%93 0561
G1°G3 | G1°%3 | 01°CT | GL3° GG |6B0°18 {SL0°61 u 406 " " "
G 61 Io ]
feam | CC*Hg | O0T°C3 | 62°33 0°13 | 690°61 [(u‘A) | Awew| o001 1Insay jussaxg glL6l
6°%z | G1'%3 | 6°%2 | C1°Cg | G8°03 - (d%) :mcma 001 .Aomﬂvcommaosa pue orided 6961
G'61
- €%z 6°33 3°33 0°13 0°61 | (A¢d) | ALoem| of (g6)*°UUeL PuB OTIeT  LO6T
9°61
2°G3 €%z | 60°¢3 ¢*32 | 0°Tg | G0°61 |(A‘d) | ,06 001 ﬂomvﬂa 19 Jauue] %961
G661
3°68 | €3 | G0°¢C3 £°23 670 | 66°8T |(dpe)| 06 | » A¢mvuonuam pue alpod 3961
3'G3 3°%g | G0°¢C3 €°33 0°13 - | (ux) %5 | o0z (1o1)1T>*P1®0 L961
- g'wg | 0°€g| 2°83 | 0°18 | £°61 [(uh) | 506 | 008 | (roy4203an0) pue TSOIGIAA G961
Cwg €32 7°61
- 1°%3 1°¢2 1°22 | 6°03 0°6T | (uk) | ,06 00T (65)"™ %961
U 0°13 9°61
0°63 €%z 0°¢z| 2°2TT L°03 1°61 | (a4) | 06 | 003 (1) 1T Pue ML 3961
3°62 €%z 1°€3 | G3°33 0°13 €61 a13duy | (A1)
(*Ace°K) ASxoug aoueuosdy ad Ly, uoryniosey sIogyny Jeax
0T 214el 0 UI Sse1dJauy oouBu0say JI8a1oNU0YOYJ

91



86

In figure 42 the solid line is the result of a least squares fit to
the data by a cubic, Ag (k), in tue LAB photon emergy over the range .
shown (18 to 26 M.e.V.). The Partovi cross section was fitted to a
cubic (P(k)) in a similar way and the total cross section for 016(y3n)
ol? 16 data (Agl6

&% (1) = (R/R 00/, YsomspatC(e,

wag obtained from the 0 (k)) at each point 'k' by
where Nb,Nb are the relative number of atoms of Deuterium and Oxygen
used and NORM is the normalisation constant between oxygen and
deuterium runs, obtained from the charge monitor, The 870 differential
cross section of 010 ('{,n)O15 was obtained in a similar way.

5.4 Photoneutron Cross Sections for 016(33n)015

The differential cross section at 87° in the C.M, for the reaction
016(1',11.)015 is presented in figure 44, where ground state transitious
have been assumed, By the choice of the bremsstrahlung end point, this
condition is ensured above about 21,7 M.e.V. pheton energy and some

15 is expected at

contamination from transitioné to excited states of N
lowver energies. In this result, the small variation of C.M. angle with
excitation energy has been neglected, as has the difference between
excitation eunergy and photon energy., The shape of the differentiél
cross section is in agreement with that found by other photoparticle
measurements, for example the (p,¥) data(gz) of Barle and Tanner
(figure 4). Comparison with the good resolution 90°(¥,n) data of Firk
(59) (figure 45) shows good agreement with an improved signal-to-
background ratio in the present result.

A survey of the excitation energies found by several different

experimenté for the prominent resonances is presented in table 10, where
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it may be seen that agreement holds to within about 100 k.e.V. over
most of the range and for both proton and neutron reactions. Tiais
holds too for the present work (table 10) and the energy calibration is
confirmed,

The total cross section obtained from the present data is
presented in figure 40 under the saﬁe ground stae assumption (ensured
above 21,7 M.e.V.), The shape of the total cross section is similar ie
the 87o spectrum and comparison may be made with figure &7 which shows
the ground state (¥,n.) cross section measured by a monochromatic
photon technigue by Caldwell(IOI) and the results of the 1lplh
calculation of Buck and Hill.(38) Caldwell's results agree well with
the present data and the calculation reproduces the gross distribution
of the cross section strength quite well, without predicting the
observed finer structure.

Table 11 is a summary of the (Y,n) cross sections found in the
22,25 M.e.V, peak by various experiments whose characteristics are
noted, To allow a full discussion of the cross section scale, the
equivalent total cross section has been extracted from the previous
190°' differential cross section values using the multiplicative‘factor
obtained from the present angular distribution (=10.2).

)]
The 900 differential cross section values found by Wu et. al.(lko)

(141)

and Khan et, al. agree but are quite different from that of

Verbinski and CourtnengB) The present result
(e
da /87 22-3MeV.

lies between these two values, The quoted error does not include a

(016(&;n)015,) = 0,768 + 0,040 wb,

possible 10% systematic error in the assumed Parfovi cross section for
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D2(Y,n)p and this would allow agreement with only the lower of the two
previous values.

In discugsing the total cross section at 22.25 M.e.V. the results
of Cook et, al.(l&a) will b2 disregarded since they are so different
from all the othcr measurements thaﬁ some systematic error is implied.
The absolute cross section scale of Geller and Muirhead(lkz) was
derived from the earlier measurement §f Bolen and Whitehead(143) but
their result is some 50% higher in the 22,25 peak and some doubt must
be cast on the validity of their normalisation technique which was
sensitive to the large differences in resolution between the two data
sets.,

With these omissions, the two total (y;n) Ccross section values of
Bolen and Whitehead(143) and Caldwe11(146) are in good agreement despite
the differences in technique, but the total (y;no) cross section to the
ground state is in dispute. The higher value (around 10 mb.) proposed
by Khan et. al.(141) and Wu et, al.(lko) is in fact above the agreed

(y;n) cross—section value while the present result for the ground swate

cross-section: .
16 15
%’22.3}{.3.". (0 (Y"no)o ) - 7‘87 i 0038 mb.
agrees within the 10% error on the Partovi cross section with the lower

(101,145) (63)

value (~7,mb,) of Caldwell and Verbinski and Courtney,
There is additional evidence that the lower cross section scale is

to be preferred, for Caldwell(IOI) used the available (y;po) ground

state data with his own measurements of the neutron total cross-section

and the cross—section of proton decays via excited states to systhesise

a ‘total n+p absorption' cross-—section which agreed extremely well with
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the total photonuclear cross-section measurements of Wycoff et. al.

(101’146) and Ben-David et. al.(101’147)

(33)

{The absolute value of the
gimilar Burgov data shown earlier (figure 2) is in dispute with the
majority of such measurementsglé8)) Physically the 'n+p' cross-section
must be less than the total absovption cross section, and in fact
Caldwell found equality at 22,3 M.e,V, Substitution of the author'sz
(13u0) cross-section instead of that of Caldwell does not affect the
agreement within the statistical errors but use of the higher (ﬁgnﬂ)
cross—-section values gives a synthesised cross~section which exceeds
the physical limit (25 mb.) by 3 mb, or 12% — outside the statistical
uncertainty,

The neutron detection efficiency of the apparatus used by Caldwell
was essentially independent of neutron euergy,(IOI) so that the 012
(1;no) cross—section so measured should be consistent with that for
010(x,n). Wa et. al. find agrecment with Caldwsll for CL2(y,un) 140}
despite the differeﬁce seen for 016' The only real difference iu these
experiments on 012 and 016 at a given ﬁhoton energy is the kinetic
‘energy of the emitted photoneutron so that some error in the treatment
of the correction faétors described in chapter 4 seems likely in the
results of Wu et. al, and Khan et. al, (They used an experimental
technique similar to that of the author),

The cross—section scale found by the author is seen to be
consistent with several other experiments including the total photo-

(196,197)

nuclear absorption cross—section.
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- . ' . 16 .
(Table 12) Integrated cross sections for O photoreactions,

Ifinal state 28.7 . : © A28.7
Mol S‘ odll (Me¥YV-mb) . odE
I " Fractional

-Reaction ~ (MeV)

Th - Th
(v,p) Ground state 34,42 A , 0.287
5.3 (1/27, 5/2%) 4.94% 0.041
6.33 (3/27) 22,30 | n.185
7.30 (3/2%) | 5,47 0.047
9.1 2,03 0.017
9.22 1.50 0.013
9.9 2.36 0.020
10.8 2.34° 0.020
(y,m) Ground state © 26,67 0.223
- s2(/2, 527 3,49 0.029
6.18 (3/27) o943 10,079
6.79 (3/2%) . 4.50 . , 0.038
C(re) 151147, T =1) 0.23 0.002

The 9.22 MeV cascade transition cross sectlon has been subtracted
from the 5.3 (1/2%, 5/2%) values.

T,
bObserved 10.8 MeV yields multiplied byrt—c-)-1£

Yo

= 3.0 + 0.5 from Ref. 25.

Nete: Reproduced from Caldwell(ml).



016 (v,p) N15 cross-sections at

A

22,25 M.e.V. Table 13
Authors Date | Method | Resolution | wrt D2 Fﬁi . &, (mb.)
- a0} T

or spacing | (+10%) |(mb.) | g.s. |+ rest
Morrison et |1965 | (Y,p) 200 keV, YES 1.0 (10.0)| 11.5
a1(%3) +.05 | (+.5) | +.5
Baglin and {1969 (y;po) 100 keV, NO 1.28 | 12,8 | =~
Thompsonlso) +.,06 | +.62
Tanner et 1966 (p,y;) 100 keV. NO 1.2 12,0 | =~
a1(90:92) 1965 £.25 | #2.5
(detailed
balance)

) Note that the total cross-—-sections shown in brackets have been obtained

- from the 90° differedtial cross—-sections using the numerical factor

found from the relevant angular distribution data.

(92,150)
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5.5 Integrated Cross Sections,

The integrated cross-section for grouad state photoneutron

emission in 016 is found to be: |
26.0
stu// oplvn ) 4B = 16,74 + .97 M.e.V, - mb.,

where the ground state transitioiis have been sssumed to hold down to
21.5 M.e,V, This compares favourably with Caldwell's value of 15.2 +
1.5 M,e,V, mb,, for the same range.(101) We may therefore adopt
Caldwell's results for the wider range from Threshold to 28.6 M.,e,V,.
~some of these integrated cross-sections are shown in table 12, where it
may be seen that the "total photonuclear cross—section" in this range,
obtained from the neutron and proton results, is only 118 M,e,V.-mb.
or just about half the 240 M.,e.,V.,-mb, dipole sum rule for 0}6
confirming the well-known existence of substantial dipole strength

above the giant resonance of the light nucleii.

5.5 Isospin Impurity in the 016 Dipole Resonance,

Few of the photoproton (or(p,Y)) spectrum measurements have been
absolute and the (yypo) cross section scale is in dispute., The (y;po)-

(150)

cross sections at 22.3 M,e.,V. of Baglin and Thompson and Morrison
(93) et. al, are compared with that derived from the (p,y) data of
Earle and Tauner<92) in table 13. Unfortunately the errors on the
(p,Y) data are too large to allow discrimination between the
conflicting (¥,p) results but the lower value is favoured by the same
argument presented in the neutron case, since the (xgpo) data used by
Caldwell to construct his 'total p+n absorption' cross-section used the
lower (Morrison) scale.(101) It is convenient that both Morrison's

data and that of the author were taken with respect to the deuterium

cross—-section so that the 10% possible error in assuming the Partovi
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cross—section does not arise in tue comparison of these crcss-—section
curves, Morrison's data is not necessarily ground state beyond 24
M.,e.V, however, and the resolution is somewhat inferior to that of the

(92’150) so that the

present data and that of the other protén Worh
cormarison has been made with the spectrum shane from this other data,
normalised £0 the absolute scale of Morrison, This avoids the
generation of spurious structure by comparison of two spectra of quite
different energy resolution,

The (w;n)/(w;p) cross—section ratio so obtained is compared with
‘measurements by Caldwell and the predictions of Buck and Hi11(38) in
figure 48(a) where the general trend and magnitude of the experimental

result is seen to follow that of the theory. The calculated ratic may

be taken as the ratio of penetrability factors in the Barker-Mann(42)
expression
1+a
0’\Y n 1-a

for it arises entirely from the effect of the Coulowb force for protons
in the optical model potential used by Buck and Hill and all other

(38)

perameters for neutrons and protons wefe identical, This ratio was
confirmed by a calculation of the transmission factors for protons and
neutrons incident on mass 15 pnuclei using a general form of the optical
model votential whose perameters are given in figure 49(a). The
programme (kindly supplied by Dr, J.D. Kellie of this laboratory) had
already been successfully appliéd to calculation of average total cross-

sections for nuclei with mass 30028) and was further modified to

calculate the phase shift of the reflected wave which is required later,

Results of transmission factors for protons and neutrons with up to 3 -
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units of angular momentum are presented in figures 49 (b), 49 (c) at
equivalent photon energies in (016+1) and the phase difference wetween
s and d waves is shown in figure 49 (d). The ratio of d5/2
penetrability fictors is shown in figure 48(a) and good agreement is
obtained with thc Buck and Hill result. |
In an earlier comparison, Wu et. al.(lgo) assumed the

penetrability factor ratio to te unity but the Buck and Hill values
should be more reliable than this simple assumption for the similar
ratios predicted for photonuclear decay to the excited mirror states of
the residual nuclei were in excellent agreement with the measurements

of Caldwell.(IOI)

These should be reliable since the (¥,p*) and (¥,n*)
reactions were detected simultaneously by observation of the de-

excitation Y~rays with the same detector so that systematic errors
were avoided.(101) ,

The amplitude 'a' of T=0 isospin impurity is given in figure 49(b)
where it may be seen to be small with a maximum value a~ .07 between
the two main resonances, The intensity of icospin impurity is below
0.1% in the main peaks at 22,3 and 24,3 M.e.V, and has a maximum value
of 0.5% at 23 M,2.V. so that the giant resonance of 016 seems to be
fairly pure T=1 on this basis,

The (+¥,n)/(Y,p) cross—section ratio found by Caldwell is found to
confirm the trend of the present results although the structure in this
case may be somewhat exaggerated due to the comparison of spectra with
 quite different resolution.(IOI) The T=0 admixture is found to be of

the same order as in the present result,

16
5.7 The Measured Angular Distribution of 0  Photoneutrons.

The Legendre coefficient ratios A]/Ao to A4/A° for the angular
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Swmmary of agreement between different measurcments

. o . 16 -
of angular distributions in (07 + ¥} Tunergy range : 21.0 MeV-2.59 MeV

No.times dilference is iuside error Al/AO AE/AO AB/A0 AQ/AO

I (vsp) = (p,Y) : Earle-Baglin 9/19 13/19 13/19 -
11 (¥yn) ¢ (v,p) : Syme -Baglin | 8/40 25/48 21/48 24/18
111 (v,0) : (Y,n)*: Syme Hevitt 5/7 6/7 6/7 5/7

NOTES: I Earle-Baglin show substantial agreement ( = 50% of time)

II (a) Syme-Earle ; Syme—Baglin; within the errors
(b) Syme-Baglin are inside errors ~ 50% of the time except
for Al. Some of the different A3 values are very

different (opposite sign) and this is not a comparison

which necessarily should be exact.,

111 (a)* Uses re-normalised Hewitt results for (y;n)*

the surprising agreement is due to two things -

(i) The errors on the renormalised Hewitt coefficients
are larger, d;e to the approximations in the
method, Hence agreement is easier,

(ii) There is some betler agreement, especially in AQ/AO
and AB/AO vhere the large oscillations in the
coefficients are substantially reduced at some of

the few points tested.
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distribution of 016,photoneutrons are presented in figure 0. These
may be compared with the corresponding (p,y)(gg) and (ygp)(lso) results
(tigures (4,51)) and with the similar (¥;n) measurements made by
Hewitt et. al.(lﬁl) (figure 52).

The latter experiment used a T.0,F. technique with one flight path
and successive deflection of the electron beam to produce several
angles, Little agreement is found between the two (y;no) measurements,
The author believes this to be due to a systematic error in tue energy
calibration used by Hewitt et. al., for their published C.M, spectra
(reproduced in figure 53) show an increase in energy of the peaks from
forward to backward angles which does not appear in either the present
work (figure 39) or the (13p0) data (reproduced in figure 54)., The
misalignment is of order 300 k.,e,V, between extreme spectra and can
easily account for the oscillatory nature of all the coefficient ratios
found by this growp. It is equally unfortunate that altheugh the
experiment of Hewitt et. al., was performed relative to Deuterium,(15l)
the absvlute cross-section scale was later renormalised to the earlier

(141) and no confirmation of this earlier

(152)

measurement of Khan et. al,
result was obtained, These measurements are now being repeated
and the forthcoming data may provide a useful comparison with the
present result, X

The results of the present angular distribution experiment are
seen to be similar in form to those from the (p,yﬁ and (¥,p) reactions,
with the exception of the AB/Ao coefficient which has the opposite sigh.
Interpretation of this data requires a knowledge of the relationship

between the observed coefficients and the matrix elements of the

competing reaction chaunnels,




Counling of Angsular Momenta.

Figure 55

i . 16 15
Representation General Formula 0" (Y,n) 0°° case
8=%‘
1 = even (parity)
channel spin s+ I,=8 S =1 only
S+1=1 1=0,2
j-representation l+8=j 1=0:j=%
Peren, | -reiond




Angular Distribution Expansion. fx—%Z‘L PL(cose) ) ‘ Table 14

b
il

2,9 2 . 2
0 BBP(o,m) + 'J'Bp(Ml) + 3B_(E1) + )Bd(El) + 5BP(E2) + 5B (E2)

e

2 [-3.7 ne(B%(E1)B (M1)) + 4.7 Re(B%(E1)B (2))
-2,6 Re(B“’('i(El)BP(I‘-Il)) - 0.7 Re(Bz;(El)Bp(E2))
+4.9 Te(B%(E1)B,(E2))]

A, = -3 Bﬁ(O,Ml) - 1.5 B2(E1) + 1.5 Bf)(l-ﬂ) + 2.5 By(E2)

+2[2.1 Re (B:(El)Bd(El)-) - 5.8 Re (B;(H].)BP(E2))
~4.7 Re (B%(M1)B,(E2)) - 0.9 Re (B;(Ez)Bf(Ez))]‘

A5 = 2[3.9 Re (B%(E1)B,(E2)) + 4.0 Re (B4(E1)B, (E2))

-2.2 Re (B§(E1)Bf(E2))]

A, = 14 Re (B;(EQ)Bf(EQ)) - 2.9 Bo(E2)

=a e161 and A =é-c§,etc.

Simplified Expression, (No Ml) and with B,=a, sd

2 2
Ay = 3(as + z_ad) + 5(a§ + a?)

, Al = 9,48 asﬁlp COSAPS - 1.34 adap cosAp + 9,8€ a42p cosA od
2 2 2 -
A2 = 2,5 ap - 1.5 ag + 2,86 ap + 3/2 a_ay cosAds - 1.74 zenpaf COSAfP
A3 = 7.74 aﬂﬁ\p cosAps + 8,04 adap cosApd - 4,38 a8, cosAfd

2
A4 = 1k, apaf COSAfp - 2,86 ag

= A2 4
Polarization Expansion, (No ML) (4E=ikXo0.4%) C. P (cosB) )
d-ﬂ- L=1 L L

Cl = ~0,79 asap sinAPs + 0,45 adap 'dnApd + 0,82 a8, sinAfd
Cy = 0.47 a_a, sinAds - 0.33 a2y sinAfp

Cs = 0.69 aéaf sinAfs - 0.72 g8, sxinAp(1

04 = 1,06 a3y sinAfp
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2.8 The relationship between the Legendre coefficients and the reaction

matrix,
The Legendre coefficients of the angular distribution may be
expressed in terms of particular elements of the reaction matrix in

(154-155) (130

either the j-representation or the channel spin representation

_1529 for coupling the final angular momenta to obtain that of the
intermediate state and hence the multipclarity of the trausition
(figure 55). The reaction amplitude associated with channel spin S is
just a linear combination of the two corresponding amplitudes in the
j-representation and similar formulae result, That from the channel .

(156)

spin representation is quoted here in table l4(a), in the notation
useé by Baglin and Thompson,(15o) for the Legendre coefficients Ao to
| A& in the angular distribution of the reéction
¥ + A-(A-1) + nucleon,
with E1, Ml and E2 excitations considered.

In this expression BI(S,gL) represents the matrix element of the
process with chanunel spin 5 in which a nucleon of arbital angular
momentum 1 is emitted following electric (g=E) or magnetic (g=M)
multipole excitation of order L, and N is the reduced wavelength bf the

incoming photon, Table 14(b) shows the same expression with the matrix

elements expressed as the product of an amplitude and a phase factor:

(153)

i
Bz(S,gL) =ae t
vhere the phase difference is defined as Aeilf %1- QQ

The similar expansion of the angular distributions of differential

polarization(155’153) is presented in table 14(c), and the combination

of the nine equations may be sufficient to obtain the relative
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amplitudes and phase relations ouce complete polarization distributious
are published, but this'is not possible at present.

5.9 Analysis of Angular Distributicn Data in the Pure El Approximaticn.

Electric Dipole processes are known to iominate the giant
resonance region so that a preliminary analysis may be made neglecting
the higher multipoles. In this case the expression given for the
angular distribution expansion simplifies to .

Ao/ = oc=(<0.5 +[2.X.c080)/(1+52) (5.9.1)
where X = as/éd is the ratio of the El, s-wave amplitude to that of the
El, d-wave and A= Asd, The range of excursions of A2/Ao in the present
data from the pure d-wave value of -0.5 indicates a minimum value of
X=0,2 so that the intensity of s-wave admixture is ai/h§=0.04, in
agreement with similar rough analyses of their proton data by Daglin

(150) (92)

and Thompson and Earle and Tanner.

The relative polarisation is defined by Baldin et. al.(lss) with
respect to the eigenvalue (jn) of the intrinsic spin of the particle,
by

£ =(1/3) ﬁ/j—j—i (5.9.2)
For pure El absorption, the expansion already given for the différential
polarisation simplifies so that the relative polarisation is given by

B=yjif= g'*1.06*~(-xsin A/(1.75+2x2+(1/ﬁ)xcosﬁ))sin26

where E is a unit vector normal to the scattering plane, The relative
polarisatior is a maximum at 45° and has been measured at this angle
by Cole(153’156) whose preliminary results are shown inm figure 57. The
resolution of this data is much improved from the early results of

Bertozzi et. al.(jg) (figure %) but is not as good as that of the

angular distribution measurements and the energy scales de not
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correspond exactly so that the comparison of data sets is uwore safely
mace in the peaks and valleys than in the regicns of rapidly varying
cross-section,

Equations (5.9.1) and (5.9.3) have been solved at several energies
through the giant resonance, giviag x2 = ai/ai as a function of a and
p and therefore determining A with an ambiguity in sign. The
polarisation data of Cole aud the A2/Ao ratio from the present result
were used and the analysis was also carried out with the (y;po) data of
Baglin and Thompson, to examine possible differences in the phase
relations of neutron aﬁd proton emission, This analysis is sensitive to
the errors on both sets of data and is subject to some uncertainty due
to the undoubted presence of some higher multipole radiation (and the
assumption that the neutron polarisations may be used for protons) but
it should provide a reasonable first assessment of the distribution.of
s-wave intensity.

From the results (figure 56) the intermediate structure of the 016
gianf dipole resonance would appear to be reasonably well correlated
with a varying interference between the parfial s and d wave emission
following El excitation, with a fairly regular oscillation of thé phase
difference with energy. This oscillation is similar in energy
dependence for both protons and neutrons although the magnitude of the
phase difference variation associated with proton emission seems
greater and the average phase difference is nearer -%/2 in this case,
in accordance with the optical model predictions of the gross
(potential + coulomb) phase shifts shown in figures 49,56,

The intensity of s-wave admixture ai/ai is £8% and is seen to
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follﬁw the resonant structure with differences in the dis*.ibution of
strength in the neutron and protow. channels, This arises from the
slight difference in the A2/Ao coefficient for neufrons and protons and
its significance must be clouded by the equally probable slight
difference in neutron and proton nolarisatiouns which is unknown at
present,

From the calculation of Gillet(32) (table 1) the maximum‘non-d_
wave impurities in the two dominant transitions (15'1d5/2; "22 M.e.V."),
(1§1Id3/2, "25 M.e.V.") are 20% and 8% respectively. The present

16

results do not contradict these estimates, and the 0° dipole resonance

is confirmed to be dominated by d-wave emission following El excitation.

5,10 Comparison of AQ/AO coefficient with lplh calculations

The (p,j) angular distribution and (%;no) polarisation predictions
of Buck and Hill(38) (figure 4) may be compared with the results of a
similar (xyno) continuum calculation by Fujji(44) (figure 58) and with
the present data., DBoth calculatiens correctly predict a dominance of
d-wave emission and therefore an isotropy A2/Ab = ~ 0.5 in the giant
resonance, with s-wave interference generating a slightly positive
value at 20 M.e.V., contrary to experiment, (This region is not
entirely ground-state in the present result). The main feature of the
measured A2/AO coefficient is the small negative value at ~23.3 M.e.V.,
seen also in the (p,y) work (figure 4). This trend is in accord vith
the Fujji calculation where it appears to be exaggerated and a positive
value is predicted. The calculations produce fairly similar
polarisation spectra whose average value and lack of resonant structure

56 .
are in dispute with the modern measurements of Cole(l) ) (figure 57).
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It seems feasonable tc¢ summarise that the mixture of nartial s
and d.waves is not predicted very well at present and some further
consideration of this problem is justified by the previous analysis of
the polarisation data and the present angula+ distributions., The lplh
approximation does not seem to a-ceount for th§ observed variation in .
the AE/Ab ratio and higher (npnh) configurations may have to be

included,

5.11 Examination of Information from the A‘,i/AU Coefficient

It may be secen from table 14 ﬁhat.th; A4 coefficient arises
entirely from E2 terms so thati non-zero values of this perameter
provide definite location of E2 absorption. The present results
therefore confirm significant E2 abs;rption in several specific cnergy
regions through the giant resonance (figure 50) in contrast with the
(p,y) data(92) and the general conclusions reached by Baglin et, al,

-
from their (ngo) experiment.(l)o)

However the AQ/AO coefficient from
the (13po) data is reproduced in figure 51 and there is a close
similarity between the stiructure observed therein and that seen in the
present experiment, although the average value seen by Bagiin is about
zero,  Since the present data was normalised to Ah/Ao = 0 for D2(y;n)p
the average AQ/Ao ratio should be fairly well defined.

Within the érrors, AQ/AoﬁfO in the ground state region of the
present data except in a few specific energy regiomns., As no
significantly negative values are found in this region, both f and p
wave emission are present in the E2 absorption seen here, and the
following limited observations can be made.

N 30
ap 0.207 af and cos;APf
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If ap = 0 uien e = 0 and A4 =0
Furtvher analysis requires consideration of the combination of all
coefficient values with polarisation data.,

In the non ground-state region at about 20 M.e.V., Zarge negative
values of Aé/Ao are found, probably due to E2 f-wave transitions to the
6.18 M.e.V, 3/2 excited state of 0}6 The shape of the AQ/AO depression
is consistent with the increese in the f7/2 transmission coefficient at
these energies and the cut-off imposed by the bremsstrahlung spectrum
end-point at about (26,9 - 6.2) M.e.V. = 21.7 M.e.V, for transitions to
this state. Caldwell(IOI) found that this transition took almost 30%
of the strength in the ground state transition up te 28.6 M.e.V.

(table 11).

5,12 The 0dd Lependre Coefficients

A1 and A3 consist of cross terms representing interference between

radiation of oppcsite parity. A, involves only E1/E2 interference

3
while Al also includes E1/Ml terms. The ratios of the odd coefficients
with respect to A0 for the (13p0) reaction have been calculated from

50)
(1)0’ and are

the raw coefficients published by Baglin and Thompson
presented in figure 59 for comparison with the (py¥) work(gz) (figure
4) and the present (yyno) result of figure 50.

The (13p0) results show a gradually increasing pocitive Al/Ao
ratio with regular variations around the average value. The (p,Y) data
confirm the general trend but unfortunately do not cover the region of
interest in sufficient detail to check all the variations although the

significant change between 22.2 and 22.8 M.e.V, is confirmed. Thus the

conclusion derived from the (p,¥) work of a relatively coustant Al/Ab
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(92)

is seen to have been drawn from the uncertainties in that data.
The general increase seen by both these experiments in the average
Al/AO value from 21 to 26 M,e.V, may indicate the presence of a broad
E2 state expecte¢d just above the giant dipole resonance or a
distribution of weak states in the region or both, while Ml effects are
not excluded,

The present (y;no) results show a similar trend, with a positive
Al/Ao value increasing from about 0,05 to 1.5 in the 21 to 26 M.e.V.
energy range and with superimposed fluctuations about the average value,
which is about half that found for protons at all enérgies. This finite
positive value immediately contradicts the prediction of a small
negative assymetry made by the quadrupole effective charge hypothesis,
Other mechanisms to explain this forward peaking will be discussed
later., The neutron assymmetry ratio aspears to be slightly more
structured and the only obvious correlation with the proton data is the
maximum at 22,7 M.e.V.

A similar comparison of the Aj/Ao coefficient ratios shows the
distribution of strength in A3/Ao to be similar in the (p,ﬁ)/(?}po) and
(13n°) cases but the neutron ratio has a different sign (Note the
negative plot of the (x;po) results). The positive AS/AO ratio
observed in (y,n) requires the presence of both partial waves in
emission following B2 excitation (Table 13(b)). Because the average
magnitudes of Al/A0 and A3/Ab were similar in their (p,¥) data, Earle
and Tanner suggested El/Tﬂ interference (giving A3 = 0) as less likely
than E1/E2 and, neglecting the El s-wave component, showed that AB/AI

should be -6,0 or — 0.4k for interference entirely from Elx(E2,p) or
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entirely from Elx(EQ,f), resp:ctively.(gz) The& obtained AB/AI = =
0.8 and concluded that E2 transiiions were dominated by the f-wave
emission component, despite their zero AJ&/'A.0 value,

The analys:s of sectica 5.9 has shown that peglect of the L1,
s-vave amplitude is not a very good approximation (a8 = 0,25 ad) sut
the same analysis has been performed (with this :eservation in mind)
for the (y;po) data(150) and the present (y;no) results and the
corresponding A3/A1 ratios are compared in figures 60 and 61. The
(y}po) A,3/A1 ratio (negative plot) confirms the earlier (p,Y) value but
only in three well-defined energy regions, the result being about zero
between these. This corresponds to essentially zero values of A3' whose
existence in the earlier work was not conclusive, A similar
distribution of (AB/AI) with zeroes at about the same energies is found
in the neutron case, but the sign is opposite and the magnitude is
larger, especially in the area around 23 M,e.V. This confirms the
earlier conclusion that both p and f waves are significant for &
emission of neutrous,

Some orders of magnitude may be obtained in the energy regionms
where A.3 = 0, for if the s~-wave amplitude of El emission is negleéted,
then

Ay =0 = a cosAPd =0.55 a, cos S, (5.12.1)
and neglecting the intensity terms of higher multipoles in Ab and Ml
terms in A1 it can be shown that:
Al/Ab c:j(af/ad) coslkfd==5.4(ap/ad) cosl;pd (5.12.2)
For protons this implies no E2 absorption at ~22.5 M.e.V., while at

23,6 M.e.V. af/adﬁ‘O.l, ap/ad50.055. A similar conclusion of ne 12



5'1“:_2)(}15)

FIGURE 62
E2 CROSS SECTIONS .

150 b x--=(%,p): FREDRICK et ol.
o —(%.n) : PRESENT RESULT .
100 b w
50 F
\xlx/
cx\ X
2 22




300+

200

6 T (E2)(Ub)

250+

150+

100

FIG.2A

ERROR- LIMITS ON
E£2 CROSS SECTIONS,

MAXIMUM
VALUE

PO . FREDERICK
- 7\ VALUE




102

absvrption at 25.6 M.e.V. in ihe neutron data is verified by Aé/Ao =0
at that point, while other zero values of A3 give af/ad:é.OB, ap/ad 2
.018 for the E2 photoneutron transitions.

Ml transit.ons in the present energy range are expected to be weak,

for Spicer and 1*'1;'xsenberg(J ) predict no significant magnetic dipole

strength except possibly at 19 M.e.V, and 28 M,e.V. in 0}6 It is not
possible to obtain information on the relative strength of magnetic
transitions from the present data without extensive new polarization

data,

5.13 The E2 ground-state cross—section.

Interference terms appear to be of the same magnitude for neutron
or proton emission so that it would seem reasonable to obtain an order
of magnitude of the E2 cross section for neutron emission using the

(155) which was calculated for lplh E2 transitions

formula of Fredrick,
involving protons under the simple 'off-resonance' assumption of zero
phase differences: _

o (2)/5(81) = (5.6047 + 6.65A§ + 7.70A1A3)/(22.9Af) (5.13.1)
Figure 62 shows the E2(1;n0) cross section obtained from this equation,
(assuming c(E1)= 6}(measured)) and also the similar result.obtaiued
from the (¥,p) results of Fredrick et, al.(26) Note that this (¥,p)
data was taken with 33 M.,e.V, bremsstrahlung and is likely to bhe
contaminated by non-grouund state events which may explain the less
definite structure obtained, but the general distribution of strength is
in good agreement.

The B2 (¥,n) cross section appears to exhibit two broad (Fr>s1M.e.V,)

resonances at about 23 M,e,V. and 24,7 M.e.V., with a possible finer
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structure, This is more consistent with the distribution of meouy wcak
lplh and 2p2h E2 states predicted by Eisenverg et. al.(35’36) than the
gingle broad resonance considered by Scherchenko and Yudkin(161) and
Barle and Tanner.(92) For example, the T=0, 1plh, E2 states in this
energy range were predicted by Eisenberg and Spicer(ss) to be at 22.6
and 23.9 M.e.V. with 7.1% and 5.0% of the T=0 tramsition strength
respectively and the T=1, lplh, E2 levels took 0.4% and 18.6% of the
T=1 strength at 24,15 and 25.6 M.e.V., The positions of these levels
are shown in figure 47 where the cgmparison with the measured energies
is not exact but not outwith the uncertainties involved im the
determination of the energy eigenvalues, The sudden increase in E2
strength in the higher part of the 24.1-24,4 M,e.V, resonance to ahout
2% of the total cross-section and the corresponding increase in the
interference effects at this energy may explain an earlier disagreement
on the multipelarity of the 24,3 M.e.V. '1eve1'9(25’49’34)

The value obtained for the irtegrated E2 (Y,no) cross section in

the ground-state region is:

26,0 M.e.V,
/ o’('{,no)dE = 129 M,e.V, - pb,
21.6 M.e.V.

or 1.3% of the total cross section. The corresponding value obtained
from the (¥,p) results of Fredrick et. a1,(26) is 215 M.e.V, - ub,

From the present data,

/26.0 M.e.V. < )
TN

= S = A4 ° o Ce Ve

21,6 M.e.V, = dE = 0.243 pb./M eV

0

so that about 5% of the Gell-Mann Telegdi(ls)sum rule (=5.5ub/M.e, V. ) is

exhausted., The corresponding proton figures are 0.378ub/M.e.V. and 7%
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of ‘Une sum rule,

Although enly 12% of the sum rule is accounted for by grougd state .
transitions <o proton and ncutron channels, the large assymmetries seen
in the non-grourd-state region of the present experiment show that the
E2 contribution to transitions through exciied states may be iiwortant.

5.14 Discussion

Calculations in thezEl, 1plh approximation predict the gross
distribution of dipole strength in 016 fairly well and therefofe might
be expected to provide a reasonable estimate of the trend of the
polarization and the A2/A0 coefficient in the angular distribution of
photoneutrons since these are dominated by the El terms, It has been
shown that the 1plh model fails in this respect and that the inter—
ference between the 8 and d wave emission is correlated with the well-
known structure of intermediate width (~700 k.e,V.) in the 016 giant
resonance, and it is known that this structure cannot arise from a El-
lﬁlh basis.(157) Also this structure does not arise mainly from inter-
'ference between the dominant El mode and higher multipoles since it
appears at all angles with the same distribution (in first order) and
also in the totai cross—section, This situation leads naturaliy io the
consideration of the effect of more complicated particle-hole
configurations (or their equivalent) in the mainly lplh giant dipole
resonance,

It would seem reasonable to ask if such configurations are
significant in present treatments of the 016 wave functions. Purser
et, 81‘(159) measured the intensity of 2p2h impurity in O16 by the
pick-up reactions 016(d,t)015 and OlG(d,HeB) and coufirmed the existence

of pair excitations in the 016 ground-state wave function with
»
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intensity comparable to the prediction of Brown and GreeL,(158’:39)
viz, (5.1%.1)

Ve = 0.874|0p,0h) + 0,469|2p,2h) + 0.120]%4p,%h)

This calculation(l59)

explained the existence of the low-lying positive
parity states in 016 and the large E2 enhanceinents between them so
that use of this wave function is equivalent to mixing the rotational
band based on the 6 M.e.V.,O+ state into the ground state, giving a
sligh£ positive deformation.(lés) Kluge has treated photoabsorption

in 016 in this way,(148’160)

and the lplh dipole states were found to
split according to the K=0 or K=l tramsitions. N

This effect of 2p2h excitations has been considered directly by
Gillet et., al.(éo) who showed there to be four 2p2h quasi-bound states
in the 016 dipole resonance region and that the main lplh resonance
was split by destructive interference with these 2p2h states, The.
results of the calculations of Kiuge and Gille' et. al. are shown in
figure 63 and good agrecement is found with the total cross section
shape for both methods, (1%8)

The calculation of Gillet was based largely on the peak in the
le(dx) reaction found in the valley of the dipole structure at>22.
M.e.V, (Suffert et. al.(kl)), for this reaction must proceed through a
2p2h excitation. The angular distribution of the emitted photon was
found to be slightly forward-peaked in a way characteristic of El
radiation with interference from other radiation of oppoéite parity
(E2 or M1). As this reaction is isospin-inhibited for El radiation,

some indication of both E2 absorption and isospin impurity are to be

expected in this energy region, It is significant that both these

features are evident in the data presented by the author. Both the 2 '
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cross section and the T=0 adwixture peak at about this energy (figures
62,49). Above 24,2 M,e,V., both quantities again rise and this may be
related to the higher 2p2h states or the Fp3h states associated with
resonances in tuis energy region for the reaction ClB(He?Y)0}6 ¢ )
Figure 64 shows the ratio of negative parity decays (El,1;1h
allowed) to total decays in the 016 giant resonance as measured by

Caldwell.(lol)

The El-lplh mode is dominant, for 80% of the decays
up to 28 M.e.V, are 'allowed', but the fraction of positive parity
decay increases with energy, corresponding to the opening up of meore
decay channels, The large dip at 23,5 M.e.V, confirms the presence of
up to 40% non-El-lplh decays in this region and other dips occur above
- 24 M,e.V, Also the isospin impurity measured by Caldwell tends to
peak in these areas (figure 33) and the findings from the present data
are confirmed. Since the isospin impurity and the E2 cross-sections
are small, neither would seem to be the cause of the structure and the
interference mechanism of Gillet appears attractive in explainiaog the
structure and these small associated effects. |

It seems important that the calculations of the dipole resonance
involving higher particle-hole configurations or their equivaleﬁt be
extended to include prediction of the polarization and éngular
distribution of photonucleons, even in a basically El approximaticn,
for the experimental information is available to test for any
improvement over the lplh approximation., Also polarization spectra at
other angles will soon be available and the relative contributions of
the positive parity tranmsitions will then be accessible and the degree

of agreement expected with the theoretical approximations may be some-

what better defined,
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APP ). Detection Efficiency of Organic Scintillators for Fast Neutrons.

Iutroducticon: The Scintillation Counter.

Ionising radiations are known to produce fluorescence emission in
suitable materials‘(Ref.l)n Detection of this emission by any light -
sensitive device allows the combination to function as a Scintillation
Counter. Birks (Ref.l) gives a complete history cf the development of
the device from the visual scintillation counting practised with zinc
sulphide screens in the 1930 era (Ref.2), to the fast, efficient range
of instruments new in common use. Significant in the development of
fast efficient neutron detectors were the combination of photeomultiplier
and zinc sulphide screeu(Ref.B) and the detection of fast neutrons by
scintillations due to recoil protons in crystalline Anthracene (Ref.%4).
The demonstration of similar properties in organic liquids (Ref.ﬁ) and
plastics (Ref.6) allowed the development of large volume scintillatiou
detectors with very fast (2—3 n.s.) decay times. Such organic
scintillators have been found convenient detectors in neutron time of
flight spectrometers by many authors. (Ref.7).

Fast Neutron Detection by Organic Scintillators and the

Development of Efficiency Calculations.

The uoncharged neutrons interact primarily with the nuclei of an
absorber material and may be detected by the ionisation caused by
secondary particles in these nuclear reactions. Fast neutrons (EN20.5
Mev.) are best detected by (n,p) elastic scattering because the cross
section for this process is an order of ragnitude greater than the
alternative process of absorption by light nuclei and the fraction of

the incident neutron energy transferred to the elastic recoil is greatest



for scattering on hydrogen (Ref.l). Organic scintillators provide a
conveniently high hydrogen content, Consideration of the (n,p)
kinematics shows that:
EP = EN¥C0S2(ALAB)
Where the quantities are respectively the proton and neutron energies,
and the laboratory angle of scatter (= half the C.M. angle). Since
the scattering is found to be isotropic in the C.M. for energies less
than 10 Mev. (Ref. 10) the recoil proton energy is uniformly distributed
from zero to EN,
Early uses of organic sciniillators for neutron deteétion (Ref.8)

concentrated on their use as proton recoil spectrometers, using the édge

of this 'white' spectrum to identify the energy of the corresponding
neutron group, and the number of pulses divided by the ‘efficiency' teo
find the incident flux of neutrons. The basis of such techniques was a
compromise in scintillator size, OSmall detectors were inefficient in
stopping neutrons and liable to distortion of the recoil proton spectrum
by proton losses, while large detectors promoted multiple neutroen inter-
actions in the scintillator. Since the scintillation response‘is.non -
linear in energy for heavily ionising particles (Ref.l), spectrum
distortion also occurred and further, the detection efficiency was Do
longer simply related to the simple formula used, which assumed only
single hydrogen collisions to be péssible.

Corrections for the non - linear proton response (Refs. 1,9,10)

were made und useful results were obtaived for simple neutron
spectroscopy, (Ref. 11) but efficiencies were low, (typically 2%) and

many workers required larger detecters. Therefore, calculations of
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detector efficiency of a more invelved kind were undertaken by Hardy
(Ref.12), who included carbon scattering and double hydrogen scattering
as reactions contributing to the detection probability. These
corrections led te improved aygreement with the mecasured efficiency of a
2" thick sample of Ne 213 liquid scintillator, despite considerable
discrepancy in the distribution of measured and calculated recoil
scintillation spectra. In these results, (Fig.1) the effects of
instrumental resolution and multiple scattering are evident in the
complicated distribution of pulse heights, Hardy was upable to produce
these effects by calculation and suggested the cause as further
multiple scattering. Despite this, measurements on scintillators of
similar size, (Refs.lS,l&) showed the Hardy model to predict the magni-
tude and energy dependence of the efficiency curve to within 10%. Good
results were therefore expected from a complete treatument of - all the-
possible combinations of reactiens in the scintillator, but this re-
guired extensive computation,

One of the first such calculations was performed by Batchelor et. al.
(Ref.15) in 1961, A 'Monte Carlo' computer programme was used to find
the complete trajectory of sach nmeutron in a sawple of the liquid |
scintillator Ne 213, 2" thickx2" diameter. Measurement of the light
response functions of recoil ioms in the scintillator sllowed the tocal
amount of light produced by a neutron to be calculated, even for very
complicated combinatiouns of reactions. The detection efficiency at any
neutron energy was then equal to the pumber of *total light' pulses
greater than the low emergy bias point, divided by the oumber of

incident meutrons. Comparison against a long counter gave an efficiency



curve a2nd light pulse spectra showing fair agreement with experiment,

More exact calculations for a similar detector were made by Verbinski
et, al. in 1968 (Ref.16). They measured proton responses to much lower
and higher energies than Batchelor, using incident neutrons. Primary
values of LP(E), the light response at each energy, were used to peiform
Monte Carlo calculations, including resclution smearing, and recoil proton
scintillation spectra were produced to compare with the originals..
 Corrections were obtained and the process repeated, tc give values of
LP(E) accurate to 2% from 0.1 Mev. to 40 Mev, This enabled tables of
differential efficiency at many bias levels to be produced with accuracy
sufficient to provide a 'response matrix' for the unfolding of ueutron
energy spectra from pulse height distributions (Ref.l?).

Calculations of Efficiency Functions for Largc Orsanic

Scintillation Detectors,

Iotroduction:

The 'State of the Art' in efficiency calculations has been outlined
in the previous section, Since previous publications were for smaller
detectors the author undertook similar calculations for scintillators
suitable for the Kelvin Laboratory time of flight system. ~Typical'
detectors are the liquids Ne 213 and Ne 211 and plastic Ne 1024 in the
form of 5" diameter by 5" or 2" thick cylinders with neutrons incident on
the flat face.

Basic information on the Monte Carlo method and the convenient
treatment of the associated reactions has been drawn largely from Refs.l6,
17 and 18. A summary of the programme organisation and techniques peculiar
to the author's calculation is given in section (A). Large amounts of data

in the form of mean free paths and probabilities of competing reactions



must be consulted by the programme, The sources of this data and its
tabulation are described in section (B). To calculate the light eutput
from each interaction, data on the scintillation respomse to heavily -
ionising particles was reqéired; Much of the available data -was found
to be inconsictent, so that the respouses for the 3 scintillators
nentioned werc measured by the author, These measurements, the results
and the published data are discussed in section (C) with emphasis on the
Ne 102 scintillators actually used in the author's experiment. Results
of the Monte Carlo calculations are presented in section (D), and
cémpared with experimental and calculated resulis of other aﬁthors.

(A) E The Monte Carlo Method and Organisation of the Computer

Programme,

The Monte Carlo method of making decisions betwéen competing
possibilities is to allocate each an interval on (0,1) proportional to
its known probability of occurrence (normalised to a total probability
of 1). A choice of number RANDOM in (0,1) will then select a particular
interval and a corresponding possibility. The correct selection ratio
for the possibilities is obtained by repeating the choice a large
number of times, |

This definition is applied directly in deciding which nuclear
reaction will occur in any collision of a neutron in scintillator
material. The cross section data is used to precompute probabilities
for each of the possible reactions and angies of scatter and then
particular selections are made as above.

The number of competing possibilities is often infinite, but the
previous definition of the Munte Carlo method is extended to cover this

in the obvious way: the intervals become smaller, tending to zero,and the



Collision Parameters Fig.(2)

If NH and N'! are the numerical densities of Hydrogen and Carbon atoms
in the scintillator gnd SH and SC the corresponding total cross
sections at energy E, we define a stopping perameter (U) as
U = NCXSC4NH¥SC (1)
The number of interactions of the n particles in 4L is as usual:
| dn = n¥UKAL (2)
so that: n = n,*exp(-UL) (3)
The relative probability of a Hydrogen collision is, from (1) and (2)
PH = NHXNC{NH¥NC +SH¥*SC) (4)

The probability of & collision between L and dL is, from (2) and (3)

p(L)aL = exp(-UL)*(UdL) (5)
so that the probability of collision by distance 4 is
d
P(2) = [ p(L)a = 1-exp(-va) (6)

The mean free path,\, is defined as the average distance to colliéion
in an infinite medium,
oo ,
A :jL*p(L)dL = 1/u
(o]
Values of P(d), chosen from uniformly distributed mumbers (R) on the
range (0,1) of P(d), will provide & value of each 'd' from relation
(6), ie., setting
P(a) = l-exp(-d/N)
-A¥1n{1-R) = -A¥1n(R) (7)

R

11

1)

defines d as: d
since R is uniformly distributed on (0,1). Thus distances are chosen

with & bias of the probability distribution function P(d) for collision

distance.




prsbability ef occurrence of each interval becomes a continuous
'probability density function' (Ref.18). This function we define .
p(x)dx = the probability of finding x between x and (x+dx), with dx
tending to zero. I the probability of finding any x is normalised to
1 in the range of x (a2x4b), ie., i{/ﬁ?s) d (€) = 1, then the func:iien
P(x), defined as, * |
X
P(x) =41)@) a (¢)
is termed the 'probability distribution function® and m=2y be taken to
mean the probability of the inequality £=x. If we set
R = P(x) =fole) a (€)
a
then x is defined uniquely as a function of R, in such a way that if R
is uniformly distributed on the interval (0<R<1), x falls in the
interval (x,x+dx) with frequency p(x)éx, so that values ef the variable
X are chosen'from R in the normalised ratic of their probability ef
occurrence,

In favourable cases, a simple algorithm exists between the random
number (R) and the associated parameter (x). Anrexample is presented
in figure 2 where an explicit expression for the distance travelled to
a particular collision is found in terms of the mean free path and a
random number. (The probability of hydrogen collision is also
calculated in Fig.2 for later reference). If 'x' cannot be expressed
as an analytic function of 'R', we are forced to treat x as & non -
continuous variable, storing values of P(x) for discrete intervals
through the range of x and strobing these by random number to find a
particular x as previously described.

The calculation is conveniently organised as a main programme
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vhich provides neutron input conditions and ‘bookkeeping' tracilities and
a sct of subroutines which treat particular kinematic or geometrical
computations as they are needed in ploiting each neutron 'history', Fig,
3 is a flow diagram indicating the order of treatment of the different
physical processes involved, the aifferent possible terminations of a
neutron history and they way the output information is stored, After
accepting input conditions the programme works in the loop (Ll), which
supervises completion of the correct number of neutron histories and up-
dates the spectrum of 'total light' pulses, Inside (Ll) each neutron is
guided through its reaction ~ geometry lifetime.by loop (I2) until it
reaches one of the terminal categories.

Scattered neutrons can have any energy up to that before interaction
and the parameters aifecting the '"future'! of the neutron (the mean free
path and probabilities of different interactions) are functions of the
strongly energy -~ dependent hydrogen and carbon cross sections, These
parameters are therefore stored in 35 bins which cover neutron energies
from thermal to 20,M,e,V. and follow the fluctuating trend of the carbon
total cross section. The stopping power of the scintillator as a
function of energy would then be of the form of Fig.4, and significant
changes in efficiency would be expected at the edges of bins. In order
to avoid this effect, the author has compiled lists of hydrogen and
carbon total cross sections for many neutron energies from 0,3 M.e.V. to
20,0 M,e.V, from Refs. 19 and 20, These are stored in the programhe,
vhich calculates the input values of the mean free path and the
probability of Hydrogen interaction, accurate to the knowledge of the

cross - sections ( described in Section B), Subsequent assignments of
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Neutron Reactions in Scintillator Material, Taeble 1,
ATOM and Neutron Q- Lowest Reaction
numerical Reaction Value Energy Treatment
density (Nelo2) Possible (Mev,) Treated | and
(emd ' parn’ ) (Mav. ) Approximations
H (n,p) - - isotropic in C.M.
elastic kinematics
0.052 capture - - neglected.,
c elastie - - known angular
0,048 scattering distribution
and kinematics
inelastic -4, 43 6.2 Isotropic, light
scattering from Yonly,
¢'*(n,x) Be9 -5.70 7.3 known angulaz
distribution and
kinematics. All
- to G.S,
¢ *(n,3«)n" -7.22 9.0 Isotropic and
Xinematics. Equal
energies
¢*?(n,p)B" 212,58 - neglected (small
for E < 16Mev.)
¢ % (n,x)Y 13,73 neglected, small
0,N (<107®) neglected




parameters are subject to this edge effect, but these are Tess important
in determiniug the efficiency. Also, the main light - producing
collisions are (n,p) scatters so that the light production power is
mainly determined by the product of the stopriug power ard the
prebability of Eydrogen interaction defined in Fig.2. This product has
smaller fluctuations than the actual stopping power (Fig.k) so the final
spectra are produced with good accuracy.

By standard techniques (Ref.18) neutrons are caused to have their
first collision in the scintillator. (The number transmitted is
accounted for by assigning a weight proportional to the stopping power
of each input group). In order to determine the collision type, the
probability of Hydrogen collision (PH) is strobed by a random number ().
If B is less than PH, (n,p) scattering is treated. If R is greater than
PH a Carbon Collision occurs, and the type is determined by another
random strobe of ‘he stored probabilities for the 4 possible Carﬁon
reactions shown in Table (1). The accumulation of this data is described
in Section (B). (n,p) scattering is treated as isotropic in the C.M,
frame, This was inferred to cause about 2% error as am approximation at
slightly higher energies by Verbinski (Ref.17) using the'14.1 M.e.V.,
data then available (Ref.19). However, more recent data (Ref.20) in the
13 - 20 M,e.V. range has shown the angular distribution to De
essentially isotropic., |

The treatment of Carbon collisions is standard for elastic, (n,a)
and (u,3a) reactions, the angle of scatter which determines the recoil
and scattered neutron (if any) energies, being obtained by random
number strobing of the compiled angular distribution data. Extrapolation

is avoided and only 20 scattering angles are possible., This could



distort the lighﬁ spectra and alter the escape probability of the peutrons,
but the large size of the scintillators and the corresponding |
predominance of multiple scattering smear any 'quantisation' effects.
For elastic scattering, the energies of the scatlered neutron and recoil
carbon ion are cbtained from the angle of scatter by simple kinematics as
presented in Ref.18. The C12(n,a)Be9 reaction was treated from the angle
of (alpha emission) by the relativistic formulation of Ref .34 for the
kinematics of two - body disintegration. No angular distributions were
available to determine the neutron angle of scatter in the 012(n,3a)n'
reection so that isotropy was assummed. The treatment was then as for
~ the (n,a) reaction, with the '(3a)' treated as one particle in the two -
body break up. (For calculation of light responses, the 3 alpha particles
‘were considered to share the kinetic energy equally). Branching to
excited states in the alpha reacfions was neglected because of the lack
of data on branching ratios.

Inelastic neutron scattering was treated by the following assumptions:
(1) Only the 4.43 Mev. gamma ray is excited, (2) the angular distributions
are isotropic for neutrons and gammas, (3) light is produced by detection
of the gamma ray only (ie., the Carbon recoil is neglected) and (4) the
gamma ray is detected by the Compton Effect only,.giving a uniform recoil
electron cpectrum up to the Compton Edge. Under these conditiens, a value
for the 'mean free path' for stopping the 4.43 Mev. gamma rays in
scintillator material allowed the escape or detection decision to be made
by the usual routine. The probability of inelastic scattering (above
threshold) is always a significant fraction (%éth) of the total cross

section (Ref.21,22) but the detection probability of the gamma ray is
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small (=%th) so that the contribution made to light production {and
particle detection) is about 2.5% of the total and an approximace
treatment is justified.

The data on nuclear masses required in the above calculations was
obtained from Refs. (31,32) and the value used of the relationmihin
between a.m,u, and M.e,V, units was the most reccnt available Ref. (33).
Table (1) gives a summary of the reactions treated or neglected.
Conspicuous is the neglect of neatron capture in hydrogen, made because
of the low probability of the process for the energies considered.(Ref°
35). Neutrons are followed down to an arbitrary bias energy (usually
about 1 k.e.V.) to avoid lengthy tracking of particles which caunnot
contribute significantly to the light yield.

The light output in each collision is calculatedlfrom the enexrgy
of the recoil particle in the kinematic subroutine, Tbe amplitude of
this pulse reaching the photocathode is adjusted by the known
attenuation of the scintillator for its own radiation, and the distance
to the photocathode (without reflections)., A further adjustment is
derived from the light collection efficiency, as a function of the
radius from the scintillator-photomultiplier axis. This function was
measured by the author along with the variation of gain over the
scintillator face, using collimated gamma rays from Na22 and Am?41
sources, This was necessary because the scintillator diameter was
larger than that 6f the photocathode and a fall in light collection

efficiency was expccted near the edges., The results are presented in

Fig, 5A and 5B,
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Fig., 5C,

Due to the non - linear relationship between proton energy and
scintillation response, a neutron of energy (EN) twice that energy
equivalent to tie light bias (B) produces light up to 3 tines the bias
level (Fig.TB)s If such a neutron has 2 inter.actions, then tho

distribution of first pulses, on a uniform basis, is approximately:

EN/B Fraction of light Fraction of Light below Bias (B)
above Bias (B) Fraction »3B | Fraction < 1B
3 2/3 1/6 = A 1/6 = B

and that for second pulses (whose first pulse was not B) is:

First Pulse EN'/B | Fraction of Fraction of Light< B
Type average | Light >B Fraction >3B|Fraction <1iB
A 9/l 5/9 = Af 2/9 = B 2/9 = ¢
B /4 7/11 = A" 2/11 = B" | 2/11 = ¢"

The fast discriminator may make errors if each pulse is <(B but the
total is >B. The probability of this is:

P 2 AB'-3(AC'-BB") = T%, here, and

the characteristic of the scintillation decay is = 2ns, so that
reactions occurring inside this intervel will be considered to add in
a fast discriminator, and those outside to be separate. Nature has
arranged the cross secticn trend (o o® 19 so that the time to traverse
the mean free path is almost constant for all neutron energies at 2ns.
Therefore about .37 of the double interactions appear separate and the
twrong® decision is made on 24% of the initial neutrons by a fast

discriminator., This effect decreases almost as the square of the

incident neutron energy and is therefore negligible for higher EN,
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The gain variation is amall and averages to zero over the
scintillator surface, and since the details of the variation would
vary between photomultipliers and with the settings of electrode
voltages for each, the effect was not treated. But the iight
collection efficiency averaged over the scintillator volume produced
a 5% decrease in the number of pulses registered, enough to warrant
a more exact treatment, in which the light collection efficiency
function value at each interaction point was random number strobed teo
determine the light collection decisions,

The summed light pulse does not take the time variation of the
component pulses into account, but, if the light produced is collected
over a time which is leng compared to the pulse decay time, this
difficulty to overcome, as in the case where a slow discriminater,
which makes a pulse height decision on the total charge, is used. .
Where only a fast 'trigger' discriminator is used, the discreteness of
the pulse components may affect the detection efficiency slightly at
energies where light pulses of the order of the light bias level are
common, An order of magnitude calculation of this effect for the worst
energy range is made in Figure 5C and the effect upon the deteétion
decigion (= efficiency) is shown to be small for neutrons of eunergy
greatcr than twice the bias energy.

The detector efficiency above any light bias level is defined as the
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fraction of the ’tétal light' pulses greater than the bias times the
stopping power for each particular neutron group. The programme output
included a list of detection efficiencies for all bias levels, so that
smearing of the bias point could be intreduced to duplicate the slow cut -
off characteristic of the fast discriminators used. This cut-off function
was measured by accumulating Céc’gamma ray linear pulses gated by the fast
discriminator set in the flat part of the Compton recoil spectrum,

By duplicating all the physical procesées as closely as peossible as
described above, good agreement with the real case can be expected. 'Hesulis

are presented in Section (D).

(B) Cross Section Data for Monte Carlo Calculatious.

‘The data required and the energy bin assiguments for data storage have
been discussed in Section (A). Values of the mean free path ("} and the
probability of Hydrogen interactien (PH) were precomputed from the total
cross sections for Hydrogen and Carbon interactions (Refs.21,22,23,)
averaged over each bin, using the numerical densities of the atoms provided
by the manufacturer®* The Hydrogen total cross section average was accurate
to 3% and the Carbon one to about 8%, With this data stored as a function
of energy the probébility of obtaining a collision, then its type,-could be
determined. (The treatment of particular reactions is listed in Table (1)).

Decisions on the reaction type in Carbon collisions required
‘probability data to be obtained from the corresponding partial cruss sections.,
Those for elastic scattering have been well studied and were obtained from
Ref.(22) and by summing components in the measured angular distributions
(Ref.19,20). Since only a small number (between 1 and 7) of discrete
energies had been measured in each bin the error assigned to the averaged

* Nuclear Enterprises Ltid., Edinburgh, Scotland.
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vaiue varied buﬁ was typically =10%. Below 4.43% Mev., only elastic
~ scattering is possible so that the elastic should equal the total cross
section. This was found to be the case within the 10% error guoted. At
some higher energies (9-12 Mev. and 16 + Mev.) no neasurements were available
and the cross section was found by extrapolation from the 8 Mev. and 14 Mev,
data., The values so obtained were checked by subtracting the known non -
elastic cross section (Ref.22) from the total. The accuracy of this cross
 section is about 15% from 7 Mev. to 15 Mev. The results agreed to within
this error,

Data on the cross sections for inelastic scattering, C12(u,u'y)C12 vas

obtained from Refs. 21 and 22., where again no measurements had been made in
the 9 -~ 14 Mev. and 15 - 20 Mev. regions and extrapolation was used. The
associated errors were small ( 10%) up to about 9 Mev., but increased te
about 20% in the uuknown regions. Similar extrapolation was required for the
CIQ(D,a)Beg, crocs sections, where the published measurements (Refs.22,26,
27,28,29,30) were made at 8 Mev. and 14 Mev. only, and similar error

estimates resulted.

Fairly complete data in the energy range required was available for the
¢c12(n,3a)n' reactien (Ref.24) and was extrapolated to threshold hsing the
theory of Sachs (Ref.25) which gave good fit to the measurement of Ref.24,

Errors were of the order of 20%.

The C12(n,p)Bl2cross section is less than 10m.b. below 16 Mev. (Ref.22)
and the reaction was peglected, as were the contributions from the ether
€12(n,X)Y reactions, whose thresholds are all greater than 13.7Mev.

To check the above values, the sum of the non - elastic reactions

considered waes found and compared with that of Ref.22 for each energy bin.
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The mean error was about 15%, the same as the accuracy of cue te=st.

From the above compilation, each purtial cross section was divided by

-

the total cross sectien to provide a list of reaction probabilities for

1)

each energy bin. Adding these in turn to the first, (the total sum

]

gave integral probability values P(n),(n:l,&),to be strobed by random
number R so that, if R<P(1), then Reaction 1 (= elastic scattering) was
chosen; if R*P(1) and R4P (2); Reaction 2 (= inelastic scattering) was
chosen and so on.

Having decided the reaction type, the kinematic treatment required a
choice of scattering angle to be made from the known angular
distributions,

Fairly complete data on the elastic scattering angular distributiens
was obtained from Refs.(19,20). From this, twelve energy bins were
selected to have fairly constant angular distributions, and the average
differential cross section found for each of twernty bins of equal solid
angle over the range zero to m in ecach enmergy bin. A probability
distribution function of angle was thern formed and stored for each energy
bin and angles were chosen by the method already described. The same
data was used to provide the elastic partial cross sections for the
'reaction - type' energy bins described earlier.

The angular distribution of alpha particles from the c12{(u,a)Be9
reaction was measured by Kital and Peck (Ref.27) with 14 Mev. neutrons,
but covering only angles forward of about 120°, By comparing their
cross section with that measured into 4m by other workers at the same
energy, (Refs.26,28,29,30) the average differential cross section in the

unmeasured region was found to be the same as that measured at 90° and
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1200, s0 that this value was assumed constant for all backward angles.
The isotropic treatment of the C12(n,3a)n' reaction has already been
described.

The approximations invelved in the non ~ <lastic treatments are
necessar& because of lack of data, but since the probability of obtain-
ing such a reaction is of the order of 5% compared to Hydrogen and
Carbon elastic scattefing, the errors introduced into the efficieﬂcy
values are relativély small (20% of 5%). The fact that the
significantly large light pulses come from preton recbils improves the
accuracy of the detecter efficiencies still further.

(C) The Light Response Functions of Organic Scintillators.

Introduction:-

Fluorescence is produced in organic scintillators due to the
excitation or ionisation of m electron molecular binding systems:in the
material (Ref.l1). These two processes lead to the well known fast and
slow components of the fluorescence radiation. A fast electron
depositing all of its energy in such a scintillator will convert some
fraction S (=4%) of this energy to scintillation emission of
fluorescence photons by the aboye process, the rest being absorbed non -~
radiatively. Particles producing heavier densities of ionisation and
eicitatlon show a decreased absolute scintillétion efficiency (S) due
to simple space - charge effects (ie., 'ionisation quenching' (Ref.l1)).
Hence the scintillation response (L) to electrons, protons and alpha
particles of 5 Mev. energy, is in the approximate ratio 10:5:1. Since

dE/dr is a function of energy and particle type, in general, L is a non -

linear functien of these perameters.



Ionisation queqching affects the fast component (excitaticu part)
of the scintillation only so that the total scintillation pulse is a
function of this quenching and therefore of the type of incident
particle. This property allows the use of pulse shape discrimination
(P.S.D.) to differentiate betweeu types of particle.
For lightly icnising relativistic particles,
dL/dr = S. dE/dr (1)
The terms are the specific fluorescence (dL/dr) the absolute
scintillation efficieuncy (S) and the specific energy loss (dE/dr),
where r is the range in the scintillator in cm. air equivalent or
mg., cm.~2 This equation has been verified by many authors, as listed
in Ref.l. The various components of ionisation quenching are
described in Ref.l as is the semi-empirical relation due to Birks
dL/dr= (S.dE/dr)/(1+kB.dE/dr) ' (2)
which allows for the quenching effect of the sr-cific density of
ionised and excited molecules aleng the particle track. (B and k are
constants). Obviously (2) reduces to (1) for small dE/dr, ie., fast
electrons. For large dE/dr, (2) becomes -
dL/dr = S/kB = constant ‘ ‘ (3)
Equations (2) and (3) have been verified by many authors listed in
Ref.l., 1In particular,.Prescott and Rupal found kB = 9.1(:0.6)mg.cm.-2
for Ne 102A using electrons, protons and alpha particles (Ref.36).
Evans and Bellamy obtained kB = 10.0(+1.0)mg.cm.~2 using protons and
electrons for the same scintillator (Ref.}?).
For Monte Carlo calculations, the response of the different

ionising particles may be obtained by measurement or by equation (3),

16
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using one measured response to drive kB. This method was used by
Batchelor et. al, (Ref,lS) as previously described.

Data Available on Scintillation Responses to Protons.

The recoil proton sciutillations dominate the light output of
organic scintillaters when bombarded with fast neutrons, so than an
accurate knowledge of the non - linear scintillation response to
protons is required to predict the efficiency of such a detector. The
‘published respénses for Ne 213 liquid scintillator are presented in
FigsC(Refs.15,16,17,38,39). There are large disagreements between
the different results. The response of Ne 211 is identical to Ne 213
over the energy range of interest. (Ref.16). For Ne 102A plastic
scintillater, the two published measurements agree to within the 20%
error at high energies but show discrepancies of the order of 50%
below 1.5 Mev., (Figs.7A,B.). The authev undertook measurements of
these responses to resolve the conflict in the available data.

Measurement of the Scintillation Respouse to Protons in Organic

Scintillators.

The scintillation response to protons may be measured by direct
proton bombardment, as in Ref.37, or by using proten recoiis from
neutron bombardment, as in Ref.38. The second method avoids surtface
effects for low enmergy protohs (Ref.l), but does require the usua{
measurement of ‘the maximum prbton energy (= input neutron energy) as
the edge of the recoil plateau, unless coincidence techniques are
used (Ref.38). Neutron bombardment was couvenient to the author
because the recoil spectra obtained would be just those which a

calculation must match to determine the detector efficiency properly.
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For this reason, the measurcments were made using the large
scintillators which the auther wished to calibrate. Smaller
scintillators could have been used and pessible multiple interaction
effects diminisned, but this would have required much more
accelerator time to achieve the same statistics, and the larg~
scintillator measurements would still have beer required. -
Neutrons of known energy were obtained by time of flight measurement
in fhe multi - angle spectrometer constructed by the author. The
Scintillaters used were samples of the liquids Ne 211 and Ne 213 in
cylindrical form 5" diameter by 2" thick and Ne 102A plastic
scintillator 5" diameter by 5" thick. Each was mounted directly on
an XP1040 photomultiplier fitted with a commercial integral assembly
of base divider chain, linear preamplifier and constant fraction
timing trigger.* Fig.8 shows the electronic arrangement used, which
included fast timing and linear chaunnels and a coincidence gating
requirement, enabling the time of flight of each neutron to be
stored in coincidence with the proton recoil pulse height it preduced.

Data was taken simultaneously for the three scintillaters on 3
different flight paths, all at 20m., and was sorted into a PDP_?
computer by the A.D.C. interface system designed by the auther.
The computer programme (Ref.&l) allowed simultaneous acquisition of
data from three bidimensional devices, using parts of memory as
buffer stores for each input, and dumping the contents ento magnetic
tape when the buffers were full. By this means, 250 linear channels
by 512 time of flight chaunels were available for storage of each |

*  Ortec Inc., Oak Ridge, Tenn., U.S.A. .



Table 2,

AND _ ELECTRON

ENERGIES

GAMMA RAY CALIDRATICN LINES

Source | Gamma Ray | Photo ~ Compton Edge| Observable Compton
Energy Peak Value (Mev,) Bdge (Mev.)
An?tl | oo kev.* | Yes
Na?? | 1.274Mev. 1.060Mev. 1.102Mev. (+.01)
0.511Mcv, 0.3407Mev. 0. BSI;Mev.. (+.004)
cs!27 | 0.6612Mev. 0.4747Mev. | 0.494Mev. (+.004)
h?28 | 2.615Mev. 2.379Mev, | 2.476Mev.(4.03)

¥ Because of the non - linear response to electrons of

125 kev,

energy, this 60 kev. appears as = 57 kev. (Ref.l,p.186).

Table 3.

RESOLUTION PER

in.s,

CHANNEL

AT 20m.

Neutron Energy

Energy Resolution

(Mev.) % Absolute (kev.)
i 0.7 7
4 1.3 55
9 2, 185
16 3. 140
Table 4. CONSISTENCY IN THE TWO GAIN RUNS.
Neutron Energy | High Energy LP.| Low Energy LP. Difference
Mev, (Low Gain) (High Gain)
4,00 1.425(+.02) 1.385(_+_.05)_ +.037(+.05)
3,52 1.195(%.03) 1.215(+.03) - 020(+.04)
3.00 0.910(+.015) 0.920(+.01) ~.010(+.02)
. 2.51 0.685(x.015) 0.675(+.007) | +.010(+.02)
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input spectrum.

Consideration of the previously published measurements showed an
increase in scintillator response of about 200 as the neutron energy
was increased from 0.5 to 16.0 Mev., so that Lwo runs with different
gains in the linear channel were required to cover the range without
distortion (caused by nen - linearities of the analysers in the first
few channels). The region of overlap was conveniently set to include a
range of pulse heights straddling the halfway peint in the tctal range,
(about one 1ight unit). The light unit (L.u,) was deficed as the
scintillation response to 1.0 Mev. electrons. The gamma ray energies
used to provide calibrations, the corresponding Compton Ldge energies
and the 'Observable Compton Edge' energies are presented in Table 2,
In 1964 Flynn et. al. (Ref.42) found this 'Observed Compton Edge',
taken as the half height of the fall off in the observed Compton
digtributicn, to he 4(11)% greater in pulse height than the expected
one, by comparison with K - conversion electrons of known energy and
the pﬁofopeaks of low energy gamma rays. The results of Evans and
Bellamy were published prior to this discovery so that their results
ﬁay be low by 4%.

In Fig.10 the calibration graphs for the two gain runs are shown.
The errors on the points are small (= the size of the point) and both
the relations are linear, so that the calibration is accurate to = 2%
(including the»l% error in the 4% multiplicative constant). The
highest calibration point is 2,476 L.u., equivalent to about 5.5 Mev.
Errors in extrapolation to higher light levels are

neutron energy.

small, due to the good linearity of the system, and an estimate of this
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effect is included in the exp~rimental errors assigned to such points.

Great care was taken in the nermalisation of the tﬁo gain ruus,
and complete spectra for neutron enmergies between 2.5 Mev. and 4.0 Mev.
were taken in both gain setiings. In order for the two spectra to be
properly aligned, consistent values of LP(E) had to be obtainec from
both gain runs, over all the overlap region. These results are
presented in Table 4 and show the two calibrations to give identical
results to within the experimental error.

During data acquisition, possible overload or ‘'after pulsing'
effects, caused by the large flux of Cqmpton scattered gamma rays from
the (¥,n) target, were avoided by choosing the electronic delays so
that this prompt 'Gamma Flash' was on scale (about channel 30) on the
time to amplitude converter(ToA.Co). In this condition, the system
could not measure any more events un?i] another start pulse was
provided by the accelerator, so that spurious counts were avoided.

The gamma pulse was stored for a very short time in practice, to
provide a convenient time calibration point, then it was biased out by
a low level discriminator on the analyser to aveid storing a large
pumber of uninteresting pulses. (The T.A.C. was still inhibited in
this mode). A compromise between neutron count rate and losses due to
gamma inhibits was achieved by optimising the thickness of lead
absorber at the target end of the flight path, This attenuated the
(low energy) gamma rays about 5 times more than the neutrons. Te
mipimise further the number of gamma rays per veutron, flight paths at
angles backward of 90° to the electron heam were used, since the Compton

scattered gamma rays are highly forward peaked. The number of high
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enc.gy neutrons per unit garma flash was further maximised by the
choice of light elements to makec the photoneutron target. Heavy water
(D20) was found to be convenient because the Deuterium gave a good
flux of high erergy neutrons and the clear structure in the Oxyvgen
giant resonance provided an absolute energy calibration. A tvpical
time of flight spectrum is shown in Fig.9.

To cover the time from zero to greater than that of a 0.5 Mev.
neutron at 20m. required 2.5 u.s., sovthat 5 n.s. per channel was
obtained from the 500 chaonels available., The total time resolution
due to the electron beam width and electronic effects was less than
4 n.s., so that the channel width gives a goed indication of the total
resolution of the system. Some typical neutron energy resolution
values are presented in Table 3. The time per channel calibration
was made by stendard techniques using an oscillator of known frequency
and the zero of time was calculated from the gamma flash channel and
the flight path length. The calibrations reproduced the energies of
the 6.23 Mev. and 8.0 Mev. 016(Y;n)015 peaks to within the expected
accuracy ( 1 time channel).

A typical count rate for neutrons or gamma flash pulses was

1000 per minute, which allowed the accumulation of about 2 million

counts in each gain run of 3 days. The background count rate was all

due to random gamma rays and was always less than 3% of the real rate
so that it was neglected. Gains were checked periedically and no
significant drifts were observed.

Data Reduction.

The large matrix of data to be handled pused special problems,

most of which had previously been solved by Mr. J. Kellie of this
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laboratory, who kindly provided the programmes (Ref.41). Data stored
sequentially was converted to a matrix array on magnetic tape; which
could be consulted by a programme allowing display and hard copy out-
put of linear spectra in coincidence with selected time of flight
choonels, that is, spectra produced by neutrops of known energy. Tﬁis
is the information required, but the lack of statistics at high
energies, where there were relatively few neutrons and the linear
spectra covered many channels, demanded summing over several channels
of pulse height. Between 70 and 100 final channels were normally
chosen,

Other authors have assumed the equality between the incident
neutron energy (= the maximum proton recoil energy) and the half
height of the fall off on the recoil proten plateau curve (Refs.15,16),
but preliminary Monte Carlo calculations made by the author, hased on
tﬁe proton response curve of Evans and Bellamy (Ref.37), showad this
assumption to be invalid for neutrons below iM.e.V. energy in thick
scintillators. The large multiple scattering probability and the noun -
linear light response combine to produce a bigger fraction of large
pulses and the resultant recoil proton spectra are extremely non -
uniform. This is shown in the measured respouses of Hardy (Pig.1) and
also in Fig.11l, where calculated proton recoil spectra are presented
for 1Mev. neutrous incident on various sizes of Ne 102A plastic
scintillator. There is obviouély no relationship between the 'half
slope' and the (constant) position of the cut-off in the spectrum of

individual Hydrogen recoil pulses. Further preliminary calculgtion

determined the actual relationship between the maximum energy of

recoil proton and a significant feature of the final recoil spectrum
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for cach neutron cnergy. The fraction of the.recoil platean peak
producing the correct channel was found to decrease from tﬁe expected
0.5 at high energies (8M2v.) to 0.25 at 0.7Mev. This is consistent
with the increase in distortion by multiple scattering for neutrons of
lover energy which have relatively more interactions in £he
scintillator.

Usiog the above criteria, the linear channel corresponding to
each neutron energy was found and converted to the scintillation
response using Pig.9. The resulting response curve, (Fig.l2 curve I)
was used as‘input to a second Moute Carlo calculation, the cut - off
relationship was found and the originél data re-examined on this basis.
A response curve was again made and found to reproduce the original
above 1.5Mev. although the results at lower energies were not so
consistent (Fig.12 curve EI). This inconsistency was found to be due
to a change in the trend of the light response funcﬁion at energies
lower than those measured. Such a response was indicated by the
reéuits of Smith et. al. (Fig.?7). The effect of a decrease of the
slope of the logarithmic curve is to make lower energy protons give
slightly larger pulses, so that the effect of many small interactions
is to '1ift' the value of the total light puise, and the half slope
becomes greater than the one expected on the trend of the higher
energy response alone,

An approximating function to this trend was produced as in Fig.lé,
with a 'gradient’ determined by the results of Swmith et. al. (Fig.?)
and the condition that the response pass through the origin, or the

‘energy axis, so that LP must vary more quickly than linearly with L.
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SCINTILLATION RESPONSE OF NEI02A TO PKOTONS. Fig.15
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Altering the position of intersection of the low energy tcend with the
high, varied the magnitude of the multiple scattering effect in +ihe
sensitive area (0.7 to l.OMev.) and therefore the calculated relation
between the peak in the light spectrum and the Hydrogen cut - off,
Values of LP werc then obtained trom the measured data with the new
criteria and compared with the previous values., The process was re-
peated until consistency was found. The results were highly sensitive
to the position of iniersection, for a change of’interéectien point
from 0.5 to 0.55Mev. brought on obvious improvement. The finel

response is shown in Fig.1l2, curve 111. The results in the 0.7/Mev. to
1.0Mev. region are felt to be accurate since the consistency test was
extremely sensitive. The trend below 0.6Mev. is presented as an
indication only, although it is probably a good approximatien to a
more continuous real response. The results above 1l.5Mev. were not
measureably affected by the changes in respense at very low energy.
These were always self -~ consistent and this data is presented with
confirmed accuracy.

The author's results for Ne 102A scintillator are presented in
Fig.l4 and 15 where comparison is made with the data of Evans énd
Bellémy (Ref.37) and Smith et. al. (Ref.38). The agreement, is seen to
be good at low energies where the avthor's resulis lie between the
other .two measurements, and to be just within the errors at energies
above OMev. where the author's curve lies above the others by ahout
10%4. Errors on the author's results are shown unless they are smaller

than the points, and it can be seen that measurements have been made

with a useful increase in accuracy over the whole range.
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Results for Ne 102A have been presented in detail because this
scintillator was actually used in the author's photoneutron experiment.
The data on Ne 211 and Ne 213 is still under analysis at this time, but
a previous trial run on Ne 211 had given resujts similar to those found
by Verbinski (Ref.l6) for both these scintillators. This information
is presented in Fig.G.

The Scintillation Response of Carbon and Alpha Recoils.

The responses to Carbon recoils in Ne 102A and Ne 213 were
accurately measured by Steur and Wenzel (Ref.%43), and these results
were used directly by the author. Interestingly, the value of response
in Ne 213 is 2% times lower than that predicted by Batchelor (Ref.15)
using equation (2) although Ne 102 shows the expected value. Alpha
_responses in Ne 102 were obtained from the measurements of Gooding and
Pugh (Ref.44) and in Ne 213 from the presentation by Verbinski (Ref.16),

In Fig.16 arc shown these responses to protons, carbcn ions and
alpha parficles for Ne 102 sc¢intillator, and the fit to each used for
mathematical convenience in the Monte Carlo calculations. Error;'in
the approximations should be small (=1%).

(D) Comparison of the Measured and Calculated Light Spectra and_the

Detector Efficiency Results.

Tvpical measured and calculated light spectra from neutrons of
energies between 0.7 and 13.5Mev. are presented in Figs.17(a)-17(e).
These may be compared with the measurements and predictions of Hardy
(Fig.1) to see how agreement with experiment has been improved. This

excellent agreement lends authority to the values of detector efficiency

calculated through these spectra.
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Fig.18 shows the effiziency curve calculated for the " dia. x
5" Ne 102A plastic scintillators at various bias levels. The clow
discriminator cut - off effect is also shown. To the author's
knowledge, no measurements of efficiency have been made ‘or such a
scintillator, but experimental results for the 4" dia. x 1" thick Ne
213 scintillators were available (Ref.45) and these were used to check
the results for an exactly similar calculation on these detectors. The
comparison is made in Fig.19 where the relative efficiency measured
(Ref.45) has been normalised to the author's value at 2Mev. Calculation
and experiment agree, to well within the experimental errors, and this
is taken as justification of the calculation technique common to all
scintillator types and dimensions. Note that these measurements were
made with a slow (total charge) discriminator. No suitable efficiency
measurements at energies above 6Mev. are available for comparison tc
the author's knowledge.

Estimates of the accuracy of the efficiency values can be made by
consideration of the possible errors in the important parameters ;
although to estimate their effect on the final result is not al-
ways straightforward. The Hydrogen and Carbon cross ssctions ;re
accurate to 1% and to between 2% and 5% respectively in the energy
range. The error so produced in the mean free path is typically about
2% but the stopping power (the main component of the efficiency) is not
in error by this amount, because:

W = leexp(~t/A)
so that: aw = (@/n)*(t/\*exp(~t/\)

substitution of typical values shows dW/W to be less than 0.5% in the
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worst case, and therefore regligivle. The same 2% error in A dominates
the uncertainty in PH, the probability of Hydrogen reaction. Most
large light pulses come from Hydrogen collisions so that this quantity
is important in simple efficiency models, but the large probability of
a second interaction, in the present scintillatof,allows many neutrons
to be detected despite having first Carbon collisions,so that the
efficiency is less sensitive to PH efrors. A value of + 1.5% was
typical.

Errors in the scintillation reéponses measured by the author and
the approximéting functions used in the programmes to duplicate these
are less than 2% and these have little effect upon the detection
efficiency of most neutrons whose average pulse height is much above
the bias level. The largé multiple interaction probability and the
possibility of large light pulses from the & and (n,n’) reactions -
decrease the 7% ecror in the light production, caused by the 15%
uncertainties in Cl2 reaction branching ratios, to about 3%%, since
detection requires only one pulse component to be greater than the
light bias. Further errors due to the a?proximate treatments of some
of the non - elastic Carbon reactions are estimated to affect fhe
efficiency by less than 1%, so that, below 6Mev. where non - elastic
events are insignificant, the total error is less than 2%. At higher’
energies the uncertainty increases to L4%.

The size of systematic errors introduced at very low neutron
energies by use of a fast discriminator only have been estimated in
Fig.5C. This difficulty is normally overcome by only using the

efficiency curve for energies above these, and this was suitable to the
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purposes of the author, who required calibrated neutron detectors
above about 1lMev. energy for measurements of Giant Dipole Resomnance
photoneutron cross sections. The present caleculations are seen to

provide the required calibrations with good accuracy.

Ly
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APPENDIY 3

Summary of the main errors inherent in the calculation of the B2 cross—

section from (v,p) avgular distribution coefficients using the formula

of Frederick.

(1) The effective charge of B2 transitiouns in light nucleii is about %
for both protons and neutrons as opposed to the theoretical (1plh)
value of 29/32 used for protons in the derivation of the formula,
The cross-sections are therefore liable to be over estimated by a

factor of ~ L,

(2) Several simplifying assumptious are made about the two El components,

viz, cos (03/,1 -0% 1) =1; P03/ 1 = 0.999; -2-;21 = ,001 and
P 3y 2 -

AQ/AO = ~0.55. Ixperimentally observed variations in AQ/AO may

>l

cause ~ 25% errors if neglected, anf the associated average values
of/j 3/221 and/C)%gl are experimentally 0.96 and 0.04 respectively.
This decreases the calculated E2 cross—section by < X2 for‘typical
AI’A values in the préton distributions. The cross—-sections shown

3

may therefore be too large by this amount.

(3) The model applies to protons, that the neutron results are similar

is unexpected on a lplh basis.,




