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ANGULAR DISTRIBUTION OF PHOTONZUTRONS FRON DEUTERIUM

by

Andrew 0. Evwaraye
ABSTRACT

A photon beam of Bymax = 125 MeV, produced by the Saskatchewan
electron linear accelerator, was used to irradiate a deuteron target.
The deuteron target was viewed simultaneously by five neutron detectors
located respectively at 30°, é60°, 90°, 112° and 142° to the incident

photon beam,

The measured angular distributions were compared with the
£heoretical calcdations using Hamada- Johnston and Boundary Condition
Model potentials. The results of this experiment were also compared
with previous measurements where they overlap. Good agreement was
found between the present measurements and theoretical predictions in the
energy region of E%QAO MeV. The shape of the engular distributions in

2
this energy region is approximately sin ©Oas expected.

There is no strict agreement between the present measurements
and the theoretical predictions at EBQSS MeV., Though the non-phenomenological
potential, the Boundary Condition model potential, appears to give better
predictions of the angular distributions than the Hamada- Johnson potential.
The apparent disagreement between the present work and previous
experiments at backward angles is interpreted 4c be due to the large
uncertainties in the background subtraction in the forward proton angles,

as all previous workers detected in the outgoing protons in the



reaction D (¥, p) n. The large isotropic contribution observed is

I

interpreted to be due to tensor forces both in the ground and final

states as well as spin-orbit forces in the final state.
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INTRODUCTION

Both experimentally and theoretically, the two-
nucleon problem is probably the most thoroughly studied
subject in Nuclear Physics. The investigation has been
stimulated by the mathematical simplicity of the two-
body problem. Together with the expectation that the
forces between nucleons are additive, a complete know-
ledge of the two nucleon system would lead to a better
understanding of all nuclear properties. Although there
seems to be some evidence that the nuclear forces are
not additive, the two-body problem is still our best
source of knowledge regarding the nature of nuclear
forces.

Experimentally, the advent of modern particle
accelerators which deliver precisely controlled beams
of high intensity has led to improved experimental
accuracies. Hence more meaningful and reliable
information about the two body problem may«nbw be
obtained experimentally.

Most of our knowledge of the two-nucleon interaction
comes from studies of the deuteron and elastic- scattering
of two nucleons. In particular, information concerning4
the behaviour of the two nucleons at small distances
is extracted from the analysis of the experimental

data on elastic scattering of two nucleons. Parametization



of the interaction from such on-the-energy-shell
processes, in which the outgoing nucleons have the same
energy and momentum as the two incoming nucleons, has
resulted in a variety of nucleon-nucleon potentials.

The common features of these potentials are the inclusion
of tensor and spin-orbit forces in addition to the central
force.

Our knowledge of nuclear forces, however, is
incomplete until the behaviour of the potentials off-
the-energy-shell, in which the outgoing nucleons do
not have the same momentum and energy as the incoming
nucleons, is better understood. Experimental studies
of the two nucleon system off-the-energy-shell include
the photo-disintegration of the deuteron, elastic and
inelastic electron scattering from the deuteron, and
proton-proton bremsstrahlung among others.

Since the observation of photo-disintegration of
the deuteron by Chadwick and Goldhaber (1934), a
number of experiments have been performed using either
monochromatic photon sources or continuous bremsstrahlung.
At lower energies, the agreement of the independent
experimental results is not only good but the theories
predict the correct behaviour of the cross-section as
function of energy and angle. At high energies the
experimental results are not only inconsistent but also
incomplete. It is in this region that theoretical

predictions based on different interaction potentials



show marked differences. Hence, no conclusions have
been drawn so far concerning the agreement between
theory and experiment.

One of the aims of the present experiment is to
resolve the inconsistency between previous experiments
and to add more experimental information where necessary.
It is clear that careful study may yield vital information
concerning the off-the-energy-shell behaviour of the
interaction of two nucleons. In this experiment,
unlike previous experiments in which the outgoing protons
have been measured, the outgoing neutrons are detected
using time-of-flight spectrometer to determine their
energy. The time-of-flight facility at the Saskatchewan
accelerator laboratory allows neutron spectra to be
measured at laboratory angles of 30°, 60°, 900, 1120,
and 142° in the energy range 10<EY<125 MeV using a
bremsstrahlung of Eypax = 125 MeV. Since the absolute
neutron detector efficiency is not known, no attempts
have been made to measure the total cross-section.
However, the measurement of the angular distributions
is an adequate test for the competing theories.

A general survey of previous work, both theoretical
and experimental will be given in Chapter 2; the first
half of Chapter 3 is devoted to an outline of the
analysis of the photo-disintegration of deuterium by

Partovi (1964), In the second half of that chapter,



the most frequently used nucleon-nucleon potentials are
discussed. The experimental arrangement and data taking
procedure will be found in Chapter 4, while the data
treatment and experimental uncertainties are described
in Chapter 5. Finally in Chapter 6, the experimental
results are presented, discussed, and compared with

theory and previous work.



CHAPTER 2

GENERAL SURVEY OF PAST WORK

2.1 Elastic and Inelastic Electron Scattering

The elastic and inelastic electron scattering

from the deuteron is represented by the Feynman

diagrams in Figure 2.1

Figure 2.1

By elastic

where g is the four momentum transfer.
electron scattering, the deuteron form factor has

been measured at different momentum transfers (Hartmann
(1967), Erickson (1964); McIntyre and Dhar (1957)).
Since, at high momentum transer, the form factor
depends strongly on the deuteron wave function, it

can provide information about the nature of the



deuteron wave function at small inter-nucleon distances.
In this region, the two-nucleon force models differ
from one another; but unfortunately no conclusion can
be drawn from the existing experimental data regarding
the off-the-energy-shell behaviour of these potentials
(Gross (1967)).

At low momentum transfer, the existing nucleon-
nucleon potential models result in deuteron form factors
which differ by only a few percent. In order to study
the off-the-energy-shell behaviour in this region, the
experiment has to be accurate to about 1/2%, but such
measurements are inherently difficult.

In most of the inelastic electron scattering
experiments on deuterium, only the outgoing electrons
are detected (Katz et al(1968); McIntyre (1956)). The
information obtained about the nucleon-nucleon system
from such measurements is limited because the cross-
section is integrated over the outgoing neutron and proton
co-ordinates. The ideal inelastic electron scattering
experiment on the deuteron is to detect the outgoing
electron and neutron or proton in coincidence. Such
a coincidence experiment has not been carried out at
the energy range of the present interest. This type
of experiment is, however, not pratical with most of
the present electron accelerators because of their

low duty cycle.
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P-P Bremsstrahlung

P-P Bremsstrahlung is represented by Feynman

diagrams in Figure 2.3

\g! Ft
4r
e
A FQQ f G
Figure 2.3

where Piso PZi; Pigs Pyg are the initial and final
momenta respectively of protons 1 and 2 and i is
the momentum of the photon. In the proton-proton
bremsstrahlung experiment the two outgoing protons are
measured in coincidence with the outgoing photon. The
proton-proton bremsstrahlung has been measured
(Warner 1966; Slaus et al 1966; Mason et al 1968) at
several isolated energies and angles.

Earlier theoretical attempts by Sobel and Cromer
(1963), Signell and Marker (1968) to calculate the

proton-proton bremsstrahlung were plagued by errors
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and omissions but the recent calculations of Brown (1969)
are very enCouragingo It appears that within the present
theoretical art, the calculation of proton-proton
bremsstrahlung is adequate and awaits only improved

experimental accuracy.

Photo-disintgg;ation of the Deuteron

In the photo-disintegration of the deuteron,
y+d + n+0p

the nucleon-nucleon potential enters the photo-
disintegration cross-section through the initial and
final states of the two nucleon system. A complete
summary of experimental work in the energy range
2‘22<EY<17 MeV is found in Wilkinson's article (1953)
and a detailed theoretical discussion with experimental
data can be found in the review article of Hulthen
and Sugawara (1957). Some pertinent theoretical and
experimental discussions are found in the various
articles by Moravcsik (1963); Wilson (1962) and by
Levinger (1960). Only the work that is relevant to

the present experiment is reviewed here.

Experiment

In the energy regions 20<EY<65 MeV (Allen (1955))
and 60<EY<250 MeV (Whalin et al (1956)) both angular

distributions and total cross-section of the D(y,p)n



reaction were measured using emulsion plates to detect
the outgoing protons. The use of emulsion plates is
advantageous because simultaneous measurements at many
angles can be made. Fogging of the plates, however,
makes it difficult to obtain well defined proton‘tracks,
This effect introduces greater uncertainty in the
determination of energies.

Using acounter telescope for detecting the out-
going protons, Aleksandrov et al (1958) (50<Ey<150 MeV)
and Galey (1960} (50<Ey<90 MeV) measured differential
cross-sections at various laboratory angles. Counter
telescopes have the advantage of discriminating light
particles from heavy particles and the background is not
a severe problem. However, unless many detectors are
used simultaneously at various angles, the monitoring
of energy and the intensity of incident y-ray may
introduce large uncertainties.

In the energy region 9<EY<23 MeV, Whetstone et al
(1958) using a NalI(TL) scientillator measured the
angular distributions of the reaction D(y,p)n.

Recently, Weissman and Schultz (1969) have
completed a deuteron photo-disintegration experiment
at Yale. By detecting the outgoing protons in the
reaction D(y,p)n at laboratory angles of 30°, 459, 60°,
90°, 120°, 135°, and 150° both the total cross-section
and the angular distributions were made. However, it
appears that measurements were not made at forward

(proton) angles for Ey> 45 MeV,
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2.3.2 Theory
DeSwart and Marshak (1959) used the Signell-Marshak

potential (1958) to calculate the total cross-section

and the angular distributions of the photo-disintegration
of the deuteron. They considered tensor couplings in
both the final and ground states. The deuteron ground
state is no longer just 381 but is represented by

the sum of 351 and 3D]. The electric dipole (E1)
interaction causes transitions from the ground state

to the final states as given by
55 + 301 ~» 3pg, 3p1, 3py + 3F, e

The electric quadrupole (E2) transitions are characterized
by

s, + 3p; - 3s; + 3pp, 30y, 33 + 363

while the magnetic dipole (M1l) transitions due to spin

flip are
3s; + 30y ~» sy, 1py.

Rustgi et al (1960) used two modified versions of
the Signell-Marshak potential. They considered El, EZ,
and (3s7 » 1sg) M1 as well as (3S] » 3S1) M1 transitions

and exhibited the importance of these multipoles.
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The M1 (381 > 381) transition is given by:
38y + 3p; + (3s1 + 3py1), 3D,.

Donnachie et al (1964) used phenomenological wave
functions (Hulthen - Sugawara type) for the ground
state and the final state interaction described by the
joint set of YLAM, YLAN3M of phase parameters of Breit
(1960) and Hall (1961). 1In these calculations, the M2
(to singlet state) transitions were considered in
addition to those multipoles included by Rustgi.

Then the effect of different D state probabilities was
investigated.

The most accurate analysis of the photo-disintegration
of the deuteron to date is that of Partovi (1964) which
will be discussed in detail in Chapter 3.

In summary, a general agreement is seen between
various experiments in the low-energy region (Ey<40 MeV),
while theoretical calculations predict the correct
angular distributions and total cross-sections. Non-
central forces are necessary to interprete the experimental
results, especially the large isotropic components in
the angular distributions. At higher energies, however,
the various experiments are mutually inconsistent and it
is difficult to draw conclusions concerning agreement

between theory and experiments.
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CHAPTER 3

THEORY

LY

Review of the Electromagnetic Interaction with the Nucleus

'In electromagnetic interactions with the nucleus,

the interaction Hamiltonian may be written as
= _ . b e o e e e e e
H' = ]Ju(x)Au(x)d b (3.1)

where Ju(x) is a 4 - vector current density operator
for the system of nucleons, Au(x) is the 4 - vector
potential operator for the electromagnetic field.

In 4 - vector component notation, we may write
> >
Ju(x) = (J(x), icp) and Au(x) = (A, i9)
> ->
Thus JU(X)AU(X) = J(x) » A(x) - cp9.
In the coulomb gauge (& = 0) equation 3.1 reduces to
H' = - JI(x)R(x)d®x -----mmmmmemn- (3.2)

The total Hamiltonian for a system of nucleons in an

electromagnetic field is-

H=T+ Hye + Hpap - J30(0)-R(x)d’x

where T is the kinetic energy operator for the motion

of the centre of mass of the system of nucleons, HNUC
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is the Hamiltonian associated with the internal motion
of the system of nucleons and HRAD refers to the free
electromagnetic :field. Since the electromagnetic
force is weak compared with the internucleon force,

the interaction Hamiltonian
> >
H' = - JI(x)-A(x)d®x

can be treated as a perturbation causing the transition
between different eigenstates of  the unperturbed

Hamiltonian

Thus the transition matrix is given by

Hi; = <E|-[T(x) A(x)A x| 1> --emmmmmmmm- £3.3)

where <f| and |i> are the final and initial states
respectively.
The vector potential operator‘K(x) may be written

(Heitler, 1954) as*

> L >
1wWeX = + -lwox}

> >
Ax) = 1 I {eya,. . e -€5a,. . €
G = A Sl B,y e

where a is the annihilation operator for a photon

WA
> . . + . .
of wave vector w and polarization X, a, ,1s a creation
b4

*A system of units in which i = C = 1 is adopted.



operator and €3 is the spherical unit vector given

(Rose, 1961) by

-\ - -> ] L

e, =+ 1 (e, + i€
) vz oF y

- >

€0 T £z

Following Foldy (1953), the current density

>
operator J(x) in equation (3.2) is divided into two

parts, the convection current JC(x) and magnetization

Js(x) current

Jx) = 3°x) + ¥ )

_>C _ A > ->
J=(x) —Zﬁagl(ou(X)Ha * e, (x) )
-+ A -
JS(x) =&y (Vx M (x))
2M o=1

>
where I, is the momentum operator of the nucleon a,

M is the nucleon mass and p,(x) and M (x) are respect-

ively the charge and magnetization densities of the

system of nucleons. If nucleons can be considered as

14

structureless particles (for details of this assumption,

see Pearlstein and Klein (1960), Hsieh (1959) and
Akriba (1960)) then

Py (X) = eyd(x-x4)

My (X) = ugoe8(x-x4)

where e, and ugare the charge and the magnetic
moment of the nucleon o respectively; and x, is the

vector location of the nucleon a.
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Now using the form of,3(x) given above and the ex-

pansion of’z(x), the matrix element H'y; (equation 3.3)

can be evaluated if the states |i> and |f> are known.
We now specialize the general discussion above

to the case of deuteron. In this case, the initial

state |i> consists of the centre of mass motion of the

system of the two nucleons, the internal motion of

the nucleons and a photon of momentum w:

Reaiise
-iweR deut |+

|i> = j%‘ e Wmd Wy A>
N
-

where QN is the normalization nuclear volume; R
is the position vector of the centre of mass of the

n-p system, md

is the Z-component of the total angular
momentum of the deuteron and X is the polarization of
the photons. Thus the plane wave exp(-iz-ﬁ) represents
the motion of fhe centre of mass of the n-p system, in
a frame of reference where the total momentum is zero.
Thus since the photon is coming in with momentum g,

-
the centre of mass moves in with momentum -w. The

final state wave function is

' - (-)
| £> JJQ:‘ ws,ms lo>

where Wg'% is the n-p scattering state (see Mott ang
Mg

Massey 1949); s is the total spin, mg is the Z-
component of the total spin s and |o> is the eigenstate
of Hpap with no photon present. The motion of the

centre of mass of the n-p system does not contribute



to the transition, but represents the nuclear Thompson
effect. The transition is completely specified by
W%ﬁut and Wgnis, which are eigenfunctions of
’
. deut . .
Hyyc, ie. ¥ d is the ground state wave function of
the deuteron and Wé'% represents the continuum states
s Mg

of the n-p system. Thus if we know the form of Hyyc,

wdgut and
m

Schrgdinger's equation can be solved for
Wg-% . The next few sections are devoted to various
ERUIS

models for Hyyc that have been proposed in an attempt

. deut (-)
to determine Wmd and ys,ms‘

Nucleon-Nucleon Potentials

"In the preceding quarter century more man hours
of work had been devoted to the nucleon-nucleon problem
than to any other scientific question in the history
of mankind'" (Bethe, 1953) -

This devotion, which Bethe (1953) spoke about,
has resulted in many potentials ranging from the
simple sfatic local potential of Gammel, Christian,

and Thaler (1957),

Vo= Ve(r) + VpSpp -------mmmmmmmmmmmom oo (3.4)

to the complicated forms derived from meson theory
(Bryan and Scott (1964);(1967);(1969)) and dispersion
relationships (Wong and Scotti (1965)). 1In equation

(3.4) r is the distance between the nucleons, V¢ (r)
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is a central potential, Vy(r) is a tensor potential and

812 = 3(01-r)(02-r) - 040,

is the usual tensor operator.

In order to obtain the value of some of the
constants and parameters in the potentials, it is
convenient to obtain the theoretical phase shifts .
The phase shifts are determined by the asymptotic
(large inter-nucleon separation) solutions to
Schrgdinger's equation. These theoretical phase
shifts 8y are then compared with experimental phase
shifts obtained from the analysis of p-p and n-p
scattering data. Some of the constants and parameters
are then adjusted until the theoretical phase shifts
agree with the experimental phase shifts.

The existing potentials can be divided into
two major groups--purely phenomenological potentials

and nonphenomenological potentials.

Phenomenological Potentials

The purely phenomenological potentials may be
subdivided into two types, those with soft cores and
those with hard cores. By a hard core, we mean the
existence of an infinite repulsive potential at
r =T, £ o where the wave function is zero. By a
soft core, on the other hand, we mean a finite

repulsive core at small internucleon distances. The



assumption, originally made by Jastrow (1951), that
there be an infinite repulsive potential (hard core)
at small radii is consistent with the nucleon-nucleon
S state scattering data which are fit by negative
phase shifts for energies greater than x200 MeV and
by the fact that the density of nuclear matter
saturates. This group of phenomenological hard core
potentials include the Yale potential (Lassila et al
(1962); Hamada-Johnston potential (1962)%; Reid-
Bethe potential (1968). The Yale and H-J potential
(both given below) make use of a quadratic spin-
orbit potential in addition to the normal spin-orbit

potentials’
V= Ve(r) + Vp(r)Syp + Vig(r)L'S + Vipliz --- (H-J)
where the quadratic spin-orbit operator L,, is given by
Liz = 8y * (0g70p) L%~ (L-8)%

Vg is the spin-orbit potential and L:S is the spin-

orbit operator.

Vo= Ve(r) + Vp(r)Syp + Vig(r) L+S + Vq((L*S5)? + LS - L?)
------ (Yale)

fHereafter known as H-J potential
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The quadratic spin-orbit terms in the H-J and Yale
potentials are more important in the uncoupled states.
Reid, on the other hand, assumed a potential proposed
by Wigner (1941) for the coupled states

V= V.(r) + VpSy, + VigL.S.

For each uncoupled state the use of a different V(r)
represented by sums of convenient Yukawas of the form

exp (-nx) is made,
X

where n is an integer, and x = ur¥*.

The soft core phenomenological potentials include
Reid-Bethe and Bressel (1965) potentials. Reid used
Yukawa potentials to represent the soft core, while
Bressel used square wells of finite height for the
soft core (x<xc). The Bressel finite core model
potential (FCMP) is defined separately for x>x¢ and
for x<xc. For x>x. the potential is that of the H-J
potential modified to take into account the charge
dependence of the pion mass. The value of Xx¢ used in
FCMP is x¢c = 0.4852 which is greater thaﬁ the H-J hard
core radius XE'J = 0.343. The choice of x. = 0.4852
is an attempt to avoid the modification of the triplet-

odd potential (Hamada et al, 1965) for

0.343<x.<0.487.

*1 = pion mass and it should not be confused with ug

which is the magnetic moment of the nucleon a.



20

3.2.2 Non-Phenomenological Potentials

This group of potentials includes the potentials
of Bryan and Scott (1969); Scotti and Wong (1965);
Tamagaki (1967); Green and Sawada (1967) and the
Boundary Condition Model” of Feshbach and Lomon (1964).
All these models arrive at the nucleon-nucleon potential
by an exchange of particles or mesons in the mesonic field.

The BCM has a boundary of ry; = 0.7 Fermi and
this model uses m,p,w, and n meson exchange to
determine the interaction outside the boundary.
This model, however, uses the two-pion contribution
derived from the fourth order meson theory instead of
the scalar meson o, which is used in most of the other
models. The boundary radius of BCM, r, and energy
independent logarithmic derivatives are incorporated
phenomenologically.

The Bryan and Scott potential is a generalized
one boson exchange potential (OBEP). Six bosons were
used to obtain their potential; the masses of four were
predetermined and the masses of the remaining two and
all the coupling constants were free parameters. They
adjusted their meson coupling constants and masses in
order to fit an "experimental" potential of the first group.

This "experimental'" potential is obtained by eliminating

*Hereafter known as BCM
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the quadratic spin-orbit potential from each of the
Yale and Hamada-Johnston potentials by replacing the
quadratic spin-orbit operators in each case by a
linear combination of central, tensor, and spin-
orbit operators with coefficients chosen to fit P
or D states. Then they introduced a zero cut off
to eliminate lS divergence in their potential. This
potential giVZS a good fit to the p-p scattering data
from 25-350 MeV. Bryan and Scott did not attempt to
fit the S state data but they asserted that the be-
haviour of their 180 and 357 is qualitatively correct.
The velocity dependent term g; was included in
their second model (1967). P andMM are the nucleon
momentum and mass respectively. This term had been
neglected in their previous model. They found that
the inclusion of this term made the zero cut off
unnecessary for the P or higher waves. The usefulness
of this model is still limited, however, by the
exclusion of the S waves. The third model (1969)
of their OBEP is an extension of their second model
to include S waves. In order to permit an S-state
solution, the degree of singularity was reduced by
means of a smooth parameter. This model gives a

qualitative fit to the p-p scattering data, although

the fit is not quantitatively precise.
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Neither the static properties of the deuteron, namely,
the binding energy and electric quadrupole moment,

nor the D state probability for their potential were
given.

Scotti and Wong constructed a nucleon-nucleon
interaction in terms of the exchange of six mesons:
T,n,p,w,$, and 0. The o meson was introduced purely
as a way of parametizing the exchange of two pions in
a relative S state. They started with the same one-meson-
exchange normalized Born terms as Bryan and Scott
but instead of calling these Born terms potentials and
using them in Solving Schrodinger's equation for
phase shifts they utilized partial-wave dispersion:
relations to generate a unitary amplitude. These
amplitudes are then compared with scattering amplitudes
£(0,9) from experiment. Wong (1964) derived relations
between their uﬂitary amplitudes and nucleon-nucleon
potentials. This model gives a reasonably good fit
to the p-p scattering data from 0 to 350 MeV.

Green's (1967) model is similar in many respects
to that of Bryan and Scott.

The Tamagaki model is dominated in the inter-
mediate region by the OBEP associated with the p,w and
either a-J=0, I=0 meson (total angular momentum J

and total isospin I) or a two-pion exchange potential.
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He also proposed many approaches concerning the N-N
interaction at small distances (x<0.5).
No attempt is made here to give a complete
review of all the existing N-N interaction potentials
but the ones mentioned here are most widely used and
more satisfactory in the energy range of present
interest. Of all the potentials in group 2, only the
BCM potential gives the correct deuteron properties;
Green's potential gives a binding energy of 2.1 MeV.*¥
In an attempt to choose a potential from group 2,
it is natural to choose the potential that best
describes the loosely bound state of the nucleon-
nucleon problem - the deuteron, so the BCM is chosen
from this group. In group 1, the Reid-Bethe potential,
which has an expression for every state J, is not valid
for states with J>3, and in this problem, in which
all possible multipoles are considered, it is not
desirable to use the Reid-Bethe potential. The
Bressel potential is essentially the same as the
H-J with the infinite hard core replaced by a finite
square well. Hence, the H-J potential is chosen from

the first group.

*Private Communication



The form of the H-J and the BCM potentials are

given below.
The H-J Potential

Ve + VpSyp + Vpg(L:S) + Vpp Ly

\

<
]

¢ = 0.08(H) (11-75) (07-02)Y(x) (1+ALY (x)+b Y% (x))

<}
-
"

0.08(5) (11-12)Z(x) (L+ApY(x) + bp¥2(x))

Lg = WG g YZ(x) (1+b Y (x)) (1 + by oY (x))

= Gppx 2 Z(x) (1 +ApLY(x) + by Y4(x)))

<
=
.

1

where yu is the pion mass

X =ur, r is the internucleon distance
Y(x) = e ¥
X

Z(x) = (1 + 3/x + 3/x%) Y(x)»
Table 2.3 lists numerical values of the parameters.

Table 2.3

State AC bC At bt Grs byg GLL ALL brL

Singlet even +8.7 +10.6

Triplet odd -9.07 +3.48 -1.29 +0.55 0.1961 ~-7.12 -0.000891 -7.26 +6.92

Triplet even +6.0 -1.0 -0.5 +0.2 +0.0743 -0.1 0.00267 +1.8 -0.4

8.0 +12.0 -0.00267 +2.0 +6.0

Singlet odd




The properties of the deuteron predicted by this
potential are listed below.
Binding energy: 2.226 MeV.

Electric Quadrupole Moment: 2.85 x 10727 cp2

e

D-State probability: Pp = 7

The BCM Potential

Vo= Vy + Vy +Vy + Vy, + Vy

Vy = Le Gl ity)(ogroy ¢ 8,03+ 50y e

2 =3
ir (ur)é T

25

v, = enf@tez) i aun ¢ adhann?

16 T(ur) 4 (ur)

x exp(-2yr) - Rl(ur) - cl-osz(ur) - 812R3(ur))
where
12, 23 4 . 23 ~
Ry(x) = 20ry oty (Gg + gk (20« (¢ + 53K (2%)
1 4 4

+ 5(3'2T1'T2)((;z et EE)Kl(X)

R %Z + %3)KOCX))e'X
R, (x) = %{-((%2 + 2Ky (2x) + LKy (2x)) + 28(3-271°7))

((%7 + %3 + %I)Kl(x) + (%7 + %K)KO(X))G—X}

Ry (x) = g{((%z + 15)K1(2x) + 12K0(2x)) - 1g(3 211°77)

m
(& + 25 + 2K (x) - (l-[ lg)KO(x))e

where KO(Zx) and Kj(2x) are Bessel functions.

Vo= 2nftyet,(1 + 1 (1+2gv)2(mp) {2070, (143
3 12

mrmr

r2dr)s, e T
Y T
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2 2 2 My T
= 9(n")“(1 + 1 (1+2g.)%(my)” 207.0, - (1+ 3 + 3 )S,,)e Mw
A 17 SC gt 172 m,T MZTZ 127 ——

<
0

Z (m )2(0 gy + S1,(1+ 3 + 3 )) exp(-m,1)
i %% M 172 12 maT TmpT)” T

The potential given above is supplemented by boundary

conditions (See Feshbach and Lomon (1964) for details).

Table 2.4 lists the parameters of the BCM best fit.

Table 2.4

g2 = (g')% = 13.94; A = 0.9343; £ = 0.745; 14 = 0.5137u"1
M = 938.8 MeV; n’ = 0.65; (n1)2 = 1.3

2 = . = . = - . =

gn 1.0; g, 1.83; gg 0.06; m, 765 MeV

The properties of the deuteron predicted by this

potential are;

Binding energy: 2.224 MeV
Electric Quadrupole Moment: 2.78 x 10727 cm?

D-State probability is 5.2%

The parameters of the two potentials chosen
(BCM and H-J) are determined by adjusting them to

make the potentials fit the p-p and n-p scattering data.
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Such a procedure gives a fit on the energy shell, how-
ever, the potential may behave differently off the -
energy shell. A potential representing a true inter-
action should be able to give the correct predictions
on the energy shell as well as off the energy shell.
The angular distribuiton of the photo-disintegration
of the deuteron is an off-the-energy-shell problem.

Now that the two models for Hyuc have been selected,
Schrgdinger's equation is solved using each potential
for wave functions by a numerical method.

Following the notation of Hulthen and Sugawara
(1957), the scattering solutions are labelled as
W{M, J is the total angular momentum, M is the Z
component of J. Because of the tensor term in the
potentials, L = J * 1 is not a good quantum number so
A=J+1,J,J-11s taken as a quantum number such
that if the coupling goes to zero, then A - L
These eigenfunctions are mixtures of states.

JM j i
¥y =21 o (Kr) |2sjm>
A kT S

’

|2sim> = I <gvsv' | jm>y (M x($)
9
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where <fvsv'|jm> is a Clebsch-Gordan coefficient
XS?) is a spin state wave function with spin s and
Z-component v' while YSR) is the ordinary spherical
harmonics. The final state wave function is a

modified plane wave and has the following form:

- — ’ . —iG.v
Wg,%s’= J%‘ L VAT (20+1) <Rfosmg|jm>e 3
N A,j&',s'%
X Ujix Ursra Vaigna (km)[27s  img>

] . . . o 11J
where V&'s'x(kr) is the radial wave functlon,Ugsk_
is a unitary matrix which couples states of the same
total angular momentum J but of different 2. This
coupling is of course due to the tensor term in Hyyc.

U%sx is defined by the following 4 x 4 matrix:

[Cos e 0 Sine 0
j 0 1 0 0
U =
5 Sin € 0 Cos € 0
0 0 0 1 J
L

where € is the coupling parameters
Note - A >~ % as € = 0
The deuteron has only one bound state, so

Schradinger's equatibn for negative energy is
deut _ deut

t
Solving the above equation for Wigu we have

gdeut - w1y (r)|011md> + U, (r)|201md>
nd NtUq 2



2y

where N is the normalization constant)UO(r) and Uz(r)
are radial wave functions for 381 and 3Dl states

respectively. The constant N is chosen so that
deut deut _
jrzdr(wmgu ) * ngu = 1.0
and that

Ug (r)_r_’*‘”_)e-o‘r

Uy (£)F225N,e7 0T (143 + 3 )
or (ar)?’
where o? = MEy, .
(Note that the potentials selected are parity conserving).

Thus the dniti1al and final state wave functions'.

are:
|i> = N 1 {Uy(r)|011md> + Uy (r)|201md>} [T, 2>
Q r
|[£> =1 3 VI (20 +1 <zosms|jm>e'15£
N XL,G,00,s0 .8
Uy Udioiy Vg (o) l2tstimg>|0>

Since there is no photon in the final state, the

>
only contributing part of the expansion of A(x) is

-> P~
Ax) = 1L 2T {Zxa+kelw X}
oy F Voo ©
N w,r=21
because <0|a, |w,A> = 1.0,
WA

>

. >
Thus H' = - 1 /[Z7 IJ(§)-aAe1w'x a3x
Yoy Yuw
N
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and equation 3.2 becomes

' ‘ 63 10.X 33414
Hi, = - 23 C<E][I(X) ey WX d¥x]i> ----moe---- (3.3)
Waa

It 1s a straight forward matter to evaluate equation

3.3 with <f| and |[i> calculated from either model for

- Hyue

from

Note

Hyuc

wave

- (H-J and BCM)*. (See Appendix A)

The differential cross-section is easily calculated
equation 3.3 by the use of 'the golden rule".

that the model dependence of the N-N interaction
comes in only through the initial and final state

functions.

*The outline of the computer programme used to calculate:

the wave functions and the differential cross-sections 1is

given in Appendix B,
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CHAPTER 4

DESCRIPTION OF APPARATUS, SYSTEM CALIBRATION, AND DATA TAKING

4.1 Description of Apparatus

The plan view of the Saskatchewan electron linear
accelerator is shown in Figure 4.1. A detailed
description of the accelerator has been given else-
where (Katz et al (1967); Ku (1967); and Beer (1966)).
Bursts of 125 MeV electrons having pulse lengths 10 ns
FWHM at a repetition rate of 800 pps are produced by
the accelerator. The electrons with a momentum spread
of 2% are magnetically analyzed and then strike a 0.02
radiation length Ta radiator producing bremsstrahlung
of Eymax = 125 MeV; the degraded electrons emerging
from the radiator are swept out of the photon beam by
a magnet onto an aluminium beam catcher which is buried
one foot below floor level. (See Ku (1967) for detailed
description of the dumping magnet). The photon beam that
emerges from the bremsstrahlung radiator in a cone is
collimated by 0.91 metres of iron to a half angle of
10 mrad. The collimator defines the size of the
photon beam at the (y,n) fa?get to a diameter of 6 cm,
and shields the target from stray photons and neutrons
that méy have been producedkin the beam handling and

dumping system. Compton electrons and electron pairs
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produced in the collimator are swept out of the photon
beam by a 2 kilogauss magnet placed at the collimator

exit.

4.2 Bremsstrahlung Monitor and Targets

The intensity of the bremsstrahlung beam is
monitored by an NBS P-2 ionization chamber placed 8.53
metres behind the target. Its output is integrated by
a current integrator+. The response of the ionization
chamber has been observed not to vary more than £ 4%
over a wide range of applied voltage.

The targets are identical spherical shells of CD,
and CHy,, each is 6 cm in diameter and 0.7 cm thick. Both
targets contain 4.7 moles of carbon. The (y,n) targets
are viewed by five neutron detectors located at 309, 60°,
909, 112°, and 142° with respect to the photon beam

(see Figure 4.1).

4.3 The Neutron Detectors

The detectors consist of 5.1 cm thick NE 102
scintillator coupled via conical lucite 1ight guides
to 58 AVP Phillips photo-multipliers. The detector

and flight path details are given in Table 4.1.

+*Model A309B Elcor Integrator, Elcor, Falls Church,

Virginia, U. S. A.
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Table 4.1
Angle Flight Path  Phototube NE Diameter
(in Deg.) (in metres) _ (AVP) (in CM)
30 16,31 58 25.4
60 o 19.89 58 27.94
90 ~ 18.75 58 27.94
112 15.50 58 27.94
142 14.19 58 . 25.4

The time resolution has been determined by placing two
neutron detectors face to face about 2 metres apart

with a Na?2 source placed mid-way between them; pulses
from one detector have been used as a start signal to
turn on a TAC (Time-Amplitude-Convertor) and the pulses
from the other detector, delayed by 60.8 metres of

cable, have been used as a stop signal for the TAC.

The coincidence spike due to annihilation gamma rays

has been measured to be about 4ns FWHM. Since this is

the time resolution of the two detectors, the time
resolution of one detector is not more than 4ns. However,
the overall time resolution of the time of flight spectro-
meter is limited to about 10ns by the accelerated electroﬁ
burst. Bursts shorter than 8ns may be obtained but are

found difficult to maintain over a long period without
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losing peak intensity. The overall resolution is given
by the FWHM of the peak from the scattered photons.

Ten cm of lead has been placed in front of all
detectors to attenuate the photons scattered from the
(y,n) target. It has been found that this lead thick-
ness is adequate (for low Z targets) to render unimportant
the after-pulse (Shin et al (1968)) in the phototubes
resulting from the scattered photons.

A phototube anode current pulse exceeding 2mA into
a 50 ohm load triggers a fast discriminator (EG&G TR 104);
large pulses are limited to 10mA to protect the dis-
criminator. The neutron energy threshold of the detector
is determined by the photomultiplier gain and discriminator
threshold. The experiment was performed with a dis-
criminator threshold of 100mV, which corresponds to a

proton recoil energy of 1.5 MeV.

Electronics

A block diagram of the electronics used is shown
in Figure 4.2. A signal produced by an electron burst
passing through a ferrite pick-up ring is the t, signal.
This ty signal passes through a discriminator and is
fanned out to start the five TAC's; pulses from each
detector pass through a discriminator, a linear gate
which is opened by the t, signal and stops the
corresponding TAC. A pulse generator, which is

triggered by the pick-up coil, produces a pulse which
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is used to gate out the scattered gamma flash from

the time spectrum. The TAC outputs are amplified and
sent to five independent analogue-to-digital converters
(ADC). The resulting time spectra for four angles are
stored in the SDS 920 computer and the output of the
142° TAC is sent to the first 512 channels of a 4092

channel multi-channel analyser (MCA).

Linearity Calibration

The differential linearity of each system has been
measured by turning on the TAC's with a 1 Kc pulser and
stopping them with random counts from a radioactive
source (Co60)° After a dead time correction (to be
discussed in detail in Chapter 5) the random time
spectrum has been found to be a horizontal line to

within 1%.

"The Time Calibration

The time calibration has been measured by using a

10KC pulse generator with a "slave'" 10MC output. The

10KC pulse is used to turn on the TAC's, the 10MC '"slave"

pulse is placed in coincidence with random detector
pulses. The coincidence output is used to stop the
TAC. The resulting time spectrum is a series of spikes
separated by 100ns, and this gives the time per channel

to better than 0.5%.
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Calibration of Neutron Energy Scale

Following Firk et al (1963), an independent check
on the time vs energy calibration is made by measuring
the neutron transmission through cl? and comparing it
with the known energy levels in cl3 (Lauritsen et al,
(1962)). The result of a C12 transmission measurement
at the 600 flight path is shown in Figure 4.3. This
has provided an excellent time vs energy calibration
from 2 to 8 MeV of neutron energy. The results are

consistent within the uncertainties in the time

calibration and in the energy assignments.

Background Shielding

The background shielding was done exactly as was

described by Ku in his Ph.D thesis (Ku, 1968).

Experimental Procedure

A Co® source is attached to the top of each
detector, and the gain of each detector assembly is
set by adjusting the photomultiplier high voltage until
the pulse-heights of compton scattered electrons are
the same throughout the duration of the experiment. The
discriminator threshold settings of the detectors have
been matched to within 2 mv out of 100 mv. The
discriminator threshold and the photomultiplier gain
are critical because they determine the neutron threshold,
which in turn effects the efficiency for all neutron
energies. The pulse height spectra have been checked

periodically during the course of the experiment.
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4.9.1 Data Taking

The data were taken using bremsstrahlung of
Eymax = 125 MeV, and were taken in two cycles of
approximately 18 hours each. A cycle consisted of
time calibration, a CDy run, a CH2 run, and another

time calibration, with two pulse height spectra checks.
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CHAPTER 5

DATA TREATMENT AND CORRECTIONS

Dead-Time Correction

If a counter detects more than one neutron
during a beam burst, only the first neutron will be
recorded since the TAC is inoperative when the second
arrives. If x is a channel with a true counting rate
of m(x), the number of events actually recorded per
unit time in channel x will be

m'(x) = m(x)P(x)
where P(x) is the probability that there are no counts
in channels 1 to x-1 during the unit time. Therefore
P(x) = Po(1)Pp(2)--------- Po(x-2)Pg(x-1) where Py(s) is
the probability that there ié no count in channel s,
which is given by the zeroth Poisson distribution:

Py(s) = e m(s)

Hence
x-1

-1
P(x) = XH e ™m(s) = exp(- I m(s))
s=1 s=1

m'(x) = M'(x) = number of counts per beam
start burst in channel x.
where M'(x) is the measured number of neutrons in
channel x, and 'START' is the total number of electron

beam bursts during the counting period.
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So

x-1

M'(x) = M(x) exp(- Z M(s))
s=1 START
x-1 '

M(x) = M'(x) exp( M(s) )

, (x) ,xp S ﬁ%ﬁ,

x-1

[}

M'(x) exp( T M'(s))(if M(x) = M'(x))

tn
]
-
wn
—j
;‘;|
o

where M(x) is the true neutron time spectrum. The

first step in the reduction of the data is the correction
for counts lost due to the phenomenon described above.
Our typical counting rate is one per fifty beam bursts
(~1/50), and the correction due to dead time is about

.1% which is much less than our statistical error.

Background Substraction

As was mentioned previously (Section 4.9.1), the
data were taken in two cycles, where a cycle consists
of a CD, run, a CH; run, a time calibration and two
pulse height spectra checks. The CH; run served as
the '"'target-out"* as well as the neutron background
arising from the carbon nucleus in the CD, target. - The
target-out background was somewhat machine dependent
at the backward angles. Because it was found that the

background could be maintained constant if the radiation

*Targét—out run is a run without a target in location,
the purpose of which is to determine the background. Here

the target-out background is the same for both CD, and CHj.
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level in the Linac Room was kept constant, the machine
condition had to be maintained to within 1% as regards
the radiation level in the Linac Robm in the two cycles.
The contribution of stray neutrons from the beam
handling system that scattered from the (y,n) target
were checked by the method described,by Ku (Ku (1967)).
It was found that they made no contribution to the
observed spectra. The time spectra from CD, and CH;
as well as the '"'target-out" background at 900 are
shown in Figure 5.1. The neutron time spectra from
deuterium shown in Figures 5.2 to 5.6 were obtained by
subtracting the CH, time spectra frém those of CDp after
dead-time correction and P-2 normalization.

Detector Efficiency

In order to obtain the absolute neutron yield
from the target, one must know the efficiency of the
detector as well as the effect of the lead filter used
to attenuate the y-flash. Since oniy the angular
distributions were of interest in the present experiment,
no attempt to measure the absolute éfficiency has been
made, even though it can be measured, inprinciple , to the
desired accuracy at any neutron enefgy.

The efficiency* of the 90° detector is obtained by
comparing the bremsstrahlung-folded energy spectrum with

unit efficiency at 6ppp = 90° with the predictions of

*Henceforth the efficiency of a detector is defined as the
product of the lead filter response function, g(En) and
intrinsic efficiency of the detector e€(En) ie €'(En)=g(En)e(En).



44

006 ID wnujoadg awl]

— ot oez o8t 08
llllllllllllllllllllll | pep—— ¢ 7 <]
ooo&o vc:o._oxoom\\l %o 00000 00
0% °
o @ 0
oo o °
° & o
° &oooo o®
(. &o 4
e R N & Jocol
. Qg : o (] 0, o
- nwﬁ ° o 00 oooo 90, %0 o0& &Muo o -
Y L o%oo Cd ° ¢ 900 ° o0 0T 0¥ 0
AR 4 . o%° ° R%& o & O o
, (3 . oo o % 'y
% & P O 3
Sge ¢ | - F - C
P S A =
o i ,,%W . e
o A% S e
: B © %
; ﬂfooo : & ooo & IOOONS
o © o ST " 0.0
2 , ,,oo. ooooo
Ty -
@ O
o &
1)
0“ 00 <] 00008
[ °9Q 8 ®
0 o %o
°
70 & a° o
)
oo g% Jooos
o o



45

. O IJININV IV .
00s : 00p .omm 002
" 5o
%o
% o
o
P
o
o
ofo °
o, o
o ° o mw
QO
% 0 0 o
] Ooo [+
o 0°
D O o S
o ° U
o OOOQO
A o
o o © °e
: ‘0
° o4
09 o
g 0
° .000 00 O
%% o O%
090
O
. o0 o
T3NNVYHO/ 238Ut 2 owv oow oo oo
av1 ® © @ o0
002 =6 g0 o°
o 2000

010}

008

00¢i

009l

'SLNNOD

.;Figure 5.2



Ak

< 1JNINVIJV

me . 0ob , 0Q¢ . 0Q2 . ool
- wmwgdﬁ.
[+
[}
i o
o
o , o
N 9% ooao 009
wo . &o oo
® o o&ﬂw °
° )
o] w ‘
@ &
‘ %o
Qo %0 o 9 O
° S o O
% o | OOOOO n .
o o N .
/ ,
%v.Wo omd . L Ml\n-“
o o
° 5 oot -
% : | w
o °6
8o 3%
° 00 o °
o .
02 0. 5 TINNVHO/03SUE2 2 -oovz
o o © %o ° |
N X | av
o@% %oooo o%oo% Oomﬂ Q
o &

Figure-5.3



47

b owesd ¥ it 5 d b §
006G 918374 00g 002 810]]
L 5 RN B ) 1 e 1 3 . J
S TIGTORRIGE
o
o
o
oo »
Q <1009
nwo oo@ o
s
o )
o
° 7o) Y
Ogp 000
)
% o 10021
O
e} 0 o
o o mvv
o & ooo ﬂ.ﬁv
(o] D0 G
owvc o ©° ﬂ
o %o -1 0031 N
9 b))
P o ,Yo §§~
0 o o @ w
Te ) (=]
e )
by & .
° ° -100%2
o o
o %0
[»] 0,
oo
[o 2 000
RPN o ©
.0 9
- .,,O . o9 B ATSTa TN
. . N J ° GO%V i »,\v Al E.
SRR ) s
AT a0 ©O .
3 TN L - VAt
Lo00 O PINNVHD /70354802
SR qv
o g

0B =

B o Y~ T



O 1 3ININV IV

Ow.¢ 08¢ 0]2]]
TS L n_.ctcc
o
° o
2 ° °
o
° OOOO, -1009
o %%
o°
o ©°
q‘ [} ooo
( . -1002I
° %Mooo
. o®
o o o
) o
o8
00
owo -008I
(-]
°° «
- °
)
& R
RS -100%2
°® o8
& o . %0 ,
.&% 0%
s L)
@ 00 ° 0
°, LA -000¢
‘ pwuo o
TIANNVHO/03Sudl’] ° .
| av ° ,
ocll = -8

S1NNOD

Fionre 8.8



49

W T2 TR W ) IS

(434 2eg ez esl 26 !
ooo ] - ] BT m
o o & .
%o
OQO [ <] °
cco
o % . [+
©
A o
©
% -{009
- &
oo [els 4]
‘e, oow
“ o%o
QO. )
©
° oooo A
&0 ~0021 o
«° % Q.
n@ o O ]
© oooo n ,,.xmo u.mb‘
[ ,&o MW £
oo%e 0° n..\.w—
OO
o %0 & - 008I
M&ooo o
° o
@ 000,
© o o
°p ooo% &m%o P
0%®%% % |
! [ ]
3NNVHD/03SU G2 oove
g8Vl
02PI1="g




50

Partovi's calculations at the same angle. The predictions
of the theory using H-J and BCM potentials agree closely
at 900 as shown in Figure 5.7 where the solid line is
that for the H-J and the dotted line is that for the
BCM potential. This method of obtaining the detector
efficiency therefore, does not favour any particular
type of theoretical calculation of the cross-section
at 90°.

The photo-neutron spectrum at 6;,5 = 90° can be

written as

dN(PL=90,E) = dop B(Ey)e'(En)QNp Agg0

Thus the efficiency

e'(En) = dN . dEn
gﬁﬁ T(81AB)
g
EKT)D B (EY) QNDAngdE’Y
where do = theoretical deuteron photodlslntegratlon
) cross-section at 6 = 90°
D LAB
dN . dEn = number of neutrons detected in the
dEn interval En to En + dEn
Q = charge collected by the P-2 ionization
chamber
Ny = number of target nuclei
T(eLAB) = centre of mass correction factor

(see Section 5.5.2)

B(Ey) bremsstrahlung spectrum -
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The efficiency function obtained this way is
shown in Figure 5.8; the solid line is the least
square fit of the experimental points and it is the
analytic expression for the solid line that is used
in our computer program.

In order to obtain the efficiencies of the other
detectors relative to the 90° detector, each detector
was placed at the 60° detector position. The efficiency
of each detector relative to the 90° detector was then
obtained by comparing the neutron spectrum measured
with each detector at the 60° flight path with that
of the 900 detector at the 60° flight path. When the
90° detector was used to take neutron spectrum at
the 60° flight path, the 30° detector (at 300 flight
path) and the P-2 chamber were used for monitoring
both total number of neutrons and incident gamma
intensity respectively. Otherwise, the 90° detector
at the 90° flight path was used as a monitor in addition
to the P-2 chamber. Since each run was monitored by
at least one other detector, the P-2 ionization chamber
was not used to normalize in this intercomparison of
detectors, thus eliminating uncertainties that may
arise from the P-2 chamber. Measured in this way,
the efficiency* of each detector relative to 90°

detector is shown in Figure 5.9 and Figure 5.10.

*Henceforth known as relative response

R(8i) = 8'(8%)
8'



53

)

| I
~ @

sjiun L1pa31q4
(siun Kioapaiy) 3

14

20

o En 0

g Figuie E 5;3 o ’ ’ .






55 -

R(S)

S Y P

o o o ©° *

oooooovooooooooo*ooooo ©o0 O ", o

R(gS)

D GEND GENS EEED WD 2 GEED ) ) D M) D e D EEED  GAEE) D "D CEEEED EEED ewme> D AR owed W) R D @

ooooo*‘ooo [¢) # o o
o ° o
w; "1 7 0927 06% 000 4 © o*ooo

oo ;
o OOO*

]

v

)

o0

-

*ooooowoooooooo
: - |

4

[+ : o o
0,0
vpoooovooo*oc %0 {
| PR O

~Figure 5.10

30

(+]

B - ] o ,
° ° ° h
o oo ©° %, 0¢ °_o

° o

1 i 1 i

=

P
4

10 20 30 40

En



5.

3.

1

56

In the region 2.Z2<En<4 MeV, the relative responses
are neutron energy dependent as shown in Figure 5.9,
The solid lines are the least square fits of the exper-
imental points. For identical detectors, the ratio
should be ‘independent of the neutron energy. However,
each detector is different from the others with regard
to the optical coupling of the scintillator, light
guide, and photomultiplier which affects the pulse
height resolution of the detector. The electronic
threshold has been set to the equivalent of 1.5 MeV
by careful calibration. However, this is not sufficient
to produce. a flat response -in the low neutron energy
region. For detectors having different pulse height
resolutions, one expects the relative response to be
a function of the energy near the electronic threshold.

For En>4 MeV, the relative response is energy
independent as expected and it is nearly constant as
shown in Figure 5.10. The dotted line is the ratio of
the cross-sectional area of the scintillators which is
different from measured relative response. Again the
pulse height resolution of each detector that arises
from the particular detector configuration may be

responsible for this discrepancy.

Measurement of Solid Angles

For a point neutron source, without collimators,
the geometric solid angles depend only on the flight path

length and diameters of the detectors. For extended
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neutron sources, however, the effective solid angles
may be different from the geometric one. When collimators
are used, possible shadowing effects may reduce the
solid angle.

An independent way of determining this effective
solid angle was attempted by placing a very strong
neutron* source at the (y,n) target position. It was
hoped that a flat angular distribution would be obtained
from the source, and any deviation from this expectation
would be interpreted to be due to the effective solid
angle which could then be corrected for on this basis.
As it turned out, the count rate was too small and
the counts could not be distinguished from electronic
noises and room background.

It was previously (Ku, (1967)) suggested that a
possible shadowing effect exists at the 112° flight
path. Following this suggestion, a white paper was
placed at the 112° detector position and a bright
search light was pointed along the 112© flight path
from the (y,n) target position. No obvious shadows

were found but only qualitative measurements were made.

*Borrowed from the Chemistry Department of the

University of Saskatchewan.
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Therefore the relative solid angles of the detectors .

were determined by normalizing our angular distributions

at Ey = 20 MeV to theoretical predictions. This energy

was chosen because the neutron energy lies in the flat
region of the relative responsé curve. In addition,
the two theoretical predictions agree with each other
and previous experimental data (Allen (1955)) are also
consistent with theoretical predictions at this energy.
The energy dependence of the efficiency is fairly
certain experimentally in the neutron energies between
7.8 MeV (at 1429) and 10 MeV (at 30°). The relative
solid angles were found, within experimental uncertainties,..
to be equal to the relative geometrical solid angle
except for the 1129 detector which showed a smaller
effective solid angle by about 15%. The reason for this

anomaly is not apparent.

Bremsstrahlung Spectrum

Since relative measurements are made, the exact
shape of the bremsstrahlung spectrum is not required
but to obtain the efficiency of the detector Schiff's

thin target formula (Kurz(1964))

= 2. 2 25 2
de = 41l° ydy (l6y“E - (Ep+*E)
dk T37R fY%*lleo EYQ*IEZEO

2.2 _ 2 : :

+ (EL“+E 4y“E ) In M(y))

(y%+1)2Eo%  (y2+1)4E,

is quite adequate.
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Here K is the photon energy.
Ey; is the incident electron energy.

E = E,-K is the scattered electron energy.

Y=E060,
1= (k)% o+ o zl/3 2
M({y) 2EGE INSNCZENN

6, is the angle of the electron with respect to
the photon bean.

Z is the atomic number of the radiator and

r, is the classical electron radius.
Because of the collimation which is used to define
the size of the beam at the (y,n) target, it is
necessary to integrate numerically Schiff's thin target

formula from -10 mrad to +10 mrad, which is the half

angle subtained at the radiator by the target.

Treatment of Data.

The raw data consists of the time spectra AZN(ei,t)
At AQ
at angle 6i. The time spectra must be converted

to the energy spectra and transformed to the centre of

mass reference frame in order to compare with theoretical

predictions.

Relations Between Time and Energy Spectra

If N(8i,t) is the number of counts observed in -
the time interval At at the laboratory angle 6i at
which the detector subtends the solid angle AQj, then

the energy spectra can be obtained in the following way:
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d®N(0i,En) = dt (d2N(ei,t))

dEn dQ4 dEn dt d@j
and. En =M ( 1 - 1)
V1-872
B =ty
t

where t is the neutron time of flight in ns

ty is the flight time of the photon which depends
only on the length of the flight path and

M is the neutron rest mass in MeV

d2N(8i,En) = d2N(ei,t) . t(1-8%)3/?% ... (5.5)
dEn dg dt d@ Mg4

Using equation (5.5), the time spectra were converted

to the energy spectra with the aid of a computer.

5.5.2 Kinematics
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Since the mass of the target is light, the kinematic
relations involving laboratory and centre of mass
systems are of considerable importance.

In the laboratory system, the photon energy is

given by

hv = 1 ;) %- (Mp)Z- (Mg) 2+ 2MaMpy
2 Mg-MpY*Y(Mny)“-Mp“' Cos®
where Mp, Mn and Mg are the proton, neutron and deuteron

masses respectively,
Y = (1'V2)-% (v is the neutron velocity).

The laboratory neutron angle 6ppp is related to the

centre of mass angle 6cm by

‘ é md
tan 0 AB = sin 6.p v+

Cos®cm - hv 3
o—s (1- 1 ) %
hVimd 7= )

Y

the transformations of the laboratory differential
cross-section to the centre of mass differential
cross-section can be obtained from flux conservation

as follows.

d20(Ecpbem) = d20(Ep,6rn) T(OLAB)-
dEcm 99m dErdQr,
Here T (8pag) = 9(ELOL)
3 (Ecmficm)
= 3(CosbL)

BiCosecmi



5.

62

T(6pa) = Bpn - Bc Cos® ((1-BnBcCos8)2 - (1-8,2)(1-8c2))%
an(l“scz)

where B, is the neutron velocity
Bc 1s .the velocity of the centre of mass and

& 1is the laboratory angle.,

5.3 Deduction of the Cross-Section

The energy spectrum (equation 5.5) must be
transformed to the centre of mass system by using the
relations derived in section 5.5.2.

d®N'(85,En) = T (opap) (d2N(8i,En))
dEn . dQ dE, du

where T(O6LAR) 1s defined in section 5.5.2
Then the cross-section in the centre of mass system

may be-obtained from the following relationship:

d2N' (61,Ep) = dBp . d2N'(6;,En)

dEy df dEy dEp 4f
do = d2N(9i,En) 1
da dEy df €' (En)NDQB(Ey)

5.6 Experimental Uncertainties

The experimental uncertainties arise from:

(a) Uncertainty in the determination of neutron
energy and

(b) The uncertainty associated with the measure-
ment of the relative response and the efficiencies
of the detectors, and background subtraction.
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5.6.1 Uncertainty in the Determination of Neutron Energy
The accuracy within which the neutron energy can:

be determined depends on the accurate knowledge of the
Y-channel, geometry and stability of the system, integral
linearity and time calibration. The y-channel is
uncertain to less than 1 channel; the flight path lengths
are measured to within 0.1% and the long term stability
of the system is known to better than 1% whereas the
short term stability is much better. The over all
effect of these uncertainties is estimated to be about:
2 channels. With the time range used in this experiment,
this corresponds to 4 ns. Table 5.1 below, gives the.
neutron energy, its corresponding gamma energy, the
uncertainty AEp in determining that neutron energy
and 8Ep is the uncertainty introduced by the time

resolution of the spectrometer.

Table 5.1

En(at 900) MeV Ey (MeV 8E; (MeV  AEp (MeV

3.87 10 0.070 + 0.046
8.8 20 0.387 £ 0.166
18.64 - 40 1.192 £ 0.502
25.71 55 1.902 £ 1,01
57.11 124 5.71 £ 2.77
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The major uncertainty in obtaining the neutron energy

is due to the time resolution of the system which arises

from the width of the incident beam burst. This beam

burst which is nominally 10 ns corresponds.to about 5

channels in the spectrometer. Therefore, the uncertainty

mentioned above does not contribute significantly to.

the error in the determination of the neutron energy.
Since the counts are averaged over .in the adjacent

channels, the energies given in table. 5.1 are mid-point

energies.

Uncertainty in Background Subtraction

Since the target used in .this experiment is a
spherical shell of CD;, the raw data consist of neutrons:
from the Clz(y,nx)Yfand D(y,n)p reactions as well as
stray neutrons produced in the beam handling system.

One of the sources of error in the background subtraction
is the shifting of the gamma channel since the background
is subtracted channel by channel. This effect is
expected to be greatest at higher energies since the
majority of the neutrons originate from the carbon in

the CD, target and the slope in the time-of-flight
spectra is steepest in this region. As mentioned in
Section 5.6.1, the y-channel is constant within £ 1
channel.. This produces at most 7% uncertainty in the
background subtractions. An additional check oen the

background subtraction is made by observing neutrons that.



originated from the carbon but are forbidden by
D(y,n)P kinematics.

The P-2 ionization chamber is another source of
uncertainty since the CD, and CH; runs are normalized

to the total charge monitored by the chamber. This

uncertainty may arise from pulse height jitter in the

ferrite pick-up coil, due to change in the peak
intensity of each beam pulse. Neutrons emitted in a
beam burst with low peak current are not analyzed by
the TAC since the start input signal from the ferrite
pick-up coil is missing, whereas the chamber is
insensitive to the intensity of each beam pulse.
Although the peak intensity has been kept to minimum

“jitter, from the oscilloscope display of the pick-up

signal, this effect is estimated to be about 3%, The

overall uncertainty in the background subtraction is
then about 7.6%.
The absorption in the targets due to hydrogen in

the CH; and deuteron in the CD, target was calculated

(Ku (1967)) and the effect was found to be negligible.

65
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5.5.3 Uncertainty in the Relative Response and the Efficiencies

of the Detectors

‘The greatest uncertainty in the present experiment
probably comes from the measurements of the relative
efficiencies of the detectors as a function of neutron
energy. The energy dependence of the relative
efficiency of each detector is important in reactions
involving light nuclei due to kinematics of the
reactions, whereas, for heavier nuclei the relative
response is only of importance in obtaining angular
distributions. Table 5.6 shows neutron energies
calculated from kinematics of the D(y,n)P reaction at

different angles for several incident photon energies.

Table 5.6

eL2§51> 10 20 30 40 50 70 80 100
30 4.29 10.06 16.17 22.44 28.94 42.07 48.56 62.67
60 4.11 9.49 15.12 20.78 26.54 37.98 43.83 54.93
90 3.87 8.80 13.66 18.64 23.42 33.16 37.82 46.45

112 3.72 8.31 12.80 17.33 21.33 29.79 37.77 41.05
142 3.54 7.78 11.82 15.66 19.38 26.85 30.10 36.71

From Figure 5.7 and Table 5.6, the least uncertainty in

determining relative efficiencies is expected between

photon energy of 50 to 70 MeV since the measured efficiency
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~

curve in this region is nearly constant (Ep = 20 to 40 Mev).
Above this energy, uncertainty in determining the efficiency
increases due to large neutron background from carbon.
Although the smooth curve obtained by the least square
fit has been used for the energy dependence, the
relative efficiency is believed to be good to within
10%. At low energies, the efficiency decreases rapidly
with increasing neutron energy (En » 7 Mev). The counting
statistics in this region is typically about 2%,
however; as discussed in background subtraction the
total uncertainty may be as large as 4%. Any fine
structure that may arise from the interaction of the
neutrons with the lead filter and the scintillator is
not -seen in the measured efficiency beyond estimated
errors. Therefore, it is believed that the smooth
curve is adequate for our purpose. If, however, the
structure in the efficiency curve were narrow in energy,
we would not have seen it in the measured efficiency
because of the energy resolution. Including such
effect our conservative estimate of uncertainty in
determining relative efficiency in this region is not
more than 7%.

The relative responses have been measured by
normalizing to the total number of neutrons emitted
from the target at 90°. The uncertainty in measuring

relative responses 1is due only to statistical fluctuations



68

in the counting of events, since the background
subtraction contributes virtually no uncertainty in.
measuring the relative response. In addition, the
configurations of the detector are identical with each
other and no structure in the relative response would
be expected. Therefore, we conclude that the uncertainty
in determining the relative response is about 3% which
is due entirely to the counting statistics.

The overall uncertainty in the angular distributions
is estimated to be about 15% which is due mainly to
the uncertainty in the determination of the relative

efficiencies.
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CHAPTER 6

RESULTS AND DISCUSSION

Since the efficiencies of the detectors are not
known, no attempt -has been made to obtain the absolute
cross-section as a function of the incident photon
energy in this experiment. The primary interest in
this experiment is to obtain the dependence of the:
angular distribution on the incident.photon energy-
relative to that at.20 MeV. The centre of mass
angular distributions have been measured in the energy
range 10<E,<125 MeV. The data points- were averaged
over appropriate intervals corresponding to the energy
resolution of the spectrometer since the energy
resolution of the time-of-flight spectrometer varies
with neutron energy. As tﬂé photon energy is deter-
mined from the neutron energy, the photon energy
~resolution is related to the time resolution of the
system by

AEy = 2AEp 2 4B, (At).

t
Table 6.1 shows the photon energy resolution and the
corresponding averaging intervals at some energies

for the 900 detector.
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Table 6.1

Photon Energy (MeV) AEy (MeV) Averaging Intervals (MeV)

10 0.14- 1
20 0.774 1
55 3.80 5
70 5.58 5
90 8.53 10

The measured angular distributions were least

square fitted to the form:
I1(6) = a+b sinZp+c Cos® sinZe+d CosH.

The ratio of a is ?1otted in Figure 6.1 as a function
of the photon énergy; also plotted in the figure are
the experimental results of the Yale group (Weissman
and Schultz (1969)). The solid curve in the figure
is Partovi's theoretical calculation of these coefficients
using the Hamada-Johnston potential. There is
reasonable agreement between the present work and
Yale's measurements and the two sets of experimental-
data are in fair agreement with theoretical predictions.
For pure El transitions, the angular distribution
should be of the form sinZe; the transition from 3S;
part. of the ground state to 3PJ.states accounts for

this process. The form of the angular distribution
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is isotropic for a pure M1 transition while E1 - E2
interference causes a fore-aft asymmetry modifying

the angular distribution to
bsinZe (1+c/b Cosd).

The cross-section for the photo-disintegration of
the deuteron near the threshold is dominated by the
M1 transition which gives rise to the isotrepic term.
An extensive study in the threshold region has been
carried out in this laboratory by inelastic electron
scattering (Katz et al (1968)). Their results were
compared with theories and indicate that the M1 cont-
ribution at about 8 MeV above the threshold is
negligible. Their results are consistent with this
experiment which indicate that near Ey = 10 MeV,

a/b = 0.1x,.05 the cross-section due to M1l transitions
is only ~ 10% of that due to El as evidenced in the
figure (Figure 6.1).

The large isotropic contribution observed in this
experiment at higher energies can be explained by the
following sources (Austern 1952):

(i) Magnetic dipole 35; to 180 transitions;

these can be calcu}ated fairly accurately
near the threshold, however, they are believed
to be small at higher energies.

(ii) Tenéor forces in the ground state give a small

probability of D-state, with a consequent

isotropy resulting from D to P and D to F
transitions.
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(iii) Tensor and spin-orbit forces in the final
state split the 3Py 1. o substates, thus
providing an extra isétropic term (Rarita
and Schwinger (1941)).

It should be noted that the noncentral forces are
directly responsible for the term d Cos6.

The forward asymmetry coefficient c/b is plotted in
Figure 6.2; also plotted in this figure are the
experimental results of Weissman and Schultz; the solid
curve is a theoretical calculation bf Partovi. The

asymmetry coefficient increases monotically with
photon energy as 1is seén from Figure 6.2. Here again,
there is a fair agreement between theory and experiment.

Partovi calculated the coefficients of the higher

multipole terms and expressed the angular distribution

in the following form:
I(8) = a + bsinZe + C sinZeCose + dCosé + esin?s.

No attempt was made to fit our angular distributions

to the above expression since extraction of five
parameters from five experimental points is physically
meaningless in the sense that they are exact mathematical
solutions. (see Appendix C)

In order to facilitate comparison between the
theoretical calculations and the present work, the
measured angular distributions as well as previous
work (where available) are plotted in Figures 6.3 to

6.10 by normalizing to unity at 6pap = 900.
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At E, = 10, 20, 25, 30, 40, 55, 70 and 90 MeV, previous
results also normalized to unity at 6pap = 90,are also
plotted in these figures. Since in all of the previous
experiments protons were detected, the proton angles
6p are converted to neutron angles in the figures
using the fact that protons are emitted in directions
exactly opposite to those of neutrons in the centre
of mass system.

The following captions are used to represent the

experimental points:
present work
Yale (unpublished)
Aleksandrov

Allen

01 > 0 0~ 1-5¢

Galey

The solid theoretical curve is the angular distribution
obtained by using a H-J potential while the broken line
is that of the BCM potential.

At relatively low photon energy, (<40 MeV) the
theoretical angular distributions predict correctly
the measured angular distributions as can be seen from
Figures 6.3 to 6.7. The experimental data points are
also consistent with one another at these energies. The

angular distribution in these energies is nearly sin2g
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suggesting that the El transition is predominant as
expected. The excellent agreement seen between the
two theoretical models and the experimental results is
not suprising, since in this region the cross-section
depends mainly on the behaviour of two nucleons at
large inter-nucleon separations at which the OPEP
description is believed to be adequate and is common
to both potentials used in the calculations. Although
the effects of the wave function at small relative
distance is not negligible, the main characteristics
of low energy data are determined by the behaviour

of the wave function in the OPEP region.

At higher energies (Ey>55 MeV) and at extreme
angles, however, the predictions of the angular distrib-
utions using the two nuclear potential models begin to
deviate from the experimental results (Figures 6.8 to
6.10). The shape of the angular distributions change
from the approximate form sinZ6 to asymmetric distributions
with increasing isotropic components, suggesting that
higher partial waves may be contributing significantly
to the cross-section at these energies. As can be
seen from the figures, the experimental points are
generally lower than the theoretical prediction at
backward angles, although the experimental points are
not strictly in agreement. The apparent lack of
agreement between the various experiments may arise from

the experimental configurations.
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In all other experiments, the outgoing protons
‘have been deteeted and the baekground in the forward
proton angles 6, is larger making the data at these
angles less accurate than the backward angles. In
some cases,.measurements at. forward proton angles are
not.made. .  The time-of-flight system in this experiment
has advantages over.other experiments as regards the
‘background... .The forward neutron angles are virtually
background. free .at all energies, however, the background
‘at the two.backward neutron.angles are somewhat un-
tertain. as mentioned in section 5.6.2. Our estimate of
the uncertainty in the background subtraction at backward
angles, as discussed in section 5.6.2, is about 7%.
Remembering that in the centre of mass system 6p
is related to 6, by en = 180-ep,
disagreement between the present work and other experiments

then the apparent

at backward angles could be due to the uncertainties

in . the background subtractions.. When other systematic
errors ave.taken into account, we consider our results
to be in essential agreement with some experiments. (Yale

at E

y = 55 MeV; Aleksandrov at EY = 70 MeV; and Galey

]

at Ey 90 MeV),

The.theoretical predictions of the angular distrib-
‘utiens deviate from the measured angular distributions
-with increasing photon energy. This deviation becomes

evident at E, > 50 MeV and the predictions of the two

-potential models also disagree with one another at

~these energies.
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The nucleon-nucleon interaction may be divided
into three regions:

(i) The outer region where the one pion exchange
potential (OPEP) is dominant

(ii) The intermediate region where the effects
of two pion exchange and heavy meson exchange
are important
(iii) The innermost region, or the core region

In the energy region 50s¢Eyg 125 MeV, the effects of
the interaction of the two nucleons in the intermediate
region as well as the core region is important since
the wave lengths of the incident photons are comparable
to the intermediate separation of the two nucleons.
It appears therefore that the two theoretical models
used to compare with the experimental results are not
adequate to account for the photo-disintegration of
the deuteron, partly because of uncertain interactions
of two nucleons at relatively small separations. The
difference between the two potentials is manifested by
the deuteron wave functions as seen in Figure 6.11. The
two models have the same wave functions in the outer
region but differ at the intermediate region. This
difference accounts for the different angular distribution
predictions as evidenced in Figures 6.8 to 6.10. Although
it appears from Figure 6.11 that the smaller D state
probability may give a better fit to the experimental
data, no conclusion can be drawn on the probability of

the D state.
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It should be noted that, Partovi in his analysis
of the photo-disintegration of the deuteron, ignored
the smearing of the deuteron charge and current
distributions due to the nucleon form factors. The
nucleon form factors are well known and the assumption
of structureless nucleons is a mathematical convenience.
It is not apparent what change the incluéion of nucleon
form factors would make in the theoretical predictions
of the angular distributions and it is hoped that
further theoretical investigation of the photo-disintegration
will be carried out taking this effect into account.

In summary, the present experimental results are
consistent with most of the previous experimental
studies. The calculations by Partovi predict correct
angular distributions (for both potential models) at
Eys 40 MeV. At higher photon energies, however, the
BCM potential appears to give a better prediction of

the angular distributions than the H-J potential.
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APPENDIX A

Before evaluating equation (3.3)

L
Hf; = ,2_w,<f|J'J(x)»eke1w'x d3x|i> -----e-mo--- (3.3)
w

it is useful to expand e;\e‘im'SE in terms of irreducible
tensor operators of definite rank and parity. This
enables one to pick out the terms that can contribute
to a transition between states of given angular
momentum and parity, all other terms being excluded

by selection rules. The irreducible tensor operators
sought are expressed in terms of ordinary spherical
harmonics, Clebsch-Gordan coefficients, and unit

spherical vectors

21(L) = 5 Yi%)s WSEATIAM|LA> ----mmmem--- (1a)

X

where Y&R) is an ordinary spherical harmonics. To
express ei$°§ in terms of the operators in equation
(la); it is convenient to choose a co-ordinate
system in which ® is parallel to the Z-axix. Let
this co-ordinate system be specified by primed co-

ordinates (x',6',¢') and the co-ordinate in which

is not parallel to the Z-axis by unprimed co-ordinates

(x,6,¢).
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Thus -

P .
1weX '
€€ w = elwz

L.

i, (wx) Y(%)(e',¢ "E,
X / ﬂ(22+1; ljg(wx )<201KILK Yxl(L)(e' ')

% Vam (29+1) i

where the inverse of (la) has been used, which states,

Y(Q)E = < Las IR ()
Al LA

To transform equation (2a) back to the unprimed co-
ordinate, we make use of the transformation properties

of irreducible tensors:

?il(L)(e',¢') I O S CIR BEEEEEEEREEE (3a)
v M

The D functions are matrix elements of the rotational
operator R.
Making use of (3a) and (2a) we have
e, eld X - L 2y iljz(wx)<201x|LA>Dé;)§§1(L)(G,¢)
s Ly
Carrying out the summation over in equation (4a)
and substituting appropriate expressions for the
Clebsch-Gordan coefficients appeéring there, we have

c ellX - LM ORM oag) + 1REH) (elec)in{M)

where

AéL)(mag) = /2releD) il (wx) YLl(L)(e ) ----- (5a)



SL

Al (etec) = /o alivisn 5, x) vt e
Vg e B e ey e (62)

Equations (5a) and 6a) may be changed to more convenient

forms with the help of these identities (Rose 1951)

> > 1,-1,1(L)
Ty () o [TT Y LLLIW) | T Y |
M Jier M T M

i)y = - de - v (L+1),1(L)
v (o)) LT (do - Lo) Yy
> L-1,1(L)
+ (dp + L+1¢) Y
\}m T

@yithH = /LT D ?MLch)

Then equations. (5a) and (6a) become

g (Mag) = -(Z?EZL;l)” L o @ L)) —oeeee- (7)
L(L+1

(L) (elec) = - ErZLriy il (13 (1+xd ) j, (oYM )
i o e

+ooXip(x) Y b. e (8a)

Now equations (7a) and (8a) are used in equation (3.3)

L
instead of their equivalent g, e?®"X.
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APPENDIX B

The computer programme used in the analysis was
developed at M.1I.T. by F. Partovi (Partovi (1964)). The
deuteron and continuum radial wave functions are determined
from the radial parts of the Schrodinger equations using
the Kutta-Gill method of numerical integration. A typical
equation for coupled states is shown below in the.
notation of Partovi.

fa2 - 1G-1) + ¥* - ve(@)- (-1 Vg (x)
dr< Té

* 20-1 V1) G-DV )] Wl G
J+

*‘é*%élﬁilivT(r) ¥3.1,1,20) = 0
Ty

The integration proceedure requires knowledge of the wave
functions and their first derivatives at a boundary. The
boundary conditiens are determined by the nature of the
potentials. For example, in the H-J potential, the
-.presence .of a hard core requires that the wave functions
be zero at the core, although the derivatives in general
are not.

The .radial integrals below are determined using the

- numerical values of the wave functions.

(é il .
jgr V%'va(kr) JL(wr/Z) Ugu(r)

f .
J?r Vzls,x(kr) er(wr/Z) Ugn(r)

I1(2"s"Aj;L35e™)

Iy

I,(2"s"Aj;L;8"M)

Iz(L's"Aj;L;a")

Jdr Vol ooy (kr) Gy er/2)Td Ugu(r)
0 ST
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The expression for the differential cross section
contains the above radial integrals together with reduced
matrix elements calculated in the usual way using angular
momentum geometry. In addition to calculating the
differential cross section, the programme also calculates
the static properties of the deuteron such as the electric
quadrupole moment, the magnetic dipole moment and the

‘binding energy.
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APPENDIX C

The expression for the angular distribution derived

by Partovi, (Partovi(l964)), is of the form:

I(8) = a + b sin@ + c cos 6 sin?e + d cos 6 + e sins

To determine all five coefficients from the five experimental
points is not possible since this would be an exact solution.
The first four terms of the distribution were fitted to

the data neglecting the fifth. The goodness of fit of

‘the four parameters can be tested by finding the exact:
solution and observing whether or not the first four
parameters remain within the limits allowed by the chi-
square fit. The values of the parameters obtained are

then used to assign fictitious points in the distribution.
These points are given suitable error bars and the fitting
proceedure repeated, again observing whether or not the
values of the first four parameters fall within allowable
limits. It can be concluded that the distribution is
satisfactorily represented, within the limitations of

our data, by its first four terms.
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