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ABSTRACT

The reaction 7Li(d,no)o was investigated in search of n- o
proximity scattering at incident deuteron energies between 1.90
and 2.10 MeV. The previously reported effects attributed to
rescattering following the formation of the resonance state at
16.63 MeV in ®Be* are not observed. Strong lines due to randoms
were seen in the vicinity of theproximity scattering positions
on the kinematic locus. Datawere fitted well with the Breit-
Wigner line shape plus a linear background. Conditions affecting
the observation of such a rescattering are discussed.

Another reaction, '2C(d,np)!2C, was studied to look for
conclusive evidence of the existence of proximity scattering
between the first emitted neutron and a proton emitted from the
decaying 3.5 MeV doublet in !3N*. The data at incident deuteron
energies Eq = 5.2, 5.4 and 5.75 MeV and Eq=5.1, 5.26 and 5.4
MeV at two different sets of angles very clearly show the energy
dependence of the proximity scattering. The data taken at 6.25
MeV, where rescattering is kinematically disallowed, show no
enhancement, as expected. The data taken at Ed = 5.4 and angle
setting 6, =6, = 0°, ¢

P np
predictions made by Aitchison and Kacser. The data at Ed = 5.4

= 35° also support the theoretical

MeV do not give a good fit with a Breit-Wigner 1line shape plus
n-p final state interaction and it has been concluded that the

singlet and triplet states of the deuteron do not contribute



significantly to the observed rescattering enhancement.
In the 2°Si(d,np)2°Si reaction, no meaningful estimate of the
contribution due to proximity scattering could be made because of

the interfe ring sequential decays.
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CHAPTER 1
INTRODUCTION

The study of reactions with three or more particles in the
final state, where there are two-body resonances accessible for
one or more pairs of particles, are of fundamental importance to
understand two-body forces in the presence or vicinity of a third
particle. Such reactions have often been used to study particle-
unstable states and can be described by mechanisms 1like quasi-free
scattering, final state interactions and processes in which two of
the three particles proceed as a resonance. These, along with
simultaneous breakup which mainly gives the "background", will
contribute to the yield at various places along the kinematic
locus.

Under special circumstances, a particle emitted from a decay-
ing intermediate resonance can rescatter with the third particle
giving rise to an enhancement in the émp]itude which may not be
insignificant. Such a process was termed "Proximity Scattering"
by Fox!), who considered, in a static 1imit, this second order
effect in an effort to determine very short lifetimes of the
states in the particle unstable resonances. Classically, two
conditions must be satisfied for Proximity Scattering to take
place, namely, the two rescattering particles should be emitted

parallel to each other in the overall center-of-mass system and



the particle emitted later should have a greater velocity.

Following the methods applied in fundamental particle physics,
a quantum mechanical treatment consisting of essentially the
evaluation of Feynman diagrams has been applied by Schnitzer?) and
Duck®). In particular, Aitchison and Kacser*~®) have given a
complete theoretical formalism of rescattering. They derived the
kinematic conditions for proximity scattering, both relativistically
and in the non-relativistic limit. The detailed theoretical dis-
cussion is given in Chapter 2.

Since proximity scattering effects are the necessary consequence
of the existing ideas about final state interaction theory, their
verification (or lack of the same) is of basic importance. Predic-
tions of observable rescattering in low energy nuclear reactions,
soon stimulated experimental searches and rescattering enhancements
have been reported in (d,np) reactions on !2C?) and “°Cal?). Both
of these reactions were studied at a single incident energy only.
Enhancement due to proximity scattering occurs at a low relative p-n
energy very close to the energy of the T = 1 resonance in the n-p
system. Although the formation of a singlet-deuteron is isospin-
forbidden, it was suggested by Phillips!+*®) that an admixture of
T=0and T = 1 could also explain such bumps. Similar isospin
mixing in the compound !*N system has been used to explain the
large cross sections observed for the 12C(d,a)'°B (1.74 MeV, T = 1)
reaction at incident deuteron energies from 6 to 21 MeV.5%).

More recently, the reaction Li + d + o + o + n has been



examined for evidence of rescattering between the neutron and an
alpha particle emitted by the resonant ®Be system. The first
report, by Valkovic et al.!?) was of measurements made above 3.0
MeV bombarding energy in which they could find no evidence of a
rescattering enhancement. Later results!?®) for the same reaction
at incident energies between 2.07 and 2.12 MeV did, however,
appear to show a very clear effect. In view of the implications
which strong rescattering effects in this reaction may have on
many other analyses, further verification of n-a proximity scatter-
ing in the 7Li + d!*) reaction was undertaken as a part of the
present research. The present data have failed to confirm the
rescattering enhancement reported by Thiévent et al.!®). Sweeney
et al.!5) also did not find any evidence of proximity scattering
in this reaction. Further discussion continues in Chapter 4.

As the observance of proximity scattering has not yet been
conclusively established, this was a strong motivation for the
present work to further study the rescattering effects in the
12¢(d,np)l2C reaction at a number of bombarding energies under
improved conditions. The present data show a clear energy depen-
dence of proximity scattering in this reaction. Although the
formation of isospin-forbidden singlet deuteron is highly
improbable in this reaction, the data have been taken at the
angle settings where the effect of final state interactions is
considerably reduced. Also, some of the data were fitted with a

Breit-Wigner 1line shape plus an admixture of singlet and triplet



states of the deuteron. The results of this work tend to support
the belief that the final state interactions do not appreciably
contribute to the observed proximity scattering enhancement. The
results of the present work were submitted to the International
Conference of Few Particle Problems in Nuclear PhysicsS7), UCLA,
1972; and have also been submitted to Nuclear Physics®®) for
publication. Another report by Gemmeke et al.%?) presented to the
above conference also supported our results. However, they put an
upper Timit of 15% on the singlet deuteron contribution to the
observed enhancement,'which is quite high as compared to the ~ 3%
effect proposed on the basis of the present calculations. The
detailed discussion of this reaction is given in section 4.2.

The experimental apparatus and procedures are described in
Chapter 3. The singularities of the triangle graphs, as discussed
by Aitchison and Kacser®s!®) also have applications to higher
resonances in Elementary Particle Physics. Such possible applica-
tions are discussed in Chapter 5. Finally, Chapter 6 contains the

conclusions of the present study.



CHAPTER 2
THEORY OF REACTION MECHANISMS

The present study is based upon Aitchison and Kacser's forma-
lism of fproximity scattering". Before a proper understanding of
this formulism can be attained, it is rather appropriate to
discuss various reaction mechanisms which are applied to explain,
in general, the reactions with three particles in the final state.
Such processes, as described below, can be represented by the

Feynman graphs shown in fig. 1.

2.1 Simultaneous Break-up

This process is shown in fig. la. Here the events are
randomly distributed in phase space without any preference for a
particular position on the three-body kinematic locus.

Time dependent perturbation theory gives the fo]lowing tran-

sition probability for a given reaction!?)
2
o= Z0M% op [2.1]

where M is the matrix element of the perturbation Hamiltonian
between initial and final states and PE is the density of
final states available to the reaction. If |M|2 has no strong

energy dependence, then |M|> may be approximated with a constant



Figure 1 Feynman graphs for a) simultaneous breakup; b) quasi-
free process; c) sequential decay; d) ‘direct'
interaction plus f.s.i.; and e) sequential decay plus
proximity scattering.



and the cross section simply follows the phase-space. According
to S-matrix theory, IMI2 is a superposition of many Feynman
diagrams. If there are no nearby poles, then no particular
diagram will dominate and in the sum over many diagrams any rapid
variation with energy will tend to cancel, leaving once again a
constant matrix element. Thus the simultaneous break-up process
is characterized by a constant matrix element in the transition
probability. Experimentally, this normally represents the general

background.

2.2 Quasifree Process

Cross-sections for reactions with two outgoing particles depend
on two independent variables only, namely the centre-of-mass energy
and angle; whereas in the three outgoing particles case it depends
on three vector momenta with nine components, four of which can be
eliminated by considerations of energy and momentum conservation.
Thus we are Teft with five independent variables. One possible
choice of these variables could be the total energy in the centre
of mass system, three centre-of-mass angles specifying the directions
of two outgoing particles with respect to each other and with respect
to the beam axis, and the centre-of-mass energy of one outgoing
particle. However, it is advantageous to choose as independent
kinematic variables the squares of the velocity differences
(Vi -V&)z, which are both scalars and Galilean invariants and may

thus be evaluated in any inertial frame of reference.



When i dis an incoming particle and j an outgoing one,
mym; (Vi-VS)z is within a constant mass term, equal to the
square of the four-momentum transfer between particles i and
J. Experimental knowledge reveals that in three-particle reactions
if the incoming particle interacts with only one constituent of
the other incoming particle, the intensity maximum may be observed
at a particular value of a momentum transfer variable. This is
most 1ikely to happen when the constituent is 1ight and weakly
bound so that it is often encountered far out in the periphery
of the nucleus or some nuclear core. Such a process is, therefore,
called peripheral or quasifree.

When the initial relative energy of the projectile and target
is 1arge compared to the binding energy of some of their constitu-
ents, one may neglect the binding energy and treat the collision
as quasifree. Looking at fig. 1b, which is a Feynman diagram for
a quasifree process, the most general peripheral process can be
described as a two-body collision of the projectile b with either
the particle t" or the core t' such that the target is broken up.
The struck constituent of the target interacts with the projectile
to give the final particles 1 and 2, while the other constituent
of the target is only slightly affected and thus emerges with
small laboratory momentum as particle 3.

Such a process can be computed in the PWBA, where all particles
are treated as free, except for the initial bound state b, which

is described by a bound state wave function w(?t.-?tn)- The



matrix element will be the product.of two factors, one for each
vertex. The lower vertex yields a form factor which is the
Fourier transform of the initial bound state wave function, the
momentum var{able of this transform being the momentum transferred
during the collision to t'. In the laboratony.system where the
initial velocity of t is zero, this momentum transfer is Just

33 and the Fourier transform is

WPa) = j exp (1Ps+%) ¥ (%) dX [2.2]

The upper vertex yields the Born-Approximation amplitude for the
reaction b + t" +~ 1+ 2. One may improve upon this calculation
by inserting at this point the exact two-body collision amplitude
instead of the Born amplitude. For practical calculations, it is,
at this stage, simplest to forget about the binding of the

struck particle and assume a two-body collision. This procedure
is knowr as the "Peripheral Model" or the "Impulse Approximation®
(Refs. 18+1%)  7upan&i¥®? has obtained the following expression

for the three-body cross section:

cm
dbc = ( )7'( dQ am lw(Bs)l® x phase-space factor
T [2.3]
where k is a constant .
d*o is the three-particle cross-section for outgoing

particles ending in an infinitesimal region of



final momentum-space .

( %%')cm = | %%-) 8 is the two-body differential cross-section
for the reaction b + t" + 1 + 2 as measured in the
two-body centre-of-mass system at a relative final
energy chm.

2
chm = [mimz/ 2(my + my)] (Vl '-\72)
(vb - vtu) : (-\71 - -\72)
Oem = arccos — —
IVb-Vt.. l I V1- Vzl
and
T.icm = [mbmt" /Z(mb"' mtu)] (Vb "_vtll)2

The velocity Vin may be calculated from momentum conservation in
the lower vertex. The term |y(Ps)|2 in expression (2.3) gives the
gross behaviour of the three-particle cross-section for a peripheral
process, because this represents the probability distribution for
the momentum of particle t" in the target. In this model the
reaction proceeds as if it were a free two-body reaction but with
an initial velocity spread of the struck particles t".

The various limitations in applying the peripheral model to
three-particle final state reactions can be enumerated as: the
requirement that the incident energy be large compared to the
reduced binding energy of particle t" in the target, the condition
that the final velocity of particles 1 and 2 relative to t' be

sufficiently large so that they escape quickly from the sphere of

10



influence of t', and finally, that the incident particle b should
not interact strongly with the core t' while striking the particle
t".

In nuclear physics, this model can be applied to knockout
reactions at energies above 100 MeV, by using the extrapolation
procedure suggested by Chew and Low?®) which overcomes many of the
limitations of this model. Eq. (2.3) enables us to extract rather
important two-body parameters from three-body cross sections that
are otherwise inaccessible; e.g., do/d? for a two-body collision
for the cases where t" is unstable and hence the conventional
methods cannot be applied. Another useful quantity is the form
factor |y(Ps)| 2. In complicated composite systems, such as most
nuclei but the lightest ones, p(X) represents only that component
of the total wave function which describes the virtual disintegra-
tion of the target t 1into particle t" and core t'. When the
target does not behave as a loosely bound system of t' and t",
|w(Ps)|? and the corresponding enhancement of the three-particle
cross-section is small, which gives important clues to our under-
standing of the nuclear wave function. Finally, studies of the
binding energies of nucleons in different shells of nuclei are
made possible by the quasi-free scattering process which knocks a
nucleon out from theinterior of the nucleus without giving the

latter time to rearrange itself.

11



2.3 Sequential Decay

In the case of short-lived systems (systems with a lifetime
comparable to the transit time of a low energy proton through a
light nucleus) the term "sequential” implies that the distribu-
tion of events within the available phase-space is not random,
but is modulated by the interactions among pairs of components

of the final state. Consider the reaction:

b+t->1+ (2+3)

L—)2-1-3 [2.4]

where b and t are incident and target nuclei respectively,
and 1, 2 and 3 are the particles in the final state.

Here the system (2 +3) is short lived. The reaction will,
in general, proceed in such a manner that the system (2 +3) is left
with a relative internal energy E,; which corresponds to a
resonance in the amplitude for the scattering of 2 on 3. In other
words, the sequential processes are characterized by an intensity
maximum in the three-particle cross-section at a particular value
of the internal energy variable which, in this case, will be the

relative energy Ez23:

Ezs = [mems/ 2 (mz+ms)] (Vo -V3)? [2.5]

12



If (2 +3) is a sufficiently long-lived system such that the
probability of decay during the time that 1 and (2 +3) are
separated by distance comparable to the range of nuclear forces
is small, then the decay of the system (2 +3) will essentially
be independent of 1 and the decay process of the recoiling
system will depend entirely on the properties of the intermediate
state; i.e. the angular distribution of the decay will be deter-
mined by the angular momentum of the state and the branching ratio
for the decay to the various internal states of 2 and 3 will
depend upon the internal structure of the recoiling system.

The formation and subsequent decay of a meta-stable system in
nuclear physics can be explained analogously to the excitation of
an atomic or molecular state by electron impact and its subsequent
decay by the emission of a photon?®), The following expression2®)
can be applied very well for the reaction given in eq. (2.4):

r dE; 5
¢o, = 22 L - doy [2.6]

r 2w
(Ezs5 - AE)® “'%‘

where the (2 +3) system decays from the state x to the final

state f and AE 1is the energy difference between the centre

of the excited state x and the final state f.

Also, rrﬂ is the relative probability for the decay of the
excited state x to the final state f;

Ez53 is the relative energy of the (2+3) system;

13
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I' is the total width of the resonance (2 +3) which is
assumed to be small;
and do, is the differential cross section for the process
b+t->1+ (2+3), ignoring the subsequent break-up
of (2 +3).

Equation (2.6) shows the dependence of the three-body cross
section on the relative energy E,; of 2 and 3 as revealed by the
energy spectrum of 1. However, particle decaying states are usually a
few orders of magnitude wider as compared to the gamma decaying
states; this may give rise to important differences in shape and
position of the resonance as observed under different conditions.
This is due to the energy dependence of the widths T' and Ty
which are in general not negligible in the case of nuclear
reactions. Since a width T is a product of an energy-independent
reduced width and a penetration factor, such effects are particu-
larly noticeable when penetration factors are fast varying. For
example, in the Coulomb penetration factors at low energies which
generally are increasing functions of energy, a two-body resonance
would produce a peak in the three-particle cross section at a
value of E,3, which is somewhat lower than the corresponding peak
energy of the isolated two-body cross section. Another important
point to notice is that for two-body elastic scattering, the
potential scattering amplitude must be added to the resonance
scattering amplitude. Especially when the Coulomb scattering is

important, the interference term may violently change the shape of
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the two-body elastic scattering cross-section in the resonance
region. A classical example of the use of this theory is the
deduction by Werntz2!) of the existence, energy, and Spin of the
first excited state of the g-particle from the t(d,pn)t
experiment of Lefevre et al.22). In this case the resonance in
the t-p system was deduced from the neutron energy spectrum.

The initial direct process is a (d,n) rearrangement collision
leaving the proton and triton in a resonant state. The wave
function of the resonant t-p system was deduced from the neutron
energy spectrum. The wave function of the resonant t-p system
differs from a bound state wave function in that it has differ-
ent boundary conditions. Asymptotically, it is the direct
product of a triton wave function with a proton wave function,
which has plane waves superimposed on ingoing spherical waves.
One of the partial waves in this wave funciton is assumed to be
resonant, and the resonance parameters are determined by curve
fitting.

Existing experimental evidence has shown that most of the
multibody final state nuclear reactions induced by low energy
projectiles proceed to the final state by various sequential
processes??).

Two nucleon systems, namely, pn, nn and pp belong to an

exceptional case, where the two-body cross-section does not



exhibit a proper resonance and yet the three-particle reaction may
be considered to be approximately sequential, when the intermediate
system is in a relative s-state at a very low energy. Their decay
is certainly not exponential, thus they do not possess a uniquely
defined lifetime. However, one may well consider the average time
they spend together, as a function of their relative energy.

Since their relative position is uncertain within their relative

wavelength, this time may be defined as:
t = vi(r+ %—+ %%-) [2.7]

where v and k are the relative velocity and wave number,
respectively, r is the range of the nuclear interaction, and

é is the nuclear phase shift. In the effective range approximation,
§ is given by k cot§ = - %-+ %-ro k2. Thus one may compute the
average lifetime of two nucleon systems. One finds that in the
interesting low energy region, it is indeed long compared to 10-22
sec. (the time taken by 10 MeV protons to traverse an %0 nuclear
radius) and in general is 2l1so long compared to the time spent by
the third particle in traversing the distance r + %? In this
sense, one may consider reactions involving the formation of the
two-nucleon system at a low relative energy, as quasi-sequential.
In such cases it is customary to speak of final state interactions

rather than intermediate systems.

16
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2.4 Final State Interactions

Final state interactions (f.s.i.) are important since they may
modify the observed energy spectra and angular distributions without
playing any part in the primary production mechanism. In order to
have a calculable effect for the f.s.i., three general conditions
must be satisfied, namely, i) the primany reaction should be a
short range interaction, 1ii) the f.s.i. is to be considered for
low relative energies of the particles involved, and 1ii) it must
be strong and attractive.

The existing experimenta] evidence shows that the cross section
for three-body interactions depends on the relative energies of the
pairs of interacting particles and appears to be independent of
the momentum transfer type variables which characterize the produc-~
tion amplitude. Such a dependence allows us to deal separately with
the primary interaction (i.e. the production process) and the f.s.i.
between the pairs of interacting particles, which is quite useful in
that the two pProcesses can be studied separately by varying the
momentum transfer variable and relative energy.

The theory of final state interactions depends on the assumption
of successive independent interactions. This assumption is valid if
the Tifetime of the final state two-particle system is sufficiently
long for its decay not to be influenced by the Presence of the third
particle. In reactions involving nucleons, the !so interaction of

two nucleons can produce a virtual state which approximately satisfies
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this requirement. Such a state is not a Breit-Wigner type of
resonance and is not an exponentially decaying state. For example,
in a p-n system, the !s, phase shift has a rapid increase at about
70 keV p-n relative energy. A rapidly increasing phase shift may
be interpreted as a time delay?®) and the 1ifetime may be so
defined. This leads to a pole‘in thé scattering amplitude for

such states, which has the form

1
Kper * 1 (3)
where Krel is the relative momentum of the two interacting
nucleons and a 1is the scattering length of the effective
range theory2’). Since this expression has a maximum at zero
relative energy, the interaction is sometimes referred to as
a zero-energy resonance.

The earlier remark about f.s.i. being strong and attractive
is supported by a time-reversal argument introduced by Watson2®)
who proposed that a f.s.i. causes the three-body cross section
to have the same energy dependence as the elastic scattering cross
section of the two relevant particles. He considered the reaction
to proceed backwards in time. If two of the particles interact and
stick together for awhile, then there is a relatively higher
probability for the three particles to be found in the primary

interaction volume and undergo the inverse primary reaction.



19

The probability that the two particles interact is given by their
differential cross section; by detailed balancing, the three
body reaction cross section is just proportional to this cross

section times a production amplitude and phase-space factors, i.e.

do = diq aq° times other factors [2.8]
where q is the small relative momentum of the two particles

and oq° is their scattering cross section for the relative

momentum q. d3q is a factor in the volume of phase-space into

which the reaction proceeds. q is supposed to be small enough so
that oq° arises only from s-wave scattering. For q = 0, the q
dependence of the "other factors" in eq. (2.8) can be neglected,

leaving only that of

3 0 L in2
d3q o’ = dq sin 6q [2.9]
where 8q is the s-wave phase-shift for the scattering at relative
momentum g. When sin2S_ becomes of the order of unity (which occurs

q
for values of q such thatilis still large compared to the range

of the primary interaction) : strong correlation in the emission
of the interacting particles will result which can be described by
eq. (2.9). This equation then gives a means of measuring 8, from
an observation of the reaction cross section.

A general form of the cross section enhancement factor may be



derived by means of the factored wave function method?®). The

transition matrix element can be written as

Tha = <P 1Tl ¥g> 3

Instead of the usual final state consisting of plane waves
for the three particles, a state consisting of plane waves for
the non-interacting particle and for the c.m. of the remaining
pair may be substituted; the relative motion of the interacting
pair (labelled 1 and 2) is then described by the Schrodinger
wave function ¢ calculated with the potential U for relative
momentum q and separation ¥ = ?1-?2. This implies the

substitution

Yy = X(?‘l) X(—;z) X(?a) > X(-Fa) X(-Y*‘l“'?z) ﬂ)(q}l'?z)
where
(- &0y = @
-qEtuiv = a ]

Since <y, |T] Vg> is only large inside the production region,

v(q,0) may be factored out;
< |Tlvy> = ¥(a:0) <¢blT(°)|wa>

where T(O) is the production matrix element. Thus |${q.,0)|? is
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the enhancement factor. This result can be formally obtained

using the Lippmann-Schwinger formalism as described by Gillespie®?).
Watson2®) used his own model to derive an expression for the
enhancement factor.

Fermi®l) first suggested a normalization to the enhancement
factor by taking the ratio of the wave function y(q,0) to the wave
function corresponding to a zero phase-shift evaluated at a radius
equal to the range of the interaction. This result can be
explicitly derived in potential theory by means of the Jost function
formalism3z).

In Watson's model, y(q) is assumed to have the same momen tum
dependence as its asymptotic form. The asymptotic wave function

for s-wave continuum states is given by

-i5 .
plkor) = & S‘Er("”@ [2.13]

and in the effective range approximation the phase shift § is

given by
Kcot s = -L+2rp k2 [2.14]
a 2
where r, is the effective range; thus at low energies

-i5 .
slkor) = &—S108 (145 [2.15]
kr a
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for k ro << 1. The first term of this expansion is the scatter-
ing amplitude which is the cross section enhancement factor.

Following the Fermi rule for normalization:

Kor _ el® sins (1+%°—) [2.16]
$(0) (k,r) sin k ro .
Solving eq. (2.14) for & one gets
181 1,1 o
w(ksr()) = e (rO a+2 ro k ) [2.]7]
WO (kora)  (K2+ (3-7 ro K2)DF
and squaring, we get the enhancement factor:
1 1.1 2
(- -1ed v K2)
E = Yo ? % 3 [2.]8]
k2+(-a--'2- ro k?)
For the p-p interaction®3:3*) Coulomb repulsion has to be
included to give the corresponding expression for the enhance-
ment factor:
111,001 2
e . ety K g M) [2.19]

PP c2kza gy (g5 o K242 h(n))
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p = ihe—z- and h(n) is a function evaluated by Jackson
and Blatt®®), m and e are the mass and charge of the proton,
and v is the relative velocity of the p-p system.
Gillespie and others3®) have reviewed a more formal treatment

of f.s.i. theory. They show that for s-wave interactions

1

wk,r) = ?%-E) [f(-k)e 1KY _ £(k)eikry [2.20]

where f(k) may be related to the S-matrix by S(k) = ;—:&;— .
A consideration of the boundary condition at large r then yields

the enhancement factor

kor) ? Lim 1
E = 2 = — 2.21
pome I e e

Jost and Kohn37) have shown f(-k) to be identical to the
Fredholm determinant, which can be shown to be the D-function

of the dispersion relations. Jost function formalism gives

1 - ktia
kY © k+ig [2.22]

where Jz-ro (a=8) = 1

- 1.1 2
and k cots = -a+2rok .
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The enhancement factor becomes

Lo o B (e2+k2) ]2

E = l P 22 [2.23]
F(-k) 11
k2 4+ (E-z-.t‘c .kz,)z
which is identical to the expression (2.18), since
2 s (o Lyl y 2
@ = (- gl [2.24]

The parameters a and r, are shown in this theory to arise

from the use of the pole approximation in S-matrix theory. This

yields an effective-range type parametrization and enables the

enhancement factor to be approximated by the scattering amplitude.
A more general but exact treatment of f.s.i. has been

given by Phillips, Griffy and Biedenharn38), using the general-

ized density-of-states function in the continuum. The reaction
a+A+D*>b+B [2.25]

for sharp states B has been treated by the perturbation theory
to yield the differential cross section for particle b,
d3g _ HMalp ky, ' |2
a'bma); = 312 12 ka <B + b, EblH [A + a, Ea> p(EB) [2.26]
where H' is the interaction Hamiltonian for eq. (2.25) and
|A +a, E;> and [B + b, Eg> represent the initial and final

state vectors, respectively. k, and kg are initial and final
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wave numbers, whereas,p(EB) is thegeneralized density-of-states

function for sharp states B with eigenenergies En:
p(Eg) = IS(E-E) [2.27]
' n

If B is not a sharp state, but is a virtual or resonant

state which decays further into two particles
B>c¢c+C [2.28]

then the generalized density of states (eq. 2.26) for sharp
states must be replaced by that for a semistable particle B.

The generalized density of states function enables the scattering
to be described in terms of the experimental phase shifts for
scattering 6f the final state particles and no knowledge of the
inter-particle interaction is required. In the resonant scatter-
ing approximation, the generalized density-of-states method gives
the same amplitude as obtained using the resonant-pole inter-
mediate state method, provided the sum is taken over all possible

alternate semi?stab1e states of B.

2.5 Rescattering or Proximity Scattering Process

At Tow energies, the quasifree process shown in fig. 1b is
not of importance. The processes represented in figs. la, Ic
and 1d combined together, essentially constitute the Watson-Migdal

mode12*,28) . Fig. lc represents the sequential decay in which



26

particle 1 and (2+3) as a resonance R, are emitted when the
incident particle b strikes the target nucleus t. R then
decays after a time delay characteristic of the width of this
resonance into particles 2 and 3.

Subsequent to this reaction, fig. le corresponds to a
second order refinement or correction where particles 2 and 1
can further rescatter, in general elastically, giving rise to an
enhancement in the cross section. This is a perfectly valid
physical process and a complete mathematical formulation has
been given by Aitchison and Kacser*). An outline of this
formalism is described below. |
a) Kinematics:

Let us consider the reaction
b+t+t>wa>1+2+3 [2.29]

where the particles have masses Mys Mys Mys My and my; and w is
the total invariant mass in the over-ali centre-of-mass system.
Ignoring the momentum transfer type variables, the usual relativ-
istic variables used to describe the three-body final state are

given by

(E, + Ez)z - (p, + 32)2

(7]
n

= m? +m?+2 (Ey E, - Py 32) [2.30]
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and similarly for t and u, so that

s+t+u = W24+m?2+m? + mg? [2.31]

where ¢ = 1.

In order to study the allowed physical region for fixed
W2, with W>m; + my + mg, consider the ( 12 ) c.m. frame, in
which the initial system (b + t) = W has three-momentum P>
as has particle 3, while particles 1 and 2 have momenta 3
and -4q, respectively. Then in the non-relativistic (N.R.)

Timit

pz + 2m; Mi23 (Q -Eyz2) /my, [2.32]
q%2 > 2 u2 Ey» [2.33]
t > W2 +m2- 2B E1 + 2 pq cos © [2.34]
where
Q = (W-my-mz-mg) ¢ [2.35]
Mi2s = My + My + My
mij = m,i +mj
and Hij = ":li—_:_“%

from (2.32) and (2.33), we get a relation between p and q:



2 mamy,,

m12 (Q- 21112)

The boundary of the allowed region occurs when all three
particles have collinear momenta in the ( 12 ) c.m. system, or
equivalently, in the overall c.m. system. The equation of the

boundary curve, in the N.R. limit is

&

[m2s myz (Ey2 + Ezs)=Q myas mpJ?

-4 Ezs Eya mag mypa mg my + 0

Solving for E,, in terms of E,;

2 E 12
Eip -+ 1w, m [(2523)'2'+ ( (Q mﬂ;:) mos )-l-zJ

In order to derive the kinematics of the "Rescattering
Conditions", consider the intermediate process R + 1' + 3 +
2' +1' in fig. le. In the over-all c.m. system, if 1'2"
rescattering is to occur, the velocity V'z of 2 must be
parallel to V', and also v', > v';. But if V', is parallel
to V'y, it follows that B,, B.' and P, are all collinear.
This implies that a necessary condition for the rescattering
is that B,, P,' and P; correspond to a point on the boundary
of the phase space.

In the N.R. limit, this condition can be expressed in terms
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[2.36]

[2.37]

[2.38]
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of Eyvz+ and Exvg. Defining Qp,,, = (mR-{mz - m;g) .c?, Epvs will

be given by Eais =+ Qp,,,- Then using eq. (2.38),

2m -, ,2(Q- My, gt 12
Eirat = 3 [ (Bre JRozays 4 s mf*:*;j).ﬂ‘%i)z ] [2.39]

Equation (2.39) can also be derived more directly'?). Each term
has a physical significance: namely, the square roots are
precisely the velocities of particles 2 and 1, respectively,
before rescattering, in the rest frame of ( 23 ) resonance.
This equation is a necessary condition, in that it is needed
to ensure that v,' and v;' are collinear. In orderlthat they
will also be parallel, as opposed to antiparallel, only the
smaller of the two values of Eyiz» is suitable. However, the
final necessary condition is v;' > v,'; which requires the
first square root in eq. (2.39) to be larger than the second.
Therefore, the necessary and sufficient condition in the N.R.

1imit for 1'2' rescattering is

2 mg QR+23 X 2 My, (Q'QR+13)
ma M3 - my M23

[2.40]

in which case

2m2s (Q- QR+33))

: 2m L
El‘lzl = %’ulz [(_J__Q_B:le - ( M o

m, Mas

'5‘]2 [2.41]
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The above are the necessary and sufficient conditions of the
intermediate state 1'2'3 so that 1' and 2' will rescatter.

For a given 23 resonance mass fMp, there is a unique value of
Eyro¢ before rescattering and bartic]e 3 has a unique speed
in the overall c.m. system, but in an arbitrary direction. In

the rescattering, energy and momentum are conserved, i.e.
> -»>
E, + E2 = Epv + Eav 31"‘—62 = par + p2

Hence S is unchanged in the rescattering and therefore Ei2 =
Ey120; i.e. the energy of relative motion of 1 and 2 -- the
excitation energy of the ( 12 ) system -- is unchanged in the
final rescattering and is given by eq. (2.41). However, in the
rescattering, the ultimately observed particles 1 and 2 can
travel in arbitrary directions compatible with energy and
momentum conservation.

From eq. (2.41), one can find the interval of bombarding
energies Eb where rescattering of particles 1 and 2 is
possible for the given masses and an excitation energy E:zs

in the ( 23 ) system. The lower limit for Ey, (EBLL) 1is given
by

Q- Qgyzs = O [2.42]

Lab __mi

where Q = Q+E R+ iy [2.35a]
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Q. is the Q-value for the reaction b + t 1+ R and QR+23

E2s. The upper Timit on Ey (EBUL) is given by
Eiz = 0 [2.43]

b) Non-relativistic matrix elements

It is convenient to carry out the calculations in a
system where fi = ¢ = 1 and to use the energy momentum four-
vector convention P = (F, p(“)) with P(s) ~ iE=1i (p*+ mz)%l

The three body cross-section®) can be written as

_ M2 Peep | _n
© T 8 (Pr #P2 * Ps - Py - Py)

d3p; d%p, dp,
(2n)® (2r)® (2rm)3

[2.44]

in which the normalization of Veltman2®) has been used. The

matrix element M 1is composed of two parts

M = M +M

R A

where MR represents the matrix element for the sequential decay
shown in fig. 1c, and MA’ that for the proximity scattering shown
in fig. le. The cross section of interest for comparison with

. . do . .
experimental data is, however, & do, dE; which can be derived
by integrating eq. (2.44) over all unobserved quantities in the

N.R. approximation:



6 . MET _nmp b [2.45)
Q) dQ2 di2 (27)1% Pp mg plz'm1¢1'3a)
Considering only s-waves in each of the vertices A, B and
C, (neglecting any momentum dependence) ga and gg can be taken
as coupling constants for vertices A and B, respectively. MR
can be written as
i(2m)* g5 9
= BA 1 [2.46]
(2E, 2E 21 2E,2E5)% Pg? -mg?
where R is a virtual state with a finite lifetime and there-
fore, mp is complex, i.e.
= .

in which m/ is the real mass of R, T is the full width at
half maxima of the decaying state of the intermediate nucleus
and T, its average lifetime.

MR contributes a resonance-like structure corresponding
to a Breit-Wigner distribution.

P_Rz = (Ez+E3)2 - (32"‘33)2

m,"+my” *2E,E5 " Pz'Ea

2 _lr2_s
mp m2-gl?-im7T
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Furthermore, from the requirement that R decays within

the time interval 7 = %-; gg can be written as
= 2 5 n2 .-%
gB - (32“ (m2 + m3 ) r / QR+2 a)

The matrix element for rescattering vertex C can be

written as

M= 9 95 9c J d, PR
1 ~
B (2E,2E 2E:26,265)T 1 (Pf - mg?) (Py? - my?) (P2 - m;?)

where 9cs the coupling constant for vertex C, can be written

as

s,t _ 321 Y32 ag’t

g = ~
¢ 14215t abt - i a0 g

Here, a§’t and rﬁ"t are the scattering lengths and effective

ranges for the singlet and triplet states of the deuteron,
respectively. It is reasonable to assume a purely statistical
distribution of the two possible spin states of the n-p system,
namely a 25% admixture of the singlet state and 75% of the
triplet state.

The integral in eq. (2.49) has been solved by Aitchison
and Kacser*), in the N.R. 1imit, giving the following

expression

[2.48]

[2.49]

[2.50]
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- 2mym, 5 (Q- )
in® a+ B+ (— ey
J = Fire D n 123 - 23 ’}
: I L WY A LR
q m123 +( mizs (Q QR_,zs))

The singularities of M, arise where either the numerator or the
denominator of the argument of the logarithm vanishes.

Eq. (2.51) has also been rewritten in the following two

equivalent forms:

g (q -qy) +(m1/mlas)(p-pN)]
J S FL T =qg) = (m1/m123){p -pg)|
m; - m;
and J = 7 in® n [q+m123 P-9* .3 Ps ]
Hiz P L L | R m,
U mas P95 s Ps

The meaning of the terms s 9y Pg and Py will be discussed
in the following section.
Substituting Mg and MA in eq. (2.45), one can obtain the

desired cross section in the following form:

—ds - 42
R, d Q2 dE; L F (rs81s61482+¢25E2)

where 6,, ¢, 0,5, ¢, and E, are the usual kinematics chosen

for the "complete" experiments. The magnitude of ] determines
the absolute intensity with which the sequential decay occurs
via resonance R. Through comparison with experimental data,

the value of 9p is chosen to reproduce the intensity in the
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[2.51a]

[2.51b]
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principal line peak correctly. If only relative cross sect1ons
are measured, the magnitude of gy remains undetermined.

Fitting the data with theory will then give the value of T,
the only undetermined quantity, thereby providing a method for
deriving short 1ifetimes.

c) Discussion of Dalitz plots

Fig. 2 shows the boundary of the allowed E23 vs E;, p]ots,
these are known as Dalitz plots. These plots are very useful
in understanding the physical aspects of the process. On such
a plot, the resonance ( 23 ) system will show up as a concen-
tration of events about a vertical 1ine centered on Ez; = QR+23
provided the total energy is high enough for the resonance to

be produced. 1In fig. 2(a),the incident energy is not sufficient

to produce the ( 23 ) resonance, hence there is no effect at all.

Fig. 2 (b) represents the case where the rescattering condition
(2.40) is satisfied, the line Erg = Qp,2s being to the right of
the point b.

Of the two values of Ei2s namely E125 and E12N given by
the points S and N, respectively, only the one at § permits
rescattering, whereas E12N corresponds to the particles 1 and
2 being anti-parallel to each other.

dgs 9y» Pg and Py are, then, given by the values of q
and p corresponding to the points S and N respectively. MA
in eq. (2.57a) becomes infinite,]ogarithmica]]y, for q = dg»

since p = Pg when q = 9g- Therefore, if the total energy and
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Dalitz plots showing the N.R. kinematic conditions for
rescattering for various bombarding energies Eb. The
relevant arc is bc in each case. a) Ep is below the
threshold for R; b) Ep is satisfactory for real rescat-
tering corresponding to point S, leading to the shaded
band corresponding to Eg.The width of (23) resonance is
indicated by I'; c) Ep is too large.
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masses of the resonance and of the particles are such fhat a
resonance 1ine_E23 intersects the lower right hand arc of the
Dalitz plot, then the amplitude will show a log@rithmic enhance-
ment in q near the point of intersection, due to M,. Because
this singularity is near the physical region, a rapid variation
in the amplitude should be observable.

In fig. 2 (c) . the incident energy is too high, there-
fore the E,; line crosses the Dalitz plot on the lower left hand
corner where the rescattering condition (2.40) is not satisfied,
i.e. the velocity V,' is not greater than V,'. Hence, no
proximity scattering is possible in this case.

The width of the intermediate resonance, I', also plays an
important role in this process. From fig. 2, one can see that
line E,s has a spread corresponding to the width T of the
resonance. If I is large, there will be a large uncertainty in
the spread in 9. Physically a large T means a short lifetime
for the resonance, so it will, presumably, not move far from the
production vertex before it decays (hence the name "proximity
scattering"). So, by the uncertainty principle, there is a large
spread of momenta associated with its decay products, and hence a
large spread of possible configurations in which the rescattering
is kinematically allowed. This corresponds exactly to inter-
secting the Dalitz plot with a "woolly" Ez3 line. If the width
is small, there will essentially be only one unique configuratfon

of particles in the final state for which the rescattering is



allowed -- and this corresponds to an intersection of the
boundary by a sharp E2s line. Consequently the logarithmic
singularity is expected to be sharply defined. On the other
hand, we see from the formula for MA (eqs. 2.49, 2.51a) that 9p>
which has a f% dependence, multiplies the log function -- and
this is easily understandable, because if the lifetime is very
long (T small) the resonance will not decay at all. Thus for
small T the probability of rescattering will also be very small.
Finally, remarks about the factors not considered in the
above formalism are in order. A1l the time we have assumed only
s-waves. Another simplification lies in the fact that the

particles have been considered as spinless. For a general case

of particles with spin, polarization vectors must enter, suitably

coupled with momenta which give rise to both angular factors
and angular momentum barrier factors. Hence 9g changes from a
constant to a well defined and fairly straight forward function
of three-momenta of the particles 2 and 3, and the various
polarization vectors. However, these assumptions do not
significantly affect our results*). Lastly, the effects
long-range forces, such as those associated with the Coulomb

interaction, have been neglected.
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CHAPTER 3
EXPERIMENTAL APPARATUS AND PROCEDURES

3.1 Incident Beam

The incident deuteron beam for this study was provided by the
University of Alberta 7.5 MeV CN van de Graaff Accelerator.

3.2 Scattering Chamber

A 24" diameter stainless steel scattering chamber consisting
of a 1" thick base plate and a bell jar was designed and fabricated
for this study. A target mount capable of holding three targets
was attached to a pillar passing through a 2" diameter port at the
centre of the base plate. The vertical and horizontal position of
the target as well as its angle to the incident beam could be
remotely controlled and read out using a digital voltmeter. A
lucite flange with vacuum tight BNC-feedthrough connectors was
screwed onto a 4" diameter recess in the base plate. Coaxial cables
were connected through these connectors to supply the detector bias
as well as for the output pulses from the solid state detectors.
Such a flange was helpful in grounding the cables only in the control
room where the rest of the circuitry was located, thereby reducing
the high frequency noise pickup.

"

The beam was collected by a gold lined, brass Faraday cup,~%

in diameter and 6" long. This cup was screwed onto the base plate



at 0° and was electrically insulated from it. Cooling to the cup
was supplied by circulating air in the copper tubing soldered to
its walls. A negatively biased guard ring was provided to suppress
the secondary electrons from the Faraday cup{ The current integra-

tor input was taken from a lead attached to the cup.

3.3 Detector 2m-Positioning Mechanism

Fig. 3 shows a photograph of the scattering chamber and the
2m-positioning mechanism for the solid state detectors. By means
of this mechanism, a detector could be placed at any angle either
in the horizontal or in the azimutha]lplane with an accuracy of
0.1°.

This mechanism was supplied by Ortec and was a modification of

their Model 648, especially fabricated to fit into our scattering

-5-"
8

0.D.) mounted on three pillars r igidly attached to the base plate

]}
chamber. It consisted of an aluminum ring (%- thick with a 20

at 45°, 107.5° and 180° respectively. The pillar at 180° had a

2" diameter hole through which the beam could pass. An inner
aluminum ring was suspended by means of nylon wheels which could
move in a tapered grove on the inner surface of the outer ring.
The movement of this inner ring was controlled by a motor-drive
and it was capable of rotating from 0° to 360° in thé horizontal
plane. A semicircular arc was fixed to the upper surface of the
inner ring and a motor truck assembly could move along this arc by

means of another motor-drive with an elevation range of 0° to 90°.
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A detector holder with a set of collimators was attached to this
motor truck assembly so that in any position of elevation, the
detector was always pointing towards the centre of the target.

The drive motors could be operated through a remote control
unit supplied with the 2m-positioning mechanism. This unit
essentially consisted of two 1ndividua1 units in one chassis with
a common pulse generator. The drive motors were driven with square
wave pulses from the pulse generator. The output from the pulse
generators was amplified by two identical dc amplifiers which drove
the motors with 30 v pulses. The speed of the drive motor was
determined by the generator frequency. The mechanical registers
were advanced or retarded by pulses generated from a contact wheel

located on each motor assembly.

3.4 Targets

Self supporting targets were made in the laboratory by
evaporation. Silicon targets for the (d,np) reaction were fabri-
cated by evaporating Si0, powder onto the glass slides on which
a very thin layer of NaCl was deposited in a prior evaporation.
As Silicon has a very high melting point, a rather high current
(> 200 amperes) was applied to a Tantalum boat containing Si0,
powder. Some Ta from the boat also evaporated, which proved
rather helpful because the (d,d) elastically scattered peaks
from Ta could be used for the energy calibration of the charged

particles.
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The same method was followed in preparing carbon targets,
except that the e-gun was used to disintegrate a piece of natural
carbon (abundances: 98.982% 12C, 1.108% 13C).

After evaporation, these targets were floated off the glass
plates by slowly and carefully immersing them into a tub of water
in an inclined position; subsequently they were picked up on a
metal frame. The thickness of these targets was estimated to be
approximately 100 ugm/cm?.

For the 7Li(d,a)an experiment, two kinds of targets were made.
The first kind were obtained by evaporating a thin layer of Li F
onto an aluminum foil approximately 170 ugm/cm? thick, while the
second type were made by the in situ evaporation of 7Li metal on
a carbon backing.

The 13C targets with 95.7% isotopic enrichment were supplied
by Penn Spectra-Tech, Inc. of Wallingford, Pa., U.S.A. Thickness
of these targets were 75 and 150 ugm/cm?.

Thin deuterated polyethelene foils were supplied by Micro
Matter Co. of Seattle, Washington, U.S.A. This foil was bombarded
by 4 MeV deuterons to provide n-?He coincident pairs used to set
up the electronics for coincidences between neutrons and charged

particles.

3.5 Detectors

a) The charged particle detector used for most of the runs for

the .22C(d,np)!2C reaction was an Ortec - 130 surface barrier
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detector-preamplifier timing system which is optimized for both
energy and time resolution. Two distinctly different outputs --
the timing and energy signals -- are provided on separate output
connectors for independent processing. Alpha resolution of this
detector was <20 keV FWHM, whereas the timing resolution was <250
Psec FWHM for a fast 1ight-pulse generator calibrated to an
energy of 5.47 MeV.

The detector was attached to a detector holder assembly and
was placed at a distance of 5" from the target. A set of two
circular Ta collimators (front: %ﬂ in diameter, back: %%? in
diameter) separated from each other by 2" was placed in front of
the detector and served as a telescope to eliminate detection of
particles secattered from points other than the beam spot. The
back collimator defined the solid angle subtended at the centre
of the target.

To study the Li +d+>n+ a+ o reaction, two thin solid
state surface barrier detectors were used. One of the detectors
was attached to the positioning mechanism while the other was
mounted on the top of a pillar attached to the base plate. The

experimental set up for this experiment is shown in fig. 4.

b) During some of the initial runs on the 2C(d,np)*2C reaction
as well as while studying the 2°Si(d,np)2°Si reaction a 1,000 y
thick totally depleted surface barrier detector was used. An

Ortec - 113A preamplifier was used for the energy pulses whereas
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a fast low noise preamplifier3?) was used to derive the timing
signal. -

c) The neutrons were detected by a Ne 213 liquid scintillator,
3%P in diameter and 2" in depth, mounted onto an RCA 8854 photo-
multiplier tube assembly. A 2" thick lead shielding was placed
inside the scattering chamber in such a manner that it minimized
the detection of neutrons and gamma rays incident on the detector
from directions other than directly from the target. The

typical distance of the neutron detector was 45 cm from the centre
of the target. The detector was mounted on a remotely controlled
trolly and it§ distance as well as angle could be varied and
accurately determined by means of a digital voltmeter located in
the control room. Experimental set up for the (d,np) experiments

is shown in fig. 5.

3.6 Detector Efficiencies

The detection efficiency of the charged particle detectors
and their associated circuitry was taken as 100%.

The neutron detectors not only have low efficiency, but also
their efficiency varies drastically at neutron energies below
1 MeV. Since the shape of the detection efficiency versus neutron
energy curve is particularly sensitive to the detector bias
setting at neutron energies close to the counter threshold, an
accurate measurement of the threshold setting is of great

importance.
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The lower threshold of the neutron detector was carefully
measured, and checked before and after the runs, using the
standard electronics configuration. The technique is discussed
in detail, elsewhere*®). The typical value of the threshold
corresponded to ~ 250 keV proton energy.

The efficiency versus neutron energy curve for a Ne 213
scintillator given by Lindstrom et al.*!) very closely matched
our experimental conditions. This curve was then used to correct

our data for the neutron detector efficiency.

3.7 Pulse Shape Discrimination (PSD)

Neutrons and gamma rays produce 1ight scintillation in
organic scintillators with significantly different decay char-
actefistics“z). This difference in pulse shépe is utilized to
distinguish between gammas and neutrons, thereby reducing the
background due to gamma rays in the detector without substantially
lowering the neutron detector efficiency.

Pulse shape discrimination was done by comparing the time
difference between fast leading edge trigger and cross over time
of the pulse obtained from a double delay line shaping amplifier

(see fig. 6).

3.8 Circuitry

A typical block diagram of the circuitry used to study the

(d,np) reaction is shown in fig. 6. The deuteron beam was incident
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on the 12C target and the neutrons and protons were detected by
a Ne 213 scintillator and a solid state detector, respectively.

STow pulses from the Ortec - 130 surface barrier detector
and preamplifier assembly were fed into a Canberra 1411 double
delay line clipped amplifier. The bipolar output of this
amplifier was divided into two parts. Part one: after being
suitably delayed in an Ortec 427 delay amplifier, was sent to
analog-to-digital converter A (ADCA); part two: was fed into
a timing single channel analyzer (TSCA, Ortec - 420), where
the appropriate energy interval of protons was selected. The
output of this TSCA, after passing through a gate and delay
generator (G & D, Ortec - 416), was sent to terminal A of the
universal coincidence unit (Ortec - 418).

~ Fast pulses from the Ortec - 130 were used as the input to
an Ortec - 454 timing filter amplifier, the output of which was
fed to an Ortec - 453 constant fraction timing discriminator
(CFTD). The lower threshold was set in the 453 to eliminate
noise and the walk was properly adjusted. The output of this
" CFTD was delayed by 300 ns and then used as the stop pulse for
a time-to-amplitude converter (TAC 1, Ortec 437A).

The anode and eleventh dynode outputs from the photo-
multiplier tube coupled to the neutron detector were fed into a
constant fraction pulse height trigger“?) (CFPHT) which provides
the optimum time resolution with a scintillator photomultiplier

system over a 100:1 dynamic range. The residual walk over the
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same pulse height range is within * 120 psec, whereas the lower
threshold is variable from 0.8 mA to 10 mA on the anode pulse
height. The input to CFTD #2 was taken from CFPHT, and its
output was used to start the TAC #1, the output of which (the
time spectrum pulse) after going through a delay amplifier
(Ortec - 427) went to another analog-to-digital converter (ADCB).
The window on the time spectrum was suitably selected by a TSCA
(Ortec - 455), the output of which was fed to terminal B of the
universal coincident unit (Ortec - 418).

The neutron energy pulse was taken from dynode 14 of the
photomultiplier tube and after passing through a preamplifier
(Ortec 113) went to a delay line amplifier (Ortec 460). After
proper shaping and amplification, the bipolar output of this
amplifier was divided into two barts; one -part was used for PSD
whereas the other part was used for energy selection by means of
a TSCA (Ortec - 455). The output of this single channel analyser
went to another universal coincident unit (#2) which was used for
slow-fast coincidences. The fast pulse came from CFTD #2. The
output of universal coincidence unit #2 was fed to the terminal D
of the coincidence unit #1, and terminal C was connected to the
output from the PSD circuit.

The four way coincidence output of unit #1 was then fed into
the gate and delay generator #2 (Ortec - 416), and its output was
used as a gating pulse for ADCA and ADCB. Finally, the signals
from ADCA and ADCB were read into a Honeywell DDP-516 computer



where they were stored in a two-dimensional array of 128 x 128
channels.

To study the 7Li(d,a)an reaction, two solid state detectors
were used to detect the alpha particles and the circuitry was
modified accordingly. COincident‘events were determined using
fast signals from the detectors to start and stop a TAC. The
TSCA was set around the time region of interest and the output
from this was used to open gates through which the energy signals
from the detectors were routed. The events were stored in the

computer in a two-dimensional array of 128 x 192 channels.

3.9 Computers

A Honeywell DDP-516 computer was used for on-line data
acquisition. The data were processed using the IBM 360/67,
SDS-920 and Digital - PDP8/e computers.
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CHAPTER 4
INVESTIGATION OF PROXIMITY SCATTERING

4.1 The 7Li(d,n)®Be*,q_g3(a) o Reaction

a) Introduction

The first study of the reaction 7Li(d,no)a was reported by
Valkovic et al.'?). They pérformed the measurements, at deuteron
bombarding energies Ed = 3.0, 2.2 and 3.6 MeV, in an effort to
look for proximity scattering between the neutron and an alpha
particle being emitted by the resonant 8Be system. The alpha
particles were detected in coincidence at the laboratory angle
settings of 8, = 30° and 6, = 140° with respect to the beam
“direction.

There is also a possibility of neutron-alpha particle rescatter-
ing in the 7Li + d - a + o + n reaction. In this case the reaction
will proceed as 7Li + d + a + SHe*;4 7 >0 + n + a. Fig. 7 shows
the energy level diagrams for °Be and °He systems. Valkovié'gg_gl,
looked for reécattering between the first emitted alpha particle and
the neutron emitted from the decay of 16.7 MeV state in SHe. The
experiment was performed at an incident deuteron energy Ed = 5.9 MeV
and angle settings em1 = 40°, em2 = 110°. From the measured a-a
coincidence spectra they concluded, in both of the above cases,

that the contribution due to rescattering effect was insignificant.
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However, in a subsequent study of the reaction by Thiévent
et al.!3) at incident energies between 2.07 and 2.25 MeV, the
results showed a clear dependence of the proximity scattering on
the incident deuteron energy. The data reported by these authors
at 2.07 and 2.09 MeV deuteron energies are shown in fig. 8, and
contain a rather large enhancement from the proximity scattering
which is very different from that seen in n-prescattering results.
In the latter, the rescattering runs over a wide range of p-!2C
relative energies (Eplzc); this spread is related to the widths of
the resonant states in the p + !2C system. In view of the implica-
tions which "strong" rescattering effects attributed to proximity
scattering in the 7Li + d reaction may have on the analysis of the
data in the 2C + d and “°Ca + d reactions, further verification

of n-o rescattering was undertaken as a part of the present study.

b) Experiment

The experimental set up has been described in Chapter 3 and
is shown in fig. 4. Because of the large variation, due to angle
and energy dependence, of the position on the kinematic locus where
_one would expect to see rescattering events, it was necessary to
take a number of precautions. To ensure that spreading due to
finite angle acceptance would not disperse rescattering events
appreciably, the angular acceptance of both detectors was restricted
to + 0.5° in the rescattering plane, and + 1.5° in the azimuthal

direction. The beam energy calibration was checked by a measurement
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of the 1.8806 MeV threshold of the ’Li(p,n)’Be reaction which is very
close to the energies used in this experiment. This resulted in a
determination of the absolute beam energy to an accuracy of 2 keV.
Close to the threshold for rescattering, the relative energy Ena
varies very rapidiy as a function of the incident beam energy as
shown in fig. 9. It was thus necessary to know very accurately the
incident deuteron energy spread due to finite target thickness. This
was determined for the LiF target by measurement of the resonance at
Ep = 1348 keV in the reaction °F(p,ay)'€0, which is known to have a
width T < 6 keV. These measurements were made using a technique
described elsewhere**). The resultant yield curve showed that the
energy loss for 1.3 MeV protons in the LiF target was about 6 keV,
which corresponds to about 7 keV for the 1.9 - 2.1 MeV deuterons used
in the rescattering measurements. Target thickness of the second
target (7Li target) used was continuously monitored while the in situ
evaporation took place during incident beam bombardment of the carbon
foil. In terms of the total deuteron energy loss, the final “Li
thickness was of the same order as that of the LiF target. Both
targets gave the same results for the 7Li(d,na)a reaction. In
addition, they both contained %0 as an impurity. The significance

of 60 contamination will be discussed in section 4.1 (d).

The width of the time region in which real events occurred was
about 20 nsec. This was due mainly to the difference in flight times

of the alpha particles. This fundamental limitation on the deter-
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mination of the simultaneity of events resulted in a small but
important contribution due to accideﬂta] events. Separate runs
were taken with a time window placed around a region away from
the real time peak and the contributions due to accidentals deter-
mined. The importance of the results obtained is also described in
section 4.1 (d).

Calibration of both energy axes was performed by recording
singles energy spectra for the 7Li(d,0)5He and the '°F(d,a)!?0
reactions at a number of angles and from the 7Li(d,ne)a kinematic

locus itself.

c) Results

The kinematic locus for the reaction d + 7Li + a + o + n for
a deuteron bombarding energy of 2.07 MeV and detector angle settings
em1 = 120°, em2 = 45° is shown in fig. 10. The positions where
enhancement, due to relevant states in the mass 5 (°He) and mass 8
(®Be) systems, would be expected, are also indicated on this figure.
The large decay widths of these states result in a spreading of the
enhancement along the kinematic locus; each area shown encloses the
section of the locus where the relative energy of the particular
resonant particle is within the range ER +T/2, ER being the energy
of the resonance and I' the particle decay width. The positions at
which proximity scattering would occur in the "classical" approach
for an intermediate state of 16.63 MeV in the ®Be system are also

indicated.

Because rescattering can occur between either of the alpha
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particles and the neutron, there are four points on the kinematic
locus at which the relative energy in the neutron-alpha system,

Ena’ is equal to E Each of these points, labelled a to d

resc’
in fig. 10, may be characterized by (1) the C.M. angle of the
neutron emitted in the 7Li(d,n)®Be* reaction before the rescatter-
ing and (i1) the "effective C.M." scattering angle of the rescat-
tered a-particle with respect to the n{c,o)n proximity scattering
process. Locations a and b cokrespond to the same value of the
former angle (in this case approximately 50°), but different

values of the latter (in this case almost 180° for a and 0° for
b). Similarly, locations ¢ and d correspond respectively to

the approximate angles (130°, 0°) and (130°, 180°).

The data for Ed = 2.07 MeV are shown in fig. 11 as projections
onto the I-:m1 and Em2 axes. The spectra are seen to be dominated by
the sequential decays through the SHe ground state and the 16.63
MeV state in ®Be.

The region where one may expect proximity scattering is
reproduced, for the 2.07 MeV data and for measurements made at
incident deuteron energies of 2.08 and 2.09 MeV, on an enlarged
scale in fig. 12. Only the two regions where proximity scattering
occurs well removed from the ®Be resonance (positions a and d of
fig. 10) are shown in this figure. Data are plotted as a function
of Ena and have been projected perpendicularly to the kinematic
locus. The expected positions for rescattering from the centroid

of the 16.63 MeV level are marked by arrows. The horizontal lines
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(=E )

have been drawn to suggest the range of values of Eresc
over which the proximity scattering may be expected when the
finite width of the ®Be (16.63) state is taken into account

(see fig. 9).

no

The Tower 1imit on the incident deuteron energy for which
proximity scattering is possible in the 7Li + d reaction is
2.061 MeV if one takes E,; to be the centroid of the 16.63 MeV
level (see eq. 2.42). The lower 1imit is however decreased whén
one considers the width of the ®Be resonance, as can be seen
from fig. 8. Measurements have been made at incident energies
of 2.05 and 1.90 MeV to obtain a line shape for the He resonance
which could not be affected by rescattering. (Actually, at 2.05
MeV some proximity scattering via the "low energy end" of the
16.63 MeV state is possible, but one would expect a greatly
reduced effect. At 1.90 MeY the rescattering would be negligible.)
The results of these measurements for 90‘1 = 120° and eaz = 45° are
shown in fig. 13. To allow comparisons to be made between 1ine
shapes for the peak at 1.90 MeV and at high energies, a Monte Carlo
simulation was used to fit a Breit-Wigner resonance shape plus |
linear background to the 1.90 MeV data. The same resonance para-
meters were then used to predict the shapes to be expected at the
higher energies. The resultant shapes for 1.90, 2.05, 2.07, 2.08
and 2.09 MeV are shown, together with the measured spectra, in
fig. 14. It is evident that all the spectra are well reproduced

in this manner.
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67

In order to search for rescattering effects at positions b
and ¢ in fig. 10, measurements were made at angles ea; = 115°,
60‘2 = 40° and an incident deuteron energy of 2.10 MeV. At these
angles, the °Be (16.63 MeV) resonance is no longer kinematically
allowed. Projections of events from this kinematic locus are
shown in fig. 15, and again the positions where proximity scatter-

ing is allowed classically are shown.

d) Discussion

It is evident from figs. 8 and 12 that the effect in the
previous data!?) attributed to proximity scattering does not
appear in the present measurements. There could be several reasons
why one would not observe these effects.

The rapid variation of E with incident beam energy, as

resc
shown in fig. 9, demands an accurate knowledge’of both the incident
beam energy and the spread in energy due to target thickness.

These have, however, been carefully measured in the present case
and should not appreciably smear out any effect.

Dispersion of the rescattering events due to finite angular
acceptance could also be expected, but with acceptance of 1° in
each detector a broadening of six channels for the data shown in
fig. 12 is expected.

As discussed in section 4.1 (b) above, considerable smearing
is to be expected due to the finite width of the 16.63 MeV state
in ®Be. The width of the 16.63 MeV state is 0.097 + 0.011 MeV*®).

Fig. 9 shows that rescattering contributions must be expected over
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a range of Ena relative energies of about 600 keV. This width is
considerably greater than that of the enhancement shown in the
data of Thiévent et al.’®).

As mentioned in section 4.1 (b), separate runs were made to
record "accidental" coincidence spectra, and appropriate subtrac-
tions were made. It is of some interest to note that accidental
events are to be expected (with reference to fig. 10) both in
horizontal and vertical "lines" due to "singles" rates from
160(d,p1)?70 and “Li(d,a)°He respectively. The "crossover" of
accidental coincidenée lines shown near position d in fig. 10 also
occurs very near to position a. In the latter case, the singles
reactions are ¥0(d,0e) and *2C(d,po) in the vertical direction
and “Li(d,0)5He in the horizontal direction. Such lines were seen
in the present experiment (along with others due to such reactions
as 1%0(d,ps)t70, '2C(d,po)*3C, etc.). Since these particular
accidental lines cross in the vicinity of the SHe and proximity
scattering locations on the kinematic locus, their subtraction is
clearly important. Thiévent et al.'?) did not subtract accidental
coincidences in spite of the reported presence of 169,

Sweeney et al.'®) also repeated this experiment and have been

unable to confirm the results reported by Thiévent et al.'?).

4.2 The 12c(d.n)lsN*_,“s(p)‘zC Reaction

a) Introduction
The first investigation of proximity scattering in the

12¢(d,np) 2C reaction was reported by Lang et al.%). They reported
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the results of their measurements for one incident deuteron energy

Ed = 5.39 MeV and angle settings o, = 6. =90° ¢ 0°, 10° and 30°.

p np
Another study of the *%Ca(d,np)“®Ca reaction was reported by Lassen

et al.!?) at E; = 5.8 MeV and for 6, =6, = 70° and ¢, between

)
0° and 42.2°. These measurements appearpto support the theoreticaI
predictions of Aitchison and Kacser").

Both experiments have been performed at only one bombarding
energy. The observed enhancement may not necessarily be due to
proximity scattering because one should note that the corresponding
relative energy in the n-p system is very close to the energy of
the T = 1 resonance in the neutron-proton system. It was suggested
by Phillipsiis12) that although the formation of this virtual
deuteron resonance is isospin forbidden, an admixture of T = 0 state
and T = 1 virtual states of the deuteron could, however, produce
such an effect.

| Figure 16 shows the two spectra for the 12C(d.np)**C reaction;
one is measured by Lang et al.°) whereas the other is taken by
Phillips??.*?), The former shows the enhancement as an extended
shoulder to the sequential peak, while in the latter case a sharp
peak attributed to the n-p final state interaction occurs at
50 keV n-p relative energy. Hence, there is a strong contradiction
in the shape of the measured energy spectra.

As no conclusive evidence of the observance of proximity
scattering exists to date, the present search for the presence (or

absence) of rescattering in the 12C(d,np)*2C reaction was undertaken.
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Comparison of data by a) Lang et al.’) and b)

Phillips!); for the reaction 12C(d, np)lZC at

Eq =

5.39 MeV; 6n-6p-90,¢np
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Energy level diagrams for !3C, 13N and !*N systems are shown
in fig. 17. The doublet at 3.51 - 3.56 MeV excitation energies in
13N decays by proton emission and is about 1.6 MeV above the
threshold for decay (as this doublet can not be resolved in this
experiment, it will be referred to as the 3.5 MeV level in further
discussion ) . Therefore energy of emitted protons is above the
threshold for expefimental measurements. As this level is well
separated from neighbouring levels, no interference from other
levels is éxpected to contribute to the measured spectra. Also,
the known widths of levels in this doublet (I3 5, = 63 + 5 keV;
rs.ss = 74 keV“G)) are neither very large nor very small; they
meet the criteria discussed in Chapter 2. These considerations
along with the fact that the cross sections for the (d,n) reaction and

the sequential decay process are large, make this reaction suitable

for investigation of proximity scattering.

b) Experiment

Details of the (d,np) experiments have been discussed in
Chapter 3 and an experimental set up is shown in fig. 5.

Data events were stored in a 128 x 128 channel array, one
variable being the neutron time-of-flight, the other proton
energy. The small background due to accidental coincidences has
been subtracted channel by channel from the experimental data.
~To facilitate analysis of the data, events on the kinematic locus

have been projected onto the proton energy axis.
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c) Results and discussion

i) Energy dependence

As discussed in Chapter 2 (eq. 2.41) the n-p rescattering energy
E , is a function of the bombarding energy for a given reaction.

np
Experimentally, an enhancement for a range of values of En is

expected to be observed for a given bombarding energy, Eb.p However,
for a different incident energy E'b # Eb’ the range of relative
energies of the n-p system changes. Thus, the only way to distinguish
~ the rescattering effect from the contribution of known or unknown
resonances is to observe a change in the relative energies at which
the anomaly appears with a change in the bombarding energy. Fig. 18
shows the n-p relative energy in the rescattering process as a

| function of the deuteron bombarding energy.

Data have been obtained at angular settings of 6y = 6y = 90°,

p
= 0°; and at the incident deuteron energies Ed = 5.2, 5.4, 5.75

¢np
and 6.25 MeV, respectively, and are shown in fig. 19. Typical error-
bars are shown in each spectrum. As can be seen from the 5.2, 5.4
and 5.75 MeV data, the proximity scattering hump moves towards lower
n-p relative energy, as we go up in bombarding energy. The relative
energy is marked on a separate scale in this figure. The rescatter-
ing energy has been calculated in each case using eq. (2.41) and it
corresponds to 74, 39 and 7 keV for 5.2, 5.4 and 5.75 MeV bombarding
energies, respectively. Positions where the levels in !“N* and 13C*

may contribute, are also marked by arrows. Their significance will

be discussed later on.
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Another set of data has been obtained at Ed = 5.1, 5.26 and

5.4 MeV and at angular settings of 0, = 78°, 6. = 90° and ¢np = 0°,

and is shown in fig. 20. Significance of thesz data will be brought
out while discussing the effect of the n-p final state interaction.
However, it may be pointed out that the proximity scatiering
enhancement, again, follows the proper energy dependence. Calcula-
ted values of the rescattering energy are 95, 62 and 39 keV, respec-
tively, corresponding to bombarding deuteron energies of 5.1, 5.26
and 5.4 MeV.

The upper and Tower 1imits on the bombarding energy for which
the conditions of proximity scattering are met, can be calculated
from eqs. (2.42) and (2.43) and are marked in fig. 18. For this
reaction the upper 1imit is calculated to be 6.05 MeV, taking ER
as the centroid of the level in !3N*; if the resonance energy is
taken as Ep + r/2, E, comes out to be ~6.1 MeV. In other words,
above 6.1 MeV bombarding energy the proximity scattering is
kinematically disallowed. To test this criteria, measurements were

done at Ed = 6.25 MeV and angular settings of 6, =6, = 90°, ¢

p np -

0°; and are also shown in fig. 19. There was no change in the
experimental conditions during all four measurements shown in this
figure. It is quite evident that these data agree with the predic-
ted shape.

The curves shown by solid 1ines in fig. 19 (and in subsequent
figures) have been obtained from the theoretical calculations

using Aitchison and Kacser's formalism discussed in Chapter 2 (for
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Figure 20

The present data for the

Eg = 5.1, 5.26 and 5.4 MeV; Op = 78°, 6p
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point geometry). The values of scattering parameters used in these

calculations are given below'’)

- 23.7146 fm ,

a (singlet scattering length)

a (triplet scattering length) 5.43 fm ,

rs (singlet effective range) 2,76 fm , and

1.70 fm .

ry (triplet effective range)

As stated in Chapter 2 (eq. 2.52), T is the only variable
quantity in the expression for the cross section. The line shape
_of the sequential peak in the present data seems to fit well with
the predicted shape, if T = 80 keV is used as the width of the
3.5 MeV doublet in !3N.

ii) Azimuthal angular dependence

If the n-p relative energy, En

» is plotted versus E 120, the

P p
relative energy in p-12C system, for Ed = 5.4 MeV and 0, = ep = 90°,

bnp = 0°, 10°, 20°, 30°; the diagram will look like a series of

Dalitz plots, one each for a value of ¢np' Aitchison®) in his talk
at the Brela Conference showed that the enhancement due to proximity
scattering is maximum at ¢np = 0°, i.e., when both the detectors are
in the same plane. For higher values of ¢np’ this enhancement de-
creases. At ¢np =30°, the proximity scattering bump should disappear

(because En is above the shaded band in fig. 2b). A measurement performed

P

at en = ep = 90°, ¢np

5.4 MeV is shown in fig. 21. For the sake of comparison the data

= 35° and at an incident deuteron energy Ed =

for ¢np = 0° are also shown. One can see that the results of these
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measurements are in good agreement with the theoretical predictions.
~iii) Contribution from other resonances

A level at 2.38 MeV excitation in !3N* can also decay by
proton emission. It is, however, expected to give a peak at
Ep = 0.25 MeV and thus, does not interfere with the present results.
The protons emitted from this level have lower energy than that of
the previously emitted neutrons and hence, do not satisfy the
conditions of proximity scattering.

The reaction can also proceed as: *2C(d,p)*3C*(n)*2C. From
the energy level diagram for !3C shown in fig. 16, one can see that
the 6.86 MeV level can contribute to the measured spectra. From
figs. 18 and 19 it is evident that the only spectrum where it gives
its contribution is the one taken at Ed = 6.25 MeV. In all other
cases the peak due to this process lies at very low proton energies.
This peak in the 6.25 MeV data is also not very significant.

Natural carbon which contains about 1% of !3C was used for
making the targets. Fig. 17 shows that a number of levels at about
8.9 MeV excitation energy in !*N 1ie in the region corresponding
to 3.5 MeV excitation in 13N. These levels in !“N* also can decay
by proton emission via the reaction 3C(d,n)**N*(p)!3C. The regions
where events from the !3C(d,np)!3C reaction occur have been marked
in figs. 19 to 21. 1In order to assess the contribution due to this
reaction, separate runs were taken using self-supporting thin !3C
targets, under conditions similar to the !2C runs.

The measured spectra for the !3C + d reaction taken at Eq =
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5.4 and 6.25 MeV and angular settings en =0_=90°, ¢np = 0°, are

shown in fig. 22. These data were norma]ize: to a unit charge of

the incident beam and their contribution to the 2C + d spectra was
determined. The amount of !3C in the !2C target was determined by
taking singles spectra for the !3C(d,p)*“C reaction and obtaining
counts for the same peak in the two measurements; !3C contamination
was verified to be ~1%. The factor f by which the counts in spectra
shown in fig. 22 should be divided to estimate the !3C contribution

to the measured proximity scattering spectra is given by:

13
§ = charge for ~°C run x 100
charge for '2C run

and resulted in the values of f = 7.3, 15.5 for the bombarding
energies Ed = 5.4 and 6.25 MeV, respectively. Thus, one can see
from fig. 22 and figs. 19 to 21 that the contribution due to !3C
contamination is insignificant.

iv) Role of n-p final state interactions

As stated in section 4.2 (a), n-p f.s.i. could also give an
enhancement at Tow n-p relative energies.' Experimental evidence
regarding violation of isospin selection rules can be divided into
two categories.

Class one deals with positive evidence for isospin forbidden
peaks. Von Witsch et al.*®) studied the d + d -~ d + p + n reaction

at Ed = 11, 12 and 13 MeV. Their data contained a strong peak in
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the kinematic region near E. = 0, which was difficult to explain.

n
However, they interpreted t:eir results by taking this peak as
evidence for some of the p-n system being formed in the isospin-
forbidden "singlet deuteron" state. Calculations based on this
assumption did not give good fits to the data, but required a
singlet:triplet mixing in the ratio 1:2 to qualitatively reproduce
the observed enhancement.

In another study reported by Smith et al.5°), similar isospin
mixing in the compound system N has been used to explain the large
cross section for the '2C(d,0)2°B (1.74 MeV, T = 1) reaction which
is also isospin forbidden.

The second category of experiments where no evidence of
isospin mixing has been found is mentioned below. A study of the
reaction d + o + *He + p + n done at ﬁu = 24 MeV by Assimakopoulos
et al.®!) has shown no evidence of singlet-triplet mixing
in the p-n final state. Good theoretical fits to the data were
obtained by assuming a pure triplet interaction and an upper limit
‘of 3% was placed on the possible singlet admixture.

Measurements made by von Witsch et al’2) of the reaction
Li +d + sLig.s. tptnatk, = 10 MeV show no evidence for
isospin mixing. No qualitative upper 1imit could be set due to
the presence of other f.s.i.'s in the same kinematic region. They
further suggested that the effects observed in ref. 48 might not
be due to the isospin-forbidden !so p-n interaction, but are

possibly due to some interference effects. In a rather conclusive
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study on the °Li(d,pn)°Li reaction performed at E, = 21 MeV by
Braithwaite et al.®®), it has been shown that there is a complete
isospin separation of the p-n interaction. The strong p-n final
state enhancement observed near Epn = 0 had isospin T = 1 when
the reaction proceeded through the 3.56 MeV (T = 1) state of the
residual nucleus, °Li. An upper limit of 2% was placed on the
'sy (T = 1) contribution to the triplet spectra (for "Lig g, and
®Liz.18% both T = 0) and an upper limit of 104 was placed on the
%, (T = 0) contribution to the singlet spectra.

Thus on the existing evidence, one cannot catagorically reject
sequential decay through a T =1 deuteron virtual state as an
explanation for the enhancement in the present data, although it
would seem very improbable. Hence an effort was made to clearly
distinguish the role of p-n final state interactions from proximity
scattering, in present measurements.

The first step taken to achieve the above objective was to
select a suitable angular setting so that Enp = 0 does not lie
on the kinematic locus. In order to be able to detect the rescat-
tering effect in the lab. system, one has to choose a pair of angles
such that there is at least one point on the Ep versus Eg plot
(kinematic locus) which. corresponds to the excitation energy of Enp
in the intermediate n-p system. Or looking at the Dalitz plot
(fig. 2 (b)), the choice of the angles should be such that the
boundary of the Dalitz plot should cross the rescattering band.

This condition was satisfied with the angular setting en = 78°,



ep = 90°, ¢np = 0°. The lowest n-p relative energy possible with
this setting was ~21 keV for bombarding energies between 5.1 and

5.4 MeV. Whereas, proximity scattering amplitude remains unchanged

with this choice of angles, the Watson-Migdal prediction shows
a reduction by a third in the amplitude for n-p final state

interactions (maximum enhancement occurs at En = 0). Measured

p

data for Ed = 5.4 MeV and angular settings en = 78°, 6_ = 90°,

¢np = 0° and en = ep = 90°, ¢np = 0° are shown in fig.p23. No
apparent change in the proximity scattering amplitude is notice-
able. Fig. 20 shows the energy dependence of rescattering at
above angles; this further strengthens the argument that an
insignificant role is played by p-n final state interactions.
Another advantage of choosing an unequal pair of angles is to
eliminate any possible absorption of low energy neutrons in the
solid state detector and its mount, because it no Tonger obstructs
the neutron detector.

As a second step taken to identify the n-p final state inter-
action contribution in the present measurements, the 5.4 MeV data
were fitted with the Briet-Wigner line shape plus a mixture of the
singlet and triplet states of the deuteron. A Monte-Carlo routine
was used to simulate the Briet-Wigner shape for the sequential
peak as well as to calculate the singlet and triplet shapes for
n-p interaction. Computed values for the triplet were fitted

with a function T;

T = a+bx+ cx? + dx3,
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Figure 23
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while the singlet was fitted with a function S;

e|2

(»Mz+%e”

S = a'+ b'x+c'x2+d (

Best values of the coefficients a, b, ¢, d and a', b', c', d*,
e' and g were found using a x? program on the SDS-920 computer.
Finally, the experimental datawere fitted with a function,

FUNCT ;

CE2

FUNCT = AT +BS + ( )
(X-G)z + T E2

and the best values of the coefficients A, B, C, E and G were
determined. This fit is shown in fig. 24 and represents a <3%
singlet contribution relative to the triplet.

As can be seen, the data do not agree vefy well with such
a calculation. This further confirms the belief that proximity

scattering exists in this reaction.
4.3 The 285i(d,n)2°P¥ 3,(p)*°Si Reaction

This reaction was also studied as part of the present
research. The measurements were performed at bombarding energies

Eq = 4.9 to 8.7 MeV and angular settings 6, = 6, = 60°, ¢y, = 0%,

p

30°; 8, = 48°, ¢ = 60° = 0°. Levels at 3.45 and 4.08 excita-

p > ®np
tion energies in 2°P* can also decay by proton emission and their
sequential peaks appear in the same region where proximity scatter-
ing due to the 4.34 MeV level is expected to occur. Also, 12¢

contamination was found in all the five targets which were tried.
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The sequential peak due to .l2C contamination shows up quite
strongly very near to the sequential peak due to 2§P2.34. Thus
the presence of these interfering sequential decays made it
quite difficult to extrﬁct any meaningful contribution due to

'proximity scattering.



CHAPTER 5
TRIANGLE SINGULARITIES IN ELEMENTARY PARTICLE PHYSICS

A brief discussion of rescattering effects in elementary particle

physics is appropriate here. A typical reaction is
T+N>w+R>m+m+ N

with R corresponding to the N* spin-% nN resonance. Aitchison®)
has shown that there is a logrithmic singularity in the aﬁb]itude of
this reaction. He assumed that in the process m + N -+ 7+ Nk, the
initial state is D; , which implies S-state production of the N*.
The N* - N break;p is P-wave and the mr rescattering ic then a
pure S-wave.

This process can be represented by a triangle graph shown in
fig. 1(e), where b and t refer tom and N, 1' and R correspond
to 7 and N* the (3,3) nucleon isobar, 2' and 3 refer to m and N,
and 1 and 2 are both m's. N* is taken as a spiniess particle of
complex mass. In ref. 16, this graph is calculated from a disper-
sion relation as a function of the mass s of the two pions in the
final state for low values of the overall C.M. system energy W .
The relation is then analytically continued in W. For a narrow
range in W, an enhancement of the square of the amplitude is found

near s = 4 (the pion mass is 1, two pion mass is /s). The analog-



ous enhancement also appears in the W channel near W=R+1, for
a small range of s oth, near s = 4. The prominence of the
effect depends on the width of R, being closely connected with the
nearness to the physical region of one of the two logarithmic
singularities (anamolous thresholds) of the graph: this distance
increases sharply with the isobar width. The positions of singu-
larities are interpreté_d as the phase-space 1imits for the simul-
taneous production of states with mass s and R . Aitchison
concluded that such a "double 'excitation"» process leads to an
enhancement of the triangle amp'li’tude on1-y if, in general, s and
R fall in certain narrow ranges In summary, the effect if obser-
vable, should show up as a bump in the production process if two- pions
are observed near threshold (s = 4). This is unfortunate because
the detection of this may prove difficult.

Good examples of triangle singularities are hard to come by
in elementary particle physics. This is one reason why it. was
suggested by Aitchison to look for this effect in low energy nuclear
phystS. However, the work of Anisovich and Dakhno®*) is a reason-
ably good example in which they explain the anomalous behaviour of
the pion-pion mass distiribution at s = 4 (Mm"Z) in the reactions
T +pen+ a + 1 and p + d ~ 3He + 2m, by means of triangle
singularities. The reaction m + p > n+ xT + m was experimentally
investigated by Kirz et al .55) at incident pion energy E_ = 360 to
780 MeV. Their data clearly show a bump at E1r = 360, which
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gradually disappears with the increase in incident energy. Abashian
et al.'s®®) experimental data for the reaction p+d- %He + 2n
show that the increase of the double pion production probability

near the region s~4 disappears at E. > 1300 MeV..

P



CHAPTER 6
CONCLUSIONS

The 7Li + d + n + a + o reaction was investigated to verify
~the positive evidence fof n-o rescattering reported by Thiévgnt
et al.?3) The measurements were performed at E; = 1.90 to 2.10
MeV. The data do not show any enhancement due to Proximity
Scattering. Strong accidental Tines due to the "singles" rates
from the reactions lso(d.p)i70, 160(d,a)!*N, *2C(d,p)?3C and
7L1(d,x)5He were seen in the vicinity of the positions on the
kinematic locus where rescattering occurs. The enhancement
reported in ref. 13 may have been due to these random coincidences.
The data, after proper subtraction due to randoms, are fitted
well with a Breit-Wigner 1ine shape plus linear background using
Monte Carlo simulation. This does not necessarily imply the non-
existence of proximity scattering. At these low energies, this
effect must be expected to be greatly smeared out by the width of
the intermediate ®Be(16.63) MeV state. Experiments performed at
higher energies where the effect is more localized have, however,
also failed to show rescattering contribution!?).

In the data for the *2C{d,np)'2C reaction, the energy depen-
dence of the proximity scatterj_ng i_s clearly illustrated at Eq =5.1
to 5.75 MeV (figs. 19 and 20). The data for E; = 6.25 MeV (fig.

19) do not show any enhancement; this is in accordance with the



theoretical predictions because at Ed > 6.1 MeV the proximity
scattering is kinematically disallowed. At the azimuthal angle

*n
)
this is supported by the data for Ed = 5.4 MeV and angle setting 8, =

> 30°, no contribution due to proximity scattering is expected;

ep = 90°, q’np =-35° (fig. 21). Finally, possible contributions due to
the singlet and triplet states of the deuteron are found to be quite

small. The 5.4 MeV data have been fitted with the Brei:t-Wigner line
shape'plus a mixture of n-p final state interactions in the s, and
®s1 states. One can see from fig. 24 that the fit is not very good.

‘Thus, in conclusion, the present measurements on the 12¢(d,np2C
feaction strongly suppbrt the existence of proximity scattering and

serve to reject alternative explanations of the previous results

(refs.1s12),
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