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AN INVESTIGATION OF EXCITED STATES IN THE N NUCLEUS

BY CHARGED PARTICLE REACTIONS

INTRODUCTION

The purpose of this study was to determine parameters of
excited states of the N14* compound nucleus. The reactions
used to excite the levels were Clz(d,d)Clz, Clz(d.p)Cl3,
Clz(d,p')C13*, and C13(p,p)Cl3. The range covered experimentally
was from 0.5 to 2 Mev deuteron bombarding energy for the first
three reactions, and from 2.5 to 5 Mev proton bombarding energy
for the fourth reaction. This corresponds to excitation energies
in N14* from 10 to 12 Mev. The analysis of some previously
published Cl3(p,p‘)C13 data covering proton bombarding energies
from 0.4 to 1.6 Mev increased this range. One of the main
features of this work was the use of a method of analysis in which
the Wigner single level dispersion-theory form for the scattering
matrix was used for both the elastic and inelastic data. Since

N14

has an even number of nucleons, only integral values for the
quantum number of total angular momentum are allowed. The

reactions by which the states can be reached involved spin 1/2 on
1/2 or spin 1 on 0. This means that some states can be formed

by particles with more than one value of orbital angular momentum.

No channel-spin-zero reactions exist which can reach the states.



The method of analysis of the elastically s :attered particles
consisted of initially obtaining a complete set of theoretical curves
at a number of angles for the various possible types of isolated
resonances, as was done in the N14(o(,°( )N]‘4 analysisl. This,
in some instances, was enough to determine the total angular
momentum and parity of the compound nucleus state. The analysis
of the Cl'z(d,d)C12 data was carried out further using a method
which allowed the inclusion of several levels, and therefore
included interference between levels. This method was also used
to analyze some of the elastically scattered proton data from

cl3(p, p)c!3. The fact that the C'?

has a negative ground state
parity while that of the clz ground state is positive was a great
help in this work, since every state formed with an odd value of
the orbital angular momentum of the deuteron in the Clz(d,d)C12
experiment had to be formed with an even value for the angular
momentum of the proton in the C13(p, p)C13 experiment.
Considerable work has already been done on reactions leading

to the same excited states in the N14

compound nucleus. The
original C]"?'(d.n)N13 investigation was done by Bennet and Bonnerz.
Since then a number of more recent papers on the same reaction
has been published including that of Bonner, Evans, Harris, and

Phillips3, who also gave a number of angular distributions of the



neutrons for deuteron bombarding energy ranging from 0.7 to 2 Mev,
A good value for the absolute cross section at 0 degrees was found

in Charged Particle Cross Sections4, published by the Los Alamos
Laboratories. For the (d,d) reaction no previously published work
was found for deuteron energy of less than 2 Mev. The (d,p)

reaction in that energy range has been investigated by G. C. Phillipss,
who obtained a number of angular distributions and three excitation
curves of the long range protons. This reaction was also investi-
gated by Sarma, Govindjee, and Auan6 whose work closely parallels
that in Reference 5. However, there are large discrepancies in
the absolute values of the differential cross sections given in these
papers.

The Cl:%(p.p)C13 reaction has been investigated by E. A, Milne’
for incident proton energy of 0.4 to 1.6 Mev. He measured the
differential cross section at a number of angles but did not make
a complete analysis of the data. Zipoy, Freier, and Famular08
investigated the same reaction from 1.6 to 3.3 Mev and assigned
angular momenta and parities to three of the states which they
observed. The present work on this reaction covers the energy
range of 2.5 to 5 Mev., The protons to the 3.09 Mev state of C13*

from the reaction Clz(d, p')Cw* had not been studied except in

Reference 6 where they were observed in the immediate




neighborheed of the 1,435 Mev resonance. The 3.09 Mev gamma
rays associated with these protons were observed in Reference 3.
Finally the C13(p, n)Nl3 reaction has been investigated by B air,

9 from 3 to 5 Mev.

Kington, and Willard
Before going on to the discussion of the reactions investigated
in the present work, it would be beneficial to list all the allowed
values of the orbital angular momentum of the particles resulting
from the decay of the compound Rucleus N14* for the various
reactions and channel spins of those reactions, since a large part

of the discussion refers to those values. The tabulation of those

values is found in Table I.




TABLE 1

Allowed values of the orbital angular momentum of the decay
. . 14* - .
particle resulting from decay of N for the various reactions

and allowed channel spins of those reactions.

state in N'¥* c1%g,q)c!?  cl2(q,p)c13 § 124, ol
J +1T S=1 S=0 S=1 S=0 s=1
0- 1 0 @ @ 1
0+ @ @ 1 # 0 @
1- 1 @ 0, 2 1 1
1+ 0, 2 1 1 @ 0, 2
2- 1, 3 2 2 @ 1, 3
2+ 2 @ 1, 3 2 2
3- 3 @ 2, 4 3 3
3+ 2, 4 3 3 @ 2, 4
4- 3, 5 4 4 @ 3, 5
44 4 @ 3, 5 4 4

$ This also holds for the Clz(d, n)N13, Clj(p, p)C13, and
CI:‘)(p,n)N]'3 reactions,
@ Not allowed by conservation of angular momentum and parity.

# Only for the (p,p) and (p,n) reactions.



THE Cl2(d,d)c!? REACTION

INTROQDUCTION

Elastically scattered deuterons from GCl? were observed
in the energy range from 0.5 to 2 Mev, corresponding to excited
states in N-M”.l from 10.6 to 12 Mev excitation energy. This
elastic data provided a direct and powerful tool for the assignment
of angular momenta and parities to these states. The analysis
of the reaction products is a little ambiguous since it is intrin-
sically related to the spins and parities of the residual nuclei.
In the cases where the elastic scattering is the only reaction
present;, ie, there are no other channels open except for the
elastic channel, the analysis of the elastically scattered particle
yields with no ambiguity the total angular momenta and parities
of isolated states which are abserved as resonances in the cross
section. However, there is a number of reactions which can
take place in the range of bombarding energy covered in this
experiment. They are

(r.) et + a4 5 ct? L 4

2.) ¢'? + 4 > c13 L 5 . 2.72 Mev
B €2+ a4 S cl¥™* 4 5 037 Mev

(4.) (312 + d — N13 + n -0.281 Mev



All three reactions (2), (3), and (4) will be shown to
compete strongly in this case. Reaction (2) with its positive
Q has the highest cross section. Reaction (4) competes strongly
as would be expected from the higher barrier penetrability for
neutrons with low £ . Reaction (3) will be seen from our results
to have a large experimental cross section also. Because of
these reactions, it was difficult to find unique assignments from
consideration of the elastic scattering data alone., In some
instances more than one value for the total angular momentum
for an excited state could be found which would give a satis-
factory fit to theEA[&;?a(:.

The reduction of the resonant cross section in the elastic
channel, caused by the different allowed modes of decay for the

14%

N states, can be described in terms of the relative width for

the state in the elastic channel, -,;°-' where [el is the partial
width of the state in the elastic channel and [ is the total width
of the state. This will be discussed at length later. Since

C]'2 has a ground state spin of 0 and the deuteron has a spin of 1,
there is only one channel spin for the elastic scattering. The
analysis of the scattering data was made assuming a single L

value. The assumption that only one 4 value of the incident

particle is involved in the formation of a state would seem justified.



When any state may be formed with two £ values, parity conser-
vation requires that the £ values differ by two, ie, £= 0, and

2, 1 and 3, 2 and 4. Because of the large difference in penetrability
between two such values for Z » the lower would be expected to
make up the state. However, due to some internal mechanism of
the nucleus, it is conceivable that a state could be excited by only
the higher value. This in fact is observed for the 1.3 Mev

resonance and is discussed later,.




EXPERIMENTAL TECHNIQUE

The Rice Institute 5.5 Mev Van der Graaff accelerator was
used to accelerate the deuterons into a small, cylindrical scattering
chamber. Figure 1 is a photograph of the chamber. The chamber
consisted mainly of two shallow cylinders of which the lower
remained fixed while the upper could be rotated with respect to the
lower. The target was mounted in the lower half of the chamber,
which also contained the beam defining slits. The slit system
defining the solid angle for scattering into the detector and the
detector were mounted in the upper cylinder. The angle of
scattering was set in terms of graduations which were made on
the top and bottom halves of the chamber. Since the detector
did not rotate in the plane defined by the incident beam and the
detector slit system, the actual angle of scattering 6O had to be
calculated in terms of the constant azimuthal angle X and the
variable orbital angle d) using the relation

Cos® = CosX Cos ¢
The overall accuracy of the angle of scattering, which was esti-
mated to be ¥ 0.50, was checked by scattering 2.5 Mev protons
from a thin gold foil, and the calculated angles were found in
agreement with those expected from the CscZ % dependence of

the scattering. The integration of the incident beam was done in

a Faraday cup with an electron suppressing voltage of 300 volts
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applied to a ring in the front of the Faraday cup. The carbon
targets used in this experiment consisted of clz foils of about
20 micrograms per c:m2 which were self-supporting over a
circular area of approximately 0.8 c¢cm in diameter. One foil
whose thickness was about 6 Kev at 1.4 Mev deuteron bombarding
energy was used for most of the experiment. The energy of

the incident beam was determined using a 90% analyzing magnet
which was calibrated in terms of the frequency of a proton-
moment detector, taking the 1.435 Mev resonance as the
calibration energy. By doing this we think that the uncertainty
in the bombarding energy is * 4 Kev. The detection of the
scattered particles was done using a gcintillation counter
consisting of a 0,025" Thallium activated Cesium lodide crystal
mounted on a Dumont 6293 photo-multiplier tube. The protons
from the Clz(d, 1:0)(3]'3 reaction which leave the C13 in its ground
state were easily resolved from the comparatively low energy
elastically scattered deuterons. However, the protons which

leave the C 13

nucleus in its first excited state gave pulses of

a size comparable to those given by the deuterons scattered at
the backward angles at an energy of approximately 1.5 Mev.

That is the reason why the backward angle curves are terminated

at 1.5 Mev while the curves at 45.0, 54.7, and 90.0 degrees are

extended past the 1.78 Mev state.
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EXPERIMENT AL RESULTS

We have taken excitation curves of the elastically scattered
deuterons at center of mass angles of 45.0, 54.7, and 90,0
degrees for deuteron energy from 0.5 to 2 Mev. These curves

are shown in Figure 2 . We have also measured elastic

scattering cross sections at 125.3° and 167.5° from 0.5 to 1.5 Mev.

See Figure 7 . Anomalies in the elastically scattered deuterons
were observed at incident deuteron bombarding energies of 0.91,
1.18, 1.30, 1.435, and 1.78 Mev. In order to obtain absolute
values of the differential cross section in both the (d,d) and the
(d, p) channels, we have normalized the deuteron yield to the
Rutherford cross section at a very low energy, that is at about
0.5 Mev. This normalization to the Rutherford cross section was
checked in terms of the published differential cross section 10

for the scattering of protons by ch at an incident proton energy
of 3 Mev. Since the carbon foils used in this experiment were
extremely thin, the cracking of carbohydrates from the vacuum
system onto the foils resulted in a sizable increase in the
thickness of the target. A correction for this effect was made by
taking a number of points at different energies on the excitation
curves in quick succession. During all of the experiment with
the very thin foils, the beam was kept off the target between data

poinfs, and this reduced the carbon build up considerably.



O (8)cm., IN BARNS/ STERADIAN

.'..""“'N.....A

'S I T 1§ T [ I Lo | | 1 T ] T
8.0
) C'2 (d.d)c'?
—-6.0 .
B(cm)=45°
- 4.0
20 .

X 8 .0 .2 14 16 1.8
1 i ol | | 1 1 ] 1 1 ] 1 1
-40 °
L ]
. B(cm)=547°
-3-0 .
.2.0 *
1.0 ' e .l
teome , ,
.., .
08 10 12 14 16 * e '
ols i ] il I ] { 1 [ 1 1 1
. B(cm) =90°
0.6
*
k0.4 .
L ]
L]
- o .
Q2 * .
-.n.'“u....:'o.. . Ve .
o ? fe., ° * .
olG L fe io L '12 ] j‘ | 16 ] ‘8 ]

E g(La8), IN MEV
FIGURE 2




11

The overall accuracy of our cross section, excluding the statistical
error of counting, is estimated to be + 7% for most of the data.
However, at the backward angles and for a deuteron energy
greater than 1.25 Mev this uncertainty may be somewhat larger
since the elastically scattered deuterons were not easily resolved
from the protons emitted to the first excited state of C13.

By dividing the elastic cross section by C( ¢ ) where

i W ( d_z‘)L c@)
AB

Ao /em o -

and comparing the proton yield with the deuteron yield, we were
able to obtain the laboratory cross section for the reaction protons.
This method should yield a good value for the Clz(cl,p)C]-3 Cross

section.
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ANALYSIS OF THE ELASTICALLY SCATTERED DEUTERON DATA

Since the resonances under investigation were broad and close
together, it became evident that no analysis would be satisfactory
unless it was capable of describing interference between states.
An expression for the differential cross section was used in which
the amplitudes of the scattered partial waves were expressed in
terms of the incident partial wave amplitudes by the dispersion-
theory form of the scattering matrix. The derivation is included
in Appendix A, For particles of spin i incident on target nuclei
of spin I, where the allowed values of the sum of i and I are
designated by the channel spin index S, the differential cross

section is given by

g-f%—- :Z (2L+:)(aI+t) /g'";e)/z

s, ms
where, if we assume that S is conserved during the scattering,

Fsms (O ) is given by

Mg

. L]

mg 2
'& 'ﬁ = -fzic‘t' g c Xs
WA EY Ms=Ps' o [T M /[T mg
+ E T Qe+ & ): XS 2ol £ m-my
e smfl s my
3

X[ 2. T _as0;
(C bL'b’ee' -54.«.'6}0-
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41! . s g
Tgm e (AR g sa( )
Sec’ c =< ¢ r

The symbols are defined in Appendix A, In order to perform the

analysis on the elastic cross section, the real and imaginary parts

of Fsms (6) were written for the case: § =1 ad 2 -, using numerical

values of the Clebsh-Gordan coefficients calculated from their form'!2.
The assumption that channel spin was conserved in elastic

scattering was not a restriction in the analysis of the scattering of

deuterons by Clz, since S can only have the value of 1. The

differential cross section is given in this case by
: SN oo
o R A (N I [

If we consider now the quantity
24Xe T - 2400
e gel' - 59-(: <

3
we see that,for the cases where L= J. it can be interpreted as Pge,
J
where Pec corresponds to the probability of the formation or
decay of the state in the channel. For the cases where 2;63‘ ,

there are four parameters involved, ie,

T

Fe e t F" e
- T

. P;g' P,

where £=J—1and £=J+1.



An example of this latter case would be a J = 37 state, formed with
1—=‘ 2 and £'=4 deuterons. The diagonal terms in the matrix are
not ambiguous. The non-diagonal terms are undetermined to a
* sign. No resonance was found where the use of the non-diagonal
terms was necessary. The neglect of such transistion terms was
a help, since it had the effect of reducing the number of parameters
used to explain the data. There are some arguments for neglecting
the non-diagonal terms, since if the state is formed with the
lower rather than higher value of £, the difference in penetrability
for different L5 at this low energy shows that the transition term
is small. If on the other hand the upper value of A is used,
there again the non-diagonal terms may be neglected, since there is
no reason to believe that the decay of an excited state into the
elastic channel should differ from its formation.

Since the sum over J is limited to J= £+1, 4, and £-1
for the case of channel spin 1, it was performed first. The angle

Py L+l & -l
{l was then designated as F DA PL , or F depending

upon the value that the J took in the summation. In programming
for computation the expression for the differential cross section,

. JFm
we included ten values of the phase angle /Q » one for each

possible value of the angular momentum and parity from 0~ to 4% .

Therefore, this expression for the differential cross section was
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quite suitable for observing interference effects occuring from the
proximity of neighboring states of different angular momenta and
parities. The behavior of the resonances was then obtained from
the behavior of the resonant phase shift ﬂTTr » whose dependence
on the energy is given by 'ta,«-..gr-yi_é . In computing ﬁ y We
included a dependence of the width [T on the energy for the very
broad states. /' was taken to vary between the limits /M= 0 at
Eq= 0 and [Z1hs at Eq = E(resonance)'

In order to arrive at a starting set of values of angular
momenta and parities for the various states, theoretical curves
for the differential cross section assuming isolated resonances
were computed at center of mass angles of 54.7, 90.0, and 168. 4
degrees. The reason for this choice was that P2 = 0 at 54,7 degrees,
P; = P3 = 0 at 90.0 degrees, and that all of the Legendre
polynomials of interest are close to their maximum numerical
vallle at the backward angle. The curves were obtained for sets
of resonances occuring at 0.9 Mev with a width of 100 Kev and
at 1,435 Mev with a width of 10 Kev. The 0. 9 Mev curves, for
which the relative widths in the elastic channel were taken as one,
are plotted in Figure 5. The hard sphere phases for these curves
were taken to be zero, There was only a slight difference in shape

between the curves at 0.9 and i.435 Mev, and that difference corre-

sponded to a small change in the phase of the coulomb vector,
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By comparison of the calculated line shapes and the actual
measured cross sections, the following possible values of the

angular momenta and parities of the compound nucleus states were

obtained.

Resonant

EneLgy {Mev) jg J T
0.91 0 1 +
1.18 1 o, 1, 2 -
1.30 0 1 +
or 2 1, 2, 3 -+
1.435 2 3 +
1.7 1 - -
1.77 0 1

+

Each possihle combination of J and T plus approximate values

. . 4 .
of the relative widths, /r; » for the first four resonances were
then included in the expression for the elastic scattering cross
section and computed using the Shell Development Co. IBM 650
computer. The relative widths were then varied for each
assignment until best agreement was obtained between data and
theory. Since the 1,435 Mev state and the 1.3 Mev state are

comparatively narrow, their widths were assumed to be independeant
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of energy. However, for the broad l1.18 Mev and 0.91 Mev states
an energy dependence for the width was used. A number of theo-
retical curves was obtained, and the L= 0, J = 1 possibility for
the 1.3 Mev state was ruled out since it gave results in definite
contradiction with the observed cross section: This extablished
the fact that the state was formed mostly by L= 2 deuterons. The
absence of L=0 at first sight seemed to limit the J assignment to 2
or 3, Theoretical curves for aJ = 3% state definitely gave the
wrong shape for that resonance,while large discrepancies still
remained between theory and experiment when a 2% assignment
was assumed. A check of the experimental data showed that the
discrepancy between data and theory was not due to error in

the experimental data, An 4= 2, J= 17 type of resonance was
then assumed. As can be seen from Figure 7 this assignment
resulted in agreement between data and theory. The assignment
of this state is further discussed in the Clz(d,p)C]‘3 section.

For the 1.18 Mev state, the proton angular distributions ruled
out the ﬁf 1, J = 17 possibility, since then the protons could

be emitted with an angular momentum of zero. (See Table I.)
The resulting angular distribution would then have been very
nearly isotropic, except for R interference with the 0.91 Mev

state once the penetrability difference between an A= 0 and an
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L= 2 proton was included. The possibility that the state was a 0~
state was immediately ruled out since the angular distribution of
the long range protons could not have had any Pz(we) coefficient .
This clearly contradicted the data. The assignment of £=1, J = 2~
for the state allows the protons to decay with 4= 2 for both S = 0
and S = 1 channel spin and the resulting angular distribution, as
will be shown in the Clz(d,p)C13 analysis, is in good agreement
with the data. The presence of an ;1 resonance at approximately
1.7 Mev is definite. However, no other information was obtained
as to this state from the C]'z(cl,d)C]'2 data. The elastically
scattered deuterons at 90. 0° indicated a resonance at 1.78 Mev,
with[= 100 Kev and t//n = 0.5. At 90.0°, the effect of the £v1
resonance at 1.7 Mev is at a minimum.

There are a number of other arguments involved in the assignments
of angular momenta and parities for the states. If we look at
Figure 6 which is a combination of C]'Z(d, n)N‘l‘3 curves from two

3'4, we see that the 1.435 Mev resonance does

different sources
not appear in the cross section” while the 0.91, 1.3, and 1.8 Mev
states do. The 1.18 Mev resonance makes, at best, a weak
appearance. The qualitative explanation of this can be seen in

terms of the different £ values for the neutrons, especially when

one considers that the Q value for the Clz(d, n)N]'3 reaction is

* While no curve appears in the literature, this resonance has been
observed weaklyls'
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-0.281 Mev. If we refer to Table I, we see that the decay of the
1.435 Mev resonance to N!3 must take place with ﬁn = 3. The
barrier penetrabili;y for this is0,003. For the 1,18 Mev state (nz 2,
since the state is considered to be a 2” state. The barrier penetrability
for this is 0,04 . Had the state been assigned Ld =1, J= 17 then
the neutrons could have been emitted with Ln‘ 0,2 and would, therefore,
be expected to appear strongly. Considering the states where the
resonant neutron yield is comparatively large, we see that the neutron
can be emitted with ehrl for both channel spins from the 0.91 Mev
resonance and for the 1.3 Mev resonance. Finally, for the 1.8 Mev
states Qn is 1 for both channel spins. The narrow N14* state which
corresponds to a bombarding energy of 4 Mev in the Cl:‘](p,p)Cl3
reaction is not observed in the elastically scattered deuterons where
it would be expected to appear at about 1.15 Mev. However, when
we consider the 3° assignment for this state, we see that it would
take a deuteron with an orbital angular momentum of 3 to form the
state so that it is not observed for reasons of low penetrability for
a deutgron of that high jangular momentum at this energy.

The actual values of the parameters of the states, such as the
relative widths, were obtained by successive approximations until

what was considered a satisfactory fit to the data was found. This

is a tedious process since the expression for the differential cross



-
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section is complicated and, therefore, takes a large amount of
time to compute. This means that the parameters can be changed
only a few times. Among the difficulties involved in this particular
problem was the fact that the experimental cross section at the
backward angles was somewhat uncertain because pulses resulting
from protons to the first excited state of C13 started to merge with
the pulses from the elastically scattered deuterons, and this hurt
the resolution of the deuterons. The dependence of the width on
the energy is somewhat uncertain, Finally, the initial hard sphere
phases, which were obtained from the tables by Bloch et all3,
were unsatisfactory, although a better set of phases was qQuickly
determined. Figure 77 represents the actual final fit that was
obtained for the etastically scattered deuterons. The parameters
of that fit, together with energy values for the N14* states, are
listed in Table Il-a. The values of blﬂg&‘which represent
the ratio of the reduced width to the Wigner limit, for this channel

are listed in Table II-b.
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TABLE Il-a

The Clz(d.d)Cl2 Reaction

Eg (Mev) E NM* (Mev) 7 (k) (/01 g
0.91g 11.05 110 0.26 0
1.18 11.28 220 0. 36 1
1.30 11. 38 35 0.43 2
1.435 11.49, 6 0.65 2
1.7 11.7 ~ 100 --- (1) (0°,17,27)

1.78 11.79 100 0.5 0




TABLE II-b

Reduced widths and % of the Wigner limit

for the Clz(d,t:l)C12 Reaction

E; (Mev) E (N1%%)  [IKey E(LMev) 2ps e oo
0.915 11,05 29 0.093 W
1.18 11.28 79 0.268 19%
1.30 11.38 15 0.250 18%
1.435 11,494 4 0. 043 3%
1.78 11.79 50 0. 032 2%
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THE c!2(d, p)cl3 REACTION

INTRODUCTION

The Clz(d, p)C13 experiment, which covered a range of excitation
energy in N-4* from 11.0 to 11.9 Mev, is an essential part of this
work, since the angular distributions of the protons are a sensitive
tool for resolving the different possibilities for J + T which have
been obtained from analysis of the elastically scattered deuterons.
An example of this is the 1.18 Mev state which could easily have
been mistaken for a 1~ state had the elastically scattered deuteron
data been the only channel of analysis for this state. Even though
the Clz(d,p)C”’ reaction has been previously investigated in this
regions'é, the published values of the differential cross sections
indicate large discrepancies, for example, the value of the differ-
ential cross section for a laboratory angle of 150° is given as 15
millibarns per steradian in Reference 6 and as 180 millibarns per
steradian in Reference 5. Since the method for obtaining absolute
values of the differential cross section used in this present experi-
ment was independent of the target thickness, an accurate value
for that cross section was obtained. This value of the differential
Cross section was essential in order to obtain values of the relative

widths of the states and the reduced widths of those states for

decay to the C13 ground-state-plus~proton configuration.
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It is interesting that all the results obtained for the (d, p)
reaction are also qualitatively applicable to the (d,n) reaction,
since in both decay schemes the parity and angular momentum of
the residual nuclei is the same, 1/2°, and the reaction particles
are both of spin 1/2. As in the case of elastically scattered charged
particles, where the shape of the cross section as a function of
energy for various angles of scattering gave information about the
state of the compound nucleus through the interference of the
resonant and potential amplitudes, we find interference effects
in the behavior of the reaction particles, except that in this case
the interference is due to neighboring states of the compound
nucleus. The complexity of the angular distribution of the reaction
protons from an isolated resonance is limited to Coszeé where A
is the largest value of £ in the channel where the £ value is smallest,
The determination of the highest even power of Cos O provides
a very good starting set of values of the angular momenta and
parities of the states of the compound nucleus, just as the single
level approximation curves provided a good starting set for the
interpretation of the results of the elastically scattered charged
particles. We must add at this point that the considerations which
we have made are strictly based upon compound nucleus formation

and did not include the production of protons from *"direct interaction"
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As will be seen from the angular distribution of the ground state
reaction protons the contribution from direct interaction is too

small to affect the results,
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EXPERIMENTAL PROCEDURE

The cross section for the high energy protons resulting from
the Clz(d,p)C13 reaction was measured using the same apparatus
as was used in the measurement of the elastically scattered deuterons.
The protons were in fact counted together with the deuterons so
that the same experimental conditions prevailed, that is, the
laboratory solid angle, the thickness of the target, and the number
of deuterons incident upon that target were the same for both
reactions. This provided a direct method for the measurement
of the differential cross section for the emission of the ground
state protons, since once the cross section for the elastically
scattered deuterons had been determined, the cross section for
the protons was also determined. The overall accuracy of the
cross section for the (d,p) reaction is estimated to be 1 8%.
The angular distributions of the protons were obtained using a
thin nickel foil in front of the Cesium Ilodide crystal which was
thick enough so as to stop all the elastically scattered deuterons,
while thin enough to allow the high energy protons to penetrate easily
to the crystal. This prevented the flooding of the detector with
pulses from the elastically scattered deuterons at the forward
angles which the Csc4-g dependence of the Coulomb cross

section makes very large.
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EXPERIMENTAL RESULTS

Four excitation curves of the ground state protons were taken
at laboratory angles of 47.6, 80.5, 158.4 and 165.0 degrees.
These curves are shown in Figures 8, 9, and 10. Resonance
phenomena were observed at deuteron bombaxrding energy of 0.91,
1.18, 1.30, and 1.435 Mev, and the behavior of the data between
1.6 and 1.9 Mev indicated at least two additional resonances
whose position and width were uncertain. Angular distributions
of the protons were also measured for deuteron bombarding energies
of 0.91, 1.18, 1.30, 1.61, and 1.75 Mev. Data was obtained
for at least sixteen angles on each distribution. The conversion
of these angular distributions from the laboratory to the center of
mass system was done using the tables by Marionl4, who has

tabulated the values of the quantity G (XnQD

‘ ~ d
Where (%—EO—L <m b(x'e)<3%:>‘.na

A
G‘(Y,a\ = E-y"mlejé[’)ﬁm S +[|—x’-sme] ?.J

— -1
24
And 'XL——' m Mz L(—G— s M “'—(% ]

Using 2.73 Mev for the Q value, the angular distribution data
was reduced from the laboratory to the center of mass system

of coordinates. The reduced angular distributions were then
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plotted in terms of the center of mass coordinates and are shown
in Figures 11, 12, 13, and 14, The agreement of the present
work with that of Phil.li_ps5 and Sarma, Govindjee, and Allan6 is

good except for the discrepancy in the absolute value of the

differential crs-3 section.
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ANALYSIS OF THE C'%(d, p)c!?® ANGULAR DISTRIBUTIONS

The analysis of the data consisted of choosing a set of parameters
for the compound nucleus states and observing whether the resulting
theoretical curves were in agreement with the observed experi-
mental data. In other words, we were not interested in obtaining
only least squares fits to the proton angular distributions, but
rather wished to see how the information which had been obtained
as to the constiftution of the compound nucleus could predict the
observed experimental result. The formalism used in this analysis
is developed in the Blatt and Biedenharn paperll; which uses the
single level approximation of the dispersion theory of the compound
rucleus,

A quick examination of the excitation curves for the Cl'z'(d,d.)Cl3
shows that the single level approximation would certainly not be
expected to explain quantitatively all of the features of the angular
distributions of the protons since the compound nucleus states are
not at all isolated., Furthermore, stripping may have an important
effect in this reaction. If we make the following assumptions:
one, the reaction occurs by way of compound nucleus formation
rather than by direct interaction, and two, whenever two values
of the orbital angular momentum of the incident or outgoing particle
is allowed in the formation or decay of the compound nucleus state,

only one other value, is important in making up the reaction,
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then, the form of the differential cross section for the emission
of a particle in channel « 'not equal to ¢ is

-S

g 34 I"‘: oo -2 s'
X (1)

0 alst = Ny )
o B Z ) > @D (3 e

where & In /L(E*i + fxe 5 5
e dte = e

,@l and QZ represent the values of the incident orbital angular
momenta forming J; and J, while l.' and ﬁ‘_‘ are the orbital angular
momenta of the outgoing particles. The Z-coefficients, whose
definition can be found in Appendix C, are numerically tabulated
in several places in the Iiterature6’ 7.

Since the Q value is large and positive in the case of the
Cl‘?'(d, p)Cl3, the penetrability argument for neglecting the higher
value of the orbital angular momentum of the reaction particle is
indeed weakened, even though the difference in orbital angular

momentum value must be of 2. However, this assumption does






