ABSTRACT

ENERGY DEPENDENCE AND SPECTROSCOPY
IN THE
160 (p,da)1%0 anp 15N (p,d) 14N REACTIONS

By James Lewis Snelgrove

A systematic study of the extraction of spectroscopic
factors for the (p,d) reaction on light nuclei and the
difficulties encountered in obtaining reasonable DWBA fits
to the shapes of the angular distributions has been made.
Deuteron spectra and angular distributions were obtained for
the 16O(p,d)lso reaction over an angular range of 10°
to 165° in the centeé—of;mass ffame for 25.52, 31.82, 38.63,
and 45.34 MeV'incide;t protons using the variable energy
proton beam of the Michigan State University sector focused
cyclotron. Partial angular_distributions were obtained for
other proton energies between 21 and 36 MeV. The elastic
scattering of protons from 160 was measured over thg same
energy range and used to obtain proton optical model
parameters. Deuteron op£ical model pérameters for the
160(d;d)160 reaction were obtained from the literature for

use in the DWBA exit channel calculations.
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DWBA calculations were performed using the Oak Ridge
code JULIE, and spectroscopic factors were extracted for the
0.0 MeV, 1/2° and 6.18 MeV, 3/2” levels of 150. Unadjusted
optical model parameters were used with a 3 F cutoff to
obtain some agreement between the shapes of the experimental
and theoretical angular distributions. The absolute values
of the extracted spectroscopic factors were found to depend
strongly on the value of the neutron bound state well radius
used in the DWBA calculations. The best absolute values of
the spectroscopic factors were obtained when the neutron
bound state well radius was set equal to the proton real
well radius, whereas relative spectroscopic factors were
found to depend much less strbngly on this parameter. The
energy dependence of the differential cross section was
reproduced by the DWBA caigulations for deuterons in the
exit channel hgﬁiﬁg afcenter-of—mass energy greater than.
22 MeV. The variable energy feature of the MSU cyclotron
was used in a scheme to eliminate part of the Q-dependence
from the relative spectroscopic factors. The lack of any
improvement indicates that the problems with the DWBA
calculations are probably not in the deuteron channel.

At least 30% of the 1p3/2”strengthjappears to be missing
from the:6118 Mev;‘3/2- leVel;_withﬂapproximately 12%

of the'missing.strength'appearing in the 9.60 MeV and
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10.46 MeV levels. Small 2s-1d admixtures and a possible
1g7/2 admixture were observed in the ground state of 165,
Energy spectra and angular distributions were obtained
over an angular range of 10° to 145° in the center-of-mass
frame for the 15N(p,p)lSN and 15N(p,d)l4N reactions at
- 39.84 MeV. Using the method determined by the 16O(p,d)lso
work, spectroscopic factors were extracted for the levels in
14N populated by 2n=l pickup. These values were found to
be in excellent agreement with intermediate coupling predictions.
The 2+, T=1 levels of 14N at 9.17 and 10.43 MeV were found to
be strongly mixed. The 13.72 MeV level of 14N was unambigu-
ously assigned J"=l+, T=1 on the basis of comparison with
theoretical predictions, and a width of 210 * 30 keV has
been determined for this level. Angular distributions for
all the 14N levels‘po;ulafgd,in-the 15N(p,d)“N reaction

are shown.
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CHAPTER I

INTRODUCTION

For a number of years the (p;d) reaction has proven
to be a popular and valuable tool in nuclear spectroscopy.
The selective way in which the (p,d) reaction populates
the levels of the residual nucleus provides information |
about these levels and about the ground state of the
target nucleus, which can be compared to the predictions
of various models used to describe certain properties of
the nuclei. The direct reaction picture provides a
correlation between thg shape of the deuteron angular
diétribution and fhe angular momentum transferred to the

picked-up neutron. This enables one to make parity

(and sometimes,fspin) assignments for the levels of the
residual nucleus. The most widely used theory of direct

reactions is the distorted-wave Born approximation (DWBA),

and from comparisons of experimental and theoretical

angular distributions one can also determine the overlap
of the targét wavefunction with the wavefunctions of the
states in the residual nucleUs; The overlap for a given

state is related to the spectroscopic factor, an
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experimental quantity extracted from comparison of the

data to theoretical calculations; The meaningfulness of

the spectroscopic factors, however, depends on the degree

to which the DWBA calculation represents the actual reaction
mechanism. The distorted waves in a DWBA calculation are
assudted to be those which describe the elastic scattering

of the proton and deuteron by the appropriate nuclear
states, and are calculated from optical model potentials.

In studies of (p,d) reactions on nuclei in the lp and 2s-1d
shells, difficulty has been encountered in obtaining
reasonable agreement of the experimental and theoretical
angular distribution shapes when optical potentials which
best describe the elastic scattering are used in a standard
DWBA calculation (no integration cutoffs, etc;). The
theoreticai shapes ﬁave‘been improved by somewhat artificial
means (e.g., adjusting potentials or using cutoffs), but
then one must questibn the accuracy of the spectroscopic
factors extrécted on the basis of such calculations.

The present work was undertaken first to study the
extraction of (p,d) spectroscopic factors for light nuclei,
then to apply this knowledge to the analysis of data from
the 15N(p,d)l4N reactioﬁ; which had not been previously
studied. The target nucleus for the‘study_of'spectrOScopic

16 . , _ . T .
factors, 0, was chosen for several reasons. It is a



nominally "closed-shell" nucleus on which numerous theoretical
studies have’beén done. One feels confident; then; in
making certain predictions about the values of the spectro-
scopic factors which should be obtained. These predictions
could be used as a guide in evaluating the results of a
~given DWBA calculation. Since, as will be shown, the
16O(p,d)lso peak cross sections show a strong energy
dependence, it was possible to test the DWBA calculations
over a wide ("20MeV) énergy range. During the course

of the study considerable spectroscopic information was
obtained on the levels of 150 and is . presented in some

4

detail. Similar studies have been made for the 0Ca(d,p)4lCa

4004 (a, 3me) 2%k

reaction (Le 64) and for the 16O(d',3He)150 and
reactions (Hi 67).

Although thé l%N levels have previousl§ been studied
extensively by means of other reactions, the selective
nature of thé (p,d) reaction made it possible to obtain
much new spectroscopic iﬁformation about this nucleus.

The extracted spectroscopic factors are compared to those
predicted by the 1lp shell intermediate coupling calculations

of Cohen and Kurath (Co 67), which had previously proven

valid for lighter'lp shell nuclei (Ku 67).



CHAPTER II

NUCLEAR THEORY

II.A. Distorted-Wave Born Approximation

A direct reaction is defined as a reaction in which
ohly one degree of freedom is excited in the target nucleus
(Au 63). The (p,d) reaction is considered to be direct
if the proton picks up a neutron from the ground state of
the target nucleus in a simple one-step process. The
most distinctive characteristic of the direct reaction
process is a strong fofward peaking of the angular
distribution ahd its;subsequent oscillation with increasing
angle. Earliest aﬁtempts”td describe the direct reaction
(Bu 51) used the plane wave Born approximation, but
recently the aistorted—waye Born approximation (DWBA)
has been used exclusively. Extensive discussions of the
DWBA theory have been presented by Tobocman (To 61)
and Satchler (Sa 64). The most salient features of the
DWBA theory and the approximations employed in it are

discussed in the following sections.
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II.A.l. DWBA Expression for Differential Cross Section

The differential cross section for the reaction

A{a,b)B is given (Sa 64) by

2
| 1 |7
do _ MaHp  ky M m Mmoo
aa (272°) ka (20,+1) (25,+1)
where the transition amplitude is
T =gfdr_[dr (")*-(k L, )<B,b|V]|a,a> )k ,x0)
el ,) Gy Xp rip ’ ra Xa LarLyle (II.2)

Here J is the Jacobian of the transformation to the relative
coordinates r, (the displacement of a from A) and ry

(the displacement of b from B), and ué and Uy, are the
reduced masses of a and b. The functions Xa and Xp

are the distorted waves and are taken to be the elastic
scattering waves whi;h aéymptotically describe the
relative motion of tLe a,A and b,B pairs before and after
the collision, respectively. The distorted waves are
usually calculated from an optical potential of the form
shown in Chapter 1IV.

The remaining factor in (II.2) is the matrix element

of the interaction causing the inelastic event, taken
“between the internal sté#es of the colliding pairs, and

it contains all of the nuclear structure information.

Thus,,thé‘inelastic event is treated as a perturbation to



the elastic scattering. The matrix element can be
expanded into terms corresponding to the transfer to the
nucleus of a definite angular momentum j, comprised of

an orbital part g and a spin part s. These can be defined by

' 1=Jg "Iy S=s, -8, E=j-s,

where Syr sb are the intrinsic spins of particles a,by
and Jpr Jp are the nuclear spins of A,B. The transition

amplitude becomes

.= %
> = .
I<I My, sy |v IJAMA, s m_ s3l T Gagyn (rp,r,)
S, —m
x{(=) b b<J M, ,M_~-M |J M_><s_s,m_,-m Is m -m, >
A°A'"B TaA'YBTB a“bMa’ "b'""a b
X<2sm,ma—mb|j,MB—MA>§ (IX.3)

The term stjm(gb,ga);ls called the radial form factor
and contains all of the information about the radial part
of the interaction. In general, it is convenient to
separate stjm as a product of a spectroscopic coefficient

and a form factor:

= £ IT.4
Gﬁsjm(Eb'Ea) ’AJLSJfILSjm(Eb'Ea)' ( )
where A contains such quantities as fractional parentage

s3] 4
coefficients. ' For the case of the (p,d) reaction, these

are the coefficients of the expansion of the ground state
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wavefunction of the target nucleus in terms of the wave-
functions of the final states in the residual nucleus

coupled to the wavefunction of a single neutron.

The evaluation of T (II;Z) involves a six-dimensional
numerical integration, which is quite difficult. A
simplification usually used is the Zero-range approximation,
in which the outgoing particle b is emitted at the point

at which the incoming particle is absorbed. This results in

*

. . -~ m
fosim(EprZa) = £ ()Y, (6,006 - M, £),  (II.5)

B

=

where fgsj(ra) is the radial wavefunction of the picked-up
neutron for the (p,d) reaction. It now contains all of the
information oflhuclear structure. Under the.zero range
approximation,-(II.3) implies an allowed parity change of
()% (sa 64). | |

If only one val;e each of s and % are allowed, as
in the (p,d) :éaction where s = 1/2 and 2 is determined

by the parity change, the value of the differential cross

section becomes (Sa 64, Ba 62)

" da = 251 +§1 '%Sj'szsjozéi(g) mb/sx. (II.6)
dq 25a + 1

Thus, with sé = 1/2, sy = 1, and s = 1/2, the differential

cross section, since only onef and j are allowed, is



do . 38 ~°zj(9)' (I1.7)

q90 - 5 %]

an — 2
where ozj(e) is the cross section computed by the Oak
Ridge code JULIE (Ba 62, Ba 66). The effect of using zero
range rather than an effective range can be approximately
removed by ﬁultiplying czj(e) by a factor of 1.5 (Au 64).

Thus, the final expression for the differential cross section

is

- g_% _ ?'253“DWBA‘9) (mb/sr) (II.8)

where the subscripts have been dropped.

IT.A.2. Finite~Range and Non-Locality Corrections

The neglect of finite—range effects has been investi-
~gated by Austernet gl. .(Auf64) and proved to be most
important in reactiéns which involve large momentum
transfers. The inclusion of exact finite-range calculations
is difficult, but the effects are approximated by the

local energy approximation (Bu 64, Pe 64) as a correction
factor which multiplies the zero-range radial form factor
flsj(ra)' The effect igﬂto lessen the contribution of the
nuclear interior. A further correction to the calculatiqnu
can be made by the inclusion of non-locality in the optical

potentials. This can also be calculated in the local
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energy approximation, resulting in a further lessening

of the contribution of the nuclear interior.

IT.A.3. Extraction of Experimental Spectroscopic

i

‘Factors

In the ideal case one would find that the calculated
DWBA angular distribution would reproduce the shape of the
experimental angular distribution and would, therefore,
differ at each point by a constant factor, as shown in
(II1.8). The spectroscopic factor S would, then, be
unambiguous. Although the DWBA and experimental angular
distribution shapes are similar in many cases, the
application of (II.8) at different points of the distribution
will not give unique results; A method for the extraction
of spectroscoéic factors which has been successfully
applied for (zn¢oj {Ku 67; Ko 67a) is to use (II1.8) at
the characteriétic forward peak of angular distributiqn.
One might exﬁect that the assumption of a direct reaction
is more valid for forward angle scattering. On a semi—
classical picture, the impact parameter for forward
angle scattering is much larger than for backward angle
scattering, so the incoming particle tends to interact
less with the nucleus and thus is less likely to excite
more than one degree of freedom. It is also thOuéht (Ru 63)

that exchange terms, which were not included in the
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transition amplitude, are unimportant at forward angles,
but they might make noticeable contributions at the
backward angles; Also, the fit of the DWBA calculations
to the data at the forward angles; where most of the
integrated cross section is contained, is usually best.

' Thus, (II.8) has been applied to the forward peak
of the £,#0 angular distributions to obtain the corresponding
spectroscopic factors given in this work. The situation for
the extraction of 2n=0 spectroscopic factors is not clear,
since the characteristic forward maximum occurs at ec'm.=0°.
In these cases approximate spectroscopic factors might
be obtained by matching the DWBA calculations and the .
experimental data at several forward angles. However,
owing to the uncertainties involved in such a procedure,

no attempt was made to extract 2n=0 spectroscopic

factors on this basié.

II.B. 'Iﬁtérmediate Coupling‘Model

The two models used extensively to describe phenomena
involving the interaction of particles having both angular
ﬁomentum and intrinsic spin are the jj-coupling model and
the LS-coupliné model. The jj-coupling model (the nuclear
shell model) has been very successful in explaining many -
features observed in heavy nuclei (Ma 50): In this model

the spin-orbit force causes the orbital angular momentum
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4 and the in;rinsic’§ for each nucleon to couple to

form a resultant angular momen tum i; Then; the j's

of the individual nucleons interact to produce a character-
istic set of energy levels. The resulting wavefunctions
can be used to predict various nuclear properties. In

the LS-coupling model, which has been widely applied in

the study of atomic Spectra, the spins of all the particles
are coupled to form a resultant spin S, and the orbital
angular momenta are coupled to produce a resultant angular
momentum L. These are then coupled by the spin-orbit
interaction to produce a total angular momentum J. The
energy level schemes predicted by the-two models are
different, but the total number of states which can be
formed in each case are the same.

The success of Ehe jj=coupling model for heavy nuclei
has not been repeated for the light nuclei, particularly
the lp shell nuclei (Ku 52). The LS-coupling model
has not had much success f§r these nuclei either (Fe 37)2
The concept of intermediate coupling, of which jj- and
LS-coupling are the two extremes, héd'been applied to the
theory of complex atomic_Spectra'SCo.BS) and was used
by Inglis (In 53) in an attempt to explain the energy leygl'

sequences of the 1p shell nuclei.
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Since the energy level sequence and spacing is
expected to depend upon the interactions of the 1lp
nucleons, the interaction between any two of the nucleons
must be considered (this, of course, ignores the effects
of many~body forces). The central interaction is generally
considered to be a central interaction V(rij) multiplied

by an exchange operator 0ij usually approximated (Ro 48) by

Oij = 008P + O.ZQ’ (IIog)

where P is the Majorana space-exchange operator and Q is the
Bartlett spin-exchange operator. A simple form of the

spin-orbit coupling operator
(IT1.10)

is usually assumedvas a perturbation term in the Hamiltonian.
In the early works (In 53) the parameter a was assumed to

be constant fér a given npcleon shell. Thg diagonalization
of the unperturbed Hamiltonian, which gives the energies of

the levels, results in integrals of the form

L= [¥*(r)¢* (ryV(r; ) ¥(ri) ¢ (ry)arary

-and

~
it

‘o (I1.11)

YRz 9% (v (r; 16 (1) (rd)dr dry
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The integral L is commonly'called the'ordinary, or direct,
integral, and K is called.the exchange integral. The
energies calculated are a linear combination of L and
K, so that the splitting of the dégeneracy by thev
perturbation can be expressed in terms of the parameters
a,K, and L.

It has been found that the ratio L/K depends only
upon the range of the nuclear forces; the value L/K = 6.8
is reasonable for the 1p shell (Ku 56). The ratio a/K
provides a measure of the relative spin-orbit and central
energy contributions. In general, a/K=~2 for the Li
isotopes, whereas a/K =~ 5 or 6 gives reasonable agreement
for masses 13 and 14. This effect is primarily due to
a (Ku 56). The large values of a/K imply a close corres-
pondence between the_intermediate:coupling and jj-coupling
pictures. The value of K itself is usually determined from
the known energy spacings. Once the parameters have been
fixed, wavefunctions can Be calculated and used to predict
experimentally observable phenomena, such as radiative
transition widths (Ku 57).

The most extensive application of the intermediate
coupling model to lp shell nuclei has been made by Cohen
and Kurath (Co 65, Co 67); ‘From the available experimental

data they derived single'particle‘energies and an effective .
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interaction for the lp shell. The effective interaction
was then used in intermediate coupling calculations to
determine wavefunctions for the levels. From these
wavefunctions they extracted coefficients of fractional
parentage (CFP); from which spectroscopic factors can

be derived.

The theoretical zn=l spectroscopic factors for the
15 14 .
N(p,d)” N reaction were extracted from the CFPs

calculated by Cohen and Kurath (Co 67). They are given by

2. 2
S = T'1l/2M/ !
n|<T'1l/ MT1/2]TMT>] éCFPJ ‘

where n is the number of nucleons in the lp shell of the
target (n = 11 for lsN), and <|> is a Clebsch-Gordan
coefficient whiéh accounts for the amount of strehgth
~going into the neutron pickup reaction as opposed to the
proton pickup reaction. T,T' and Mq., M% are the isotopic
spins and their projections for the target and residual
state, respectively. The first 1/2 in the Clebsch-
Gordan coefficient is the isotopic spin of a nucleon, and
the second 1/2 is the isotopic spin projection of the
neutron. The summation is-over all values of j possible

for a given energy level.



CHAPTER III

EXPERIMENTAL APPARATUS AND METHODS

III.A. Proton Beam Production and Handling

IIT.A.1. Czclotron

The proton beams for these experiments were produced
by the Michigan State University sector-focused cyclotron
(Bl 66). Two methods of acceleration and extraction were
used during the course of this study. 1In one, negative‘
hydrogen ions were accelerated to extraction radius,
then stripped of their two electrons by a 700 ug/cm2
aluminum foil. The LQrentzﬁforce on the ions is thus
reversed, and théy are deflected out of the cyclotron.

The second method entailed'the acceleration of positively
charged hydrogen ions (protons) to extraction radius

where they were extracted using an electrostatic deflector
and a magnetic channel. This latter method is preferred
owing to the higher intensity and better beam quality,

i.e., higher phase space density. However, when the voltage
on the electrostatic deflector necessary to deflect protons

of a given energy was higher than conditions of the day

15
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allowed, or when modifications were béing made on the

deflector, the former method was used successfully.

III.A.2. BAnalysis System

The philosophy and construction of the beam transport
system has been described previously (Ma 67). A schematic
diagram is shown in Fig. III-1l. Momentum analysis is
accoﬁplished by the 45° magnets M3 and M4. The resolution
of the beam is determined by the widths of the apertures
S1 and S3, while its divergence can be limited by the
aperture S2. These apertures are remotely controlled
and have been described previously (Be 68a). For equal
widths of S1 and S3 the energy resolution of the transmitted
beam is l‘part.in 104 per 0.013.in. of opening. Typical
apertures used in these experiments varied between 0.060 in.
and 0.100 in., ¢orreépondiﬁg to energy resolutioné of 5
to 8 parts inv104. ‘The distance between S1 and S2 is
approximatéiy‘44 in., so a typical width of S2 of 0.40 in.
~gives a beam divergence of £9 mrad. The energy of the
beam was determined from the values of decapot settings
of the magnet powef supplies reached by a well-defined
cycling procedure. The éhexéy reproducibility of this
system is believed to be 1 part in lSQOO}jif the central
fields of M3 and M4 are reproduced as indicated by

nuclear magnetic resonance fluxmeters (Sn 67).
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IIT.A.3. Alignment of Beam to Scattering Chamber

VA schematic diagram of the beamline leading to the
scattering chamber is shown in Fig. III-2. After having
been deflected through 22.5° by the switching magnet (M5),
the beam was focused by a quédrupole doublet. A 0.375 in.
square aperture was placed at the intermediate focus. A
second aperture 0.40 in. wide and a third aperture
0.250 in. wide and 0.375 in. high were positioned immediately
outside the scattering chamber and approximately 6 in.
from the center of the chamber, respectively. A second
quadrupole doublet focused the beam at the center of the
chamber. The size and position of the beam spot on a
0.010 in. thick piece of Pilot B¥* plastic scintillator was
viewed by closed-circuit television, and currents on the
various apertures wefe mdn;tored during the alignment.

The excitation of MS{and the gquadrupole doublets were

adjusted to give minimum current readings on the apertures
and the best possible beam spot on the'scintillator. Beam
spots were typically rectangular with a width of 0.100 in.

and height of 0.150 in.

*Pilot Chemical, Watertown, Mass.
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III.A.4. Charge Integration

Protons passing through the target were coilected by
a Faraday cup located outside the rear wall of the chamber.
The insulated cup is 2.88 in. in diameter and 11.5 in, deep.
In previous studies (Ku 67 ) little change in the collected
charge was detected when permanent magnets were placed
near the entrance of the cup to prevent the escape of
secondary electrons.

The beam current and integrated charge were measured:
using an Elcor model A310B current indicator and integrator.
The accuracy of the instrument has been fouﬁd to be within
1% using both internal and external calibration sources
(Ku 67 ). The calibration of each scale was checked against
the internal calibration source at the end of most
expefiments. These tests showed the calibration.to be

within 1.1%; the integrated charges were subsequently

corrected for deviations in calibration.

III.B. Scattering Chamber Set-Up

IIT.B.1l. Scattering Chamber

A 36 in. diameter scaﬁtering chamber was used in these
experiments. The Ehamber'éontains a counter arm which can
be remotely positioned over a useful angular range of + 165°,
the upper limit being determined by the geometry of the

beam and counter collimators used in the experiment. The
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digital readout has been calibrated against an internal
protractor, and this calibration curve was used to correct
the digital readout values. To eliminate errors due to
backlash in the mechanism, care was taken to set all angles
in a consistent manher. ‘It is felt that these procedures

led to a relative angular accuracy of better than *0.2°.

The chamber also contains a target post which can be remotely
positioned in height and in angle. Ports are available

in the side of the chamber through which electrical leads,

etc., can be passed.

IIT.B.2. Targets

All data presented were taken using gas targets. For
the 160 experiments, natural oxygen gas, which has an

isotopic abundance of:160 of 99.76%, was used. An enriched

15 15

~gas consisting of 99%; N was used in the N experiment.

The gases were contained in gas cells during the experiments.
Two different cells were used, each having certain
advantages and disadvantagés. Most of the 16O(p,d)lso data
was taken with a 5 in. diameter cell whose top and bottom

plates were held apart by two struts placed 180° apart.

The window of the cell was 0.0005 in. Kapton* clamped

against an O-ring seal. Gas was introduced from outside

*E,I., DuPont de Nemours, Wilmington, Del.
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the chamber until a pressure of 30 cm Hg, as measured by
a mercury manometer, was attained. The pressure in the‘
cell was continuously monitored by viewing the manometer
with remote television. The temperatﬁre of the cell was
assumed to remain at foom temperature.

Certain problems and disadvantages were encountered
while using this cell. The method used in seaiing the
window made replacement quite difficult: clamping a
0.0005 in. foil against an O-ring around a circular cell
without causing a leak-producing wrinkle is extremely
difficult. 1In fact, the cell was never completely tight.
This method certainly was unacceptable for an expensive

gas such as 15

N. Also, the volume of such a large

cell is impractical for expensive gases. Finally, it

was necessary to keep track of the relation of the
supporting strut and counter positions in order that the
counter would not inadvertantly be allowed to pass behind
the strut.

All of these objections were removed by using a 3 in.
diameter cell designed for the 15N expériment. The cell
(Fig. III-3) was machined from a solid piece of brass;
the top and bottom were qﬁite thick to reduce flexing,
since there is support only on one side. The counters

could be positioned from -40° to the limit of 165° previously

mentioned without moving the cell. The window was 0.0005 in.
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Kapton attached with an epoxy resin. The only disadvantage
of a small cell is that the forward angle limit is determined
by the écattering angle at which the counter "sees" the
beam spot on the wall of the cell--the smaller the cell
the larger this angle.‘ However, with this cell data were
taken as far forward as 10° in the laboratory frame with
no difficulty. The smaller cell is helpful from the stand-
point of resolution in that the incident and scattered
particles travel through less gas and thus experience less
energy straggling.

| Kapton was chosen for the windows on the basis of
its great strength, radiation resistance, and low density.
Other foils which have been used in this laboratory are
Havar¥* (successfully) and mylar (unsuccessfully). Kapton
windows have taken huhdredg of nanoampere-hours of'45 MeV
protons in an 1/8 in.;square spot without showing any signs
of weékening. :In-contrast, a mylar window developed a
bulge and leak after less than 50 nanoampere-hours.
Beam currents as high as 300 nanoamperes have been used
with the Kapton, and recent studies with 42 MeV alpha
particles indicate thét proton currenté up to 500 nanoamperes

could be used. Straggling from Kapton and mylar are

*Hamilton Watch Company, Lancaster, Pa.
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comparable. Mylar was tried because a 0.00025 in. window
was desired, and pinhole-free Kapton of that thickness was
not available. On the other hand, Havar is stronger than
Kapton, but has a higher effective Z and a higher density,

so the straggling introduced is considerably worse.

III.B.3. Counter Systems
16

The counter used in the O(p,p) experiments was a
0.25 in. square, 0.50 in. thick CsI(Tl) crystal mounted on
the face of a photomultiplier. All other data were taken
using commercial silicon surface barrier or lithium-
drifted silicon detectors. The AE counters ranged in
thickness from 54u to 770u depending on the incident proton
energy. The E counters ranged from 270ﬁ to 4000u (two
2000# counters in pa:éllel) in thickness. All counters
were cooled by cirCulating“aicohol cooled to dry ice
temperature (-78°C) through>the counter mounts.

When usiﬁg a gas target, two collimators are necessary
to define the solid angle. A brass collimator having a lip
thickness of 0.067 in. and an aperture 0.126 in. wide and
~v1.0 in. high was placéd near the gas cell. This collimator
was thick enough to stog»all deuterons and to degrade
elastic protons sufficiently in energy so that they were
well-separated from the elastic protons passing thréugh the

aperture. Brass plates extended back from this collimator
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to shield the detector from particles produced at the walls
of the cell. A second collimator was placed immediétely in
front of the detector; In all of the (p,d) experiments,
except the one using time-of-flight for particle identification,
a 0.063 in. thick tantalum collimator with an aperture of
diameter 0.1575 * 0.001 in. was used. 1In the exception,
an oval aperture 0.208 +# 0.001 in. long and 0.104 + 0.001

in. wide in 0.060 in. thick tantalum was used. The second

16O(p,d) experiments was 0.125 in.

collimator for the‘
thick tantalum with an aperture diameter of 0.125 t 0.001 in.
The rear collimator was placed from 9.1 to 14.7 in. from
the center of the cell, with the corresponding distances
between the two collimators ranging from 5.9 to 12.7 in.

Angular acceptances corresponding to these collimator

placements ranged from ~1.2° to &0.6°, respectively.

III.C. Electronics

1

ITI.C.1l. '6'0('p','1;>')'16

O Experiments

Light from the CsI(T1l) crystal was detected by a
photomultiplier tube. The signal was amplified with a
Landis preamplifier and an ORTEC multimode amplifier. The
signal was then analeed],and events were stored in a
256 channel subgroup of a 4096 channel énaleer (Nuclear

Data 160D). A window was set around the elastic group
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using a single channel analyzer, and the resulting gate

pulses were scaled.

15
III.C.2. 16O(p,d) O Experiments

Most of the data were taken using two counters in a
AE-E telescope arrangement, and particles were identified
by a Goulding system. Early experiments were done using
a system constructed at Michigan State University; later,
an ORTEC modular system was used. A block diagram of the
modular system is shown in Fig. III-4. Pulses from the
detectors were amplified by Tennelec 100B charge-sensitive
preamplifiers and by ORTEC selectable active filter ampli-
fiers. The gains of the amplifiers had to be precisely
matched. since the E and AE pulses are added after amplifi-
cation to produée a sum pulse which must be proportional
to the total energyvoﬁ the particle. A slow coincidence
was required between the AE and E signals. Those pulses
in coincidence were stretched and presented to the identifier
module, which produced an energy pulse equal to E + AE and
a "mass" pulse proportional to

(E + AE)IL.73 _ El'73.

The "mass" pulse was fed into a timing single channel
analyzer (TSCA) set to select pulses corresponding to

deuterons. A linear gate was opened to let through only

those energy pulses which corresponded to deuterons. These
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pulses were analyzed and stored in a 1024 channel group
of the ND-160D analyzer. The contents of the memory
were punched on paper tape or "dumped" into the memory
of the Laboratory's Scientific Data Systems Sigma 7
computer.

Another technique for particle identification was
used quite successfully. It depended on the difference in
flight times between the target and the detector for
particles of different mass.. A block diagram of the
electronics is shown in Fig. III-5. Two counters were
used--an E counter and a veto counter. The E counter
thickness was sufficient to stop the deuterons of interest.
Any particles passing through the E counter produced an
anticoincidence pulse in the veto counter. An event in the
E counter was detectéd by a time pickoff unit (TPO), and
the resulting signal was ﬁsed to start a time-to-amplitude
converter (TAC), which was stopped by the cyclotron RF
pulse. Since deuterons are the only stable mass 2 particles,
their identification by time-of-flight was unambiguous.
The time resolution was approximately 0.8 nsec. The
E signal was amplified with an FET preamplifier and a
selectable active filter”amplifier. A slow coincidence
was required between the energy and time signals.which were
input to the ND-160D analyzer used in the 64 x 64 channel

mode. A window was then set, using a timing single channel
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analyzer, to include only time pulses corresponsing to
the deuterons. This signal was used to gate the energy
pulses which were analyzed in the 1024 channel one-

dimensional mode of the analyzer.

15 15 14
ITI.C.3. N(p,p) N and 15N(p,d) N Experiment

In this experiment an E-AE telescope was again used,
but the particle identification was not done with a
Goulding system. Instead, a pulse multiplier was used.
A block diagram is shown in Fig. III-6. The E and AE
pulses were amplified using Tennelec 100B charge-sensitive
preamplifiers, then were fed into a pulse multiplier designed
by V. Radeka and G. Miller (Mi 63). The pulse produced
has the form
AE(E + K

lAE + KZ)

which can be shown to be roughly proportional to Mz2

of
the particle (Gl 65).

The E and:AE signals were summed at the detectors by
placing a 5 megohm resistor between the normally grounded
sides of the detectors and ground. The sum signal was
amplified with an FET preamplifier and a Tennelec TC-200
amplifier and then was delayed by the amount of time necessary
to place it in coincidence with delayed E and AE signals and
the output of the pulse multiplier. The energy and mass
signals were fed into the two sides of the ND-160D

analyzer used in the 64 x 64 channel mode. By adjusting the
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gains of the E and AE amplifiers in the pulse multiplier
and the values of the constants Kl and Kz, the different
mass groups could be made to appear as straight bands in
the two-dimensional spectrum. Windows were then set to
include all the deuterons and the elastic protons (which
were not stopped by the detectors and thus produced a mass
pulse smaller than those of protons which were stopped)
using two timing single channel analyzers. The proton
pulses were sent through a biased amplifier to reduce their
heights to values less than that of any deuteron pulse
'and then added to the deuteron pulses. Since these pulses
did not arrive in coincidence, the sum signal contained
either a proton pulse or a deuteron pulse. This signal
was then input into a 4096 channel analyzer (Nuclear

Data ND2200). The spéctré were stored in 1024 channel
~groups and contained Soth the elastic protons and the

deuterons.

III.C.4. Comparison of the Systems for Particle .

Identification

Each of the systems described offers some advantages
and disadvantages. With the exception of the pulse multi-
plier, all components necessary for each system are available
in standard modular form. The Goulding system has é

greater mass range than the multiplier system. A disadvantage
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for high resolution work is the nécessity of matching
gains of the E and AE amplifier systems to high precision.
This is especially true if one uses the E + AE output of
the identifier module. It was quite difficult to have the
gains match well over the energy range of the incoming
particles. Also, the E and AE pulses must pass through a
relatively large number of stages before being added
and analyzed. The electronic noise using this system was
typically 45 to 50 keV. This figure could undoubtedly
be improved if one weré to sum the E and AE pulses at the
detectors, as was done with the pulse multiplier system.
Then one could use the Goulding system only to produce mass
pulses. Electronic noise in the sum pulses was approximately
30 keV for the pulse multiplier system. All noise values
quoted were measured;with the detectors cooled and upder
bias.

The best overall resolution was obtained with the time-
of-flight system. Here again, the energy pulse passed through
only a préampiifier, amplifier, aﬁd linear gate. Perhaps
the greatest advantage of this system is that one gets the
energy information from a single detector. Thus, the
particle passes through éhly one detector "dead" layer
instead of three. Also, the single, thick E counter has
a much lower capacitance than the relatively thin AE

counters that must be used for low-energy particles, thus
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introducing less noise. The electronic noise for this
system was approximately 20 keV. Of course, an obvious
disadvantage of time-of-flight is its inability to distin-
guish between particles of the same mass such as 3H and 3He.
However, deuterons, being the only stable mass 2 particles,
are well-separated from protons and from the mass 3 particles.
Another disadvantage is the fact that the mass lines are
curved in an E vs t plot. This meéns that a linear "time"
~gate may not be sufficient to separate pulses corresponding
to particles with different masses. If not, one must

rely on the Q-values of the different reactions involved

to keep clear the energy region of interest. This problem
can be eliminated if an on-line computer such as the Sigma
7 is available, At present (but not‘when the data using
time~of-flight were taken)ione can use the computer as an
analyzer and have it s%ore events appearing in a curved

band in the E-t plane.

III.D. Data Acguisition and Analysis

III.D.1. Data Acquisition

After the initial alignment of the beam and the initial
adjustment of mass gates, éfc., angular distributions were
begun at forward angles. In order to minimize the dead time
of the electronics and analyzer; the beam was kept at such

a level that pileups seen on an oscilloscope monitoring the

IS
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output of the E amplifier were few. 1In all of the (p,d)
work using the Goulding system, pulses correspondiné to
elastic protons were eliminated before reaching the
identifier by requiring that the energy lost by a particle
in the AE counter be greater than that lost by the elastics.

Zero corrections to the scattering angles indicated by
the digital.readout system were obtained by comparing
values of the differential cross.sections measured on
both sides of the beam at angles where the slope of the
angular distribution was steep. Progress of the experiment
was monitored by calculating and plotting a relative
cross section for one of the strongly excited states
(usually the ground state). Often, as a check on consistency,
at least one angle would be repeated; At periodic intervals
the mass gate was checked and adjusted if necessary.

Angular distribufions Qere‘generally taken from 10° to
approximately l§0° in the laboratory frame. Five-degree
steps were used to approximately 70°, and then 7.5° steps
were used. At times, additional intermediate points were
taken between 10° and 20° to determine better the first

peak of the angular distribution.

ITI.D.2. Data Analysis

The data stored in the analyzers were dumped either on

paper tape or into the memory of the Sigma 7 and then punched
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on computer cards for use by analysis programs. All
spectra were plotted using'the CALCOMP plotting routine
of P. J. Plauger. Each peak was then identified by the
channel numbers corresponding to eéch edge, and a back-
ground value was assigned at each edge on the basis of |
counts in neighboring "clear" regions of the spectrum.
Thesé data, along with the cards containing the spectrum,
were input to the program PEAKSTRIP (written by R. A.
Paddock) which computed a linear background under the peak,
the centroid of the peak, the width of the peak (assuming
a gaussian shape), and the net area and background. The
program punched all of these data on cards to be used in
other érograms. Also available were several data analysis
routines which use the display oscilloscope connected to
the Sigma 7. They aliowed one to fit backgrounds of
various polynomial orders either to an individual peak or
to groups of peaks. Ahalyses with these programs were
compared to those using PEAKSTRIP and were found to agree
very well. Linear backgrounds under each peak were
satisfactory. The scope analysis programs were not used
extensively since that would have involved many hours of
computer time.

The excitation energies of the peaks were determined
by using the program GASCELCAL written by R. A. Paddock.

Input data consisted of the PEAKSTRIP output data for all
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angles at a given incident proton enérgy and data giving
information about the targét gas,scattering_angles, and
excitation energies of peaks to be used as calibration
péints. The program theﬁ produced‘a calibraﬁion curve of
channel number vs particle energy at the detector by
calculating the appropriate reaction kinematics and the
energy losses of the incident and scattered particles in
the gas and in the walls of the gas cell. Generally, a
quadratic fit was used. The program then calculated the
excitation energy of each peak in each run and listed it .
according to peak number. Since the energy levels of

l50 and 14

N are quite well-known, these calculations

- served mainly to identify the peaks. A useful option of
this program allowed one to find, according to the calibration
cu?ve, the position of peaks corresponding to levels not
observed in a particdlar spectrum. This method was used
to search for peaks corresponding to the (p,d) reaction on
the most likely target contaminant, 14N. In those cases in

which a measurable amount of 14

15

N contamination was found

[ the N(p,d) data and one set of 160(p,d) datal, the

amount present was calculated by comparing the differential
cross sections of one of the strongly excited states of 13N
to the values measured by Kozub et al. (Ko 67) at 33 .MeV.

Once the amount had been determined, the number of counts

in any peak which overlapped a 13N peak was corrected.
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In the 16O(p,p) experiments two additional corrections
to the number of counts were made. A dead-time correction
was made on the basis of a comparison of the scaled proton
counts to those analyzed. This correction was significant
only at laboratory angles smaller than 30°, and in most
cases was less than 2%. However, the data taken at 38.43
MeV showed an 8% correction at 10°, but this number had
dropped to 2% at 20°. The other correction was for
counting losses dﬁe to reactions in the CsI(Tl) crystal.
This correction was based on the following empirical
expression deduced from data on NaI (Ca67):

' 2
Loss = 0.001062 E + 0.01392 E - 0.1554. (II1.1)

o0

This correction was approximately 2% at forward angles and
decreased with the kinematic drop in energy of the scattered
protons. These numbefs agree well with results of a
calculation in which khe cross section for a reaction is
assumed to be the geometrical cross section, so that the
total probability of a reaction can be determined from

range and density data.

Dead-time corrections were not necessary for the (p,d)
data owing to the much smaller counting rates. Using the
~geometrical approximationudescribed, calculations of counting
losses for deuterons in silicon were made. These were less
than 1% owing to the smaller range of deuterons in the

silicon. Hence, no correction was made to the data.



40

When all necessary corrections were made, the yields
and backgrounds were fed into a program which calculated
the differential cross section for each level at each angle
at which it was observed. The expression for the cross
section in the laboratory frame can be written as

do/dQ = ¥Ysin6/nNG, (I1I.2)
where Y is the yield, n is the number of incident particles,
and N is the number of target atoms per cm3. The quantity
G is a geometrical factor, to be found in a paper by
Silverstein (Si 59), which contains terms accounting for
effects due to a finite beam size and finite collimator
apertures. The calculations of Silverstein have been
extended by R. A. Atneosen (At 67) to include the case of
an oval rear collimator. The G-factor can be written as

G=2Ab (L + A + 0'A, +0"A_ + ...), (III.3)
=2 o — 1 2%
Roh : ) o}

where A is the area of the rear collimator aperture, b

is the half-width of the front collimator aperture, RO is
the distance between the fear collimator and the center

of thg cell, h is the distance between the front and rear
collimators, and the Ai are correction terms depending on
the geometry of the beam and collimators. Inclusion of the
AO and Al terms have made differences: of less than 0.1%

at all angles. The Ao term has beeﬁ includéd in all

calculations. The program calculated cross sections in the
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laboratory and center-of-mass frames and computed the statistical
error according to the formula

e = VY + 2B, (ITII.4)
Y

where Y is the net yield and B is the background. A total
error was alsb computed in which the statistical error

was added,.in quadrature, to errors associated with other
guantities in the calculation. An option allowed the angular

distribution to be plotted on the CALCOMP plotter.

ITI.E. Analysis of Experimental Uncertainties

ITII.E.1. Beam Energy and Energy-Level Determination

The beam energy was determined from the values of ‘the
decapot settings of the analyzing magnet power supplies,
which were calculated from the measured field values.
Extensive checks of-tﬁe energies thus determined have not
been made over the ragge from 20 to 50 MeV, but a chéck at
- 33 MeV using the range-energy method described by Kull
(Ku 67 .) and Kozub (Ko 67 a) was consistent with an uncertainty
of £100 keV.

The energy resolution for the 16O(p,d) data was typically
100 keV, except for the data taken using the single counter
and time-of-flight, where the resolution was approximately
60 keV. The resolution for the lSN(p;d) data was approximately

90 keV. Major contributions to the resolutioh’are_given
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in Table III-1. The quantity labelled "Other" includes

the energy spread involved in charge colilection in the
detectors and straggling in the dead layers of the
detectors, as well as otﬁer unknown sources.

The error in the energies of the excited levels depends
upon the energy resolution to the extent that the error
in the centroid of the peak is related to the width of the
peak and to the extent that some peaks could not be resolved
from adjacent peaks. The error in the centroid is also
related to the number of counts in the peak. The contribution
from the uncertainty in the absolute beam energy was
negligible. Thus, for the relatively weak excited states
an uncertainty as great as 15 keV could be expected. The
overall calibration curve calculated by the code GASCELCAL
had a typical uncertainty of 15 keV owing to scatter in
the points. The average Aeviation of the calculated
excitation energies was typically 20 kev. Of course, this
number reflects the uncertainty in the calibration curve.
Thus, an error of at least 20 keV should be attached to

each excitation energy measured.

III.E.2. Differential Cross Sections

The major sources of error in the determination of
the absolute differential cross sections are shown in Table

ITI-2.
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Table III-2. Estimated uncertainties in quantities
involved in the calculation of absolute
cross sections for eLA %30°. The uncertainties
are to be treated as s%andard deviations.

Type of Uncertainty Value
Target temperature 1.5%
Target pressure ‘ 1.0%
Charge integration . 1.5%
Solid angle determination 2.2%
Scattering angle (0.2°): [do(8)/46] ' 1.6%
Total Measurement Uncertainty 3.6%

Although not shown, the uncertainty in the determination
of the background counts for each peak was considered. This
uncertainty was negligible for large peaks, but became
significant for sma;l peaks superimposed on rather large
backgrounds. Even for those, however, this error was
still smaller than the corresponding statistical error.

Other sources of uncertainty not listed include those in
the dead-time and counting loss corrections, which were
themselves small. The effect of the uncertainty in beam
energy was neglected since the differential cross sections

changed slowly with incident proton energy (see Chapter V).

An-additional contribution to the uncertainty in the

differential cross sections is the statistical error,
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which must be added, in quadrature, to the measurement

error. The statistical error was different for each daﬁa
point, and ranged from 0.2% upward, depending on the strength
of the level. The error bars shown on all data points
.represent the total error. Statistical and total errors

are tabulated with the data in the appendices. for the more

strongly excited levels.



CHAPTER 1V
ELASTIC SCATTERING DATA AND OPTICAL MODEL PARAMETERS

IV.A. Proton Elastic Scattering

16 16
IV.A.1. O(p,p) O

Differential cross sections for the elastic scattering

of protons by 16

0 were measured at incident energies
(corrected for losses in the cell window and gas) of

25.46, 32.07, 35.10, 38.43, and 45.13 MeV over an angular
range of 10° to 170° in the center-of-mass frame. Details
of the experimental apparatus and procedures were discussed
in Chapter III. At tﬁe end of each angular distribution
the differential crosg section at the pésition of the
second maximum{(50—60°) was measured over an energy range
of +300 keV around the bombarding energy to detect the
presence of any sharp resonances in the cross section. No
significant fluctuations were found. As a check on the
efficiency of the counter system, differential cross
sections for the elastic scattering of protons by

protons were measured at several angles between le and 22f

in the laboratory frame. These were compared to those

46
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measured by Johnston and Swenson (Jo 58) and were found to
agree within the experimental errors.

A sample spectrum is shown in Fig. IV-1, and the five
experimental angular distributions are shown in Fig. IV-2.
They exhibit a rather smooth energy dependence, with the
25.46 MeV angular distribution showing a slightly different
behavior beyond 60°. These data are in quantitative agree-
ment with those of Cameron et al. (Ca 68), whose measurements
covered the energy range 23.4--46.1 MeV. These authors
found that the behavior of the cross sections below 30 MeV
indicated the existence of broad resonances or intermediate
structure in the p—lGO system. The behavior of the 25.46
MeV data is consistent with such a conclusion. These
resonances were too broad to have been detected during the
search for sharp resdnandes‘within 300 keV of the original

proton energy.

IV.A.2. ilSN(p,p)lSN

Differential cross sections for the elastic scattering
of protons by 15N were measured simultaneously with the

1
measurement of the

5N(p,d)l4N differential cross sections
as has been described in Chapter III. The incident proton
energy was 39.84 MeV, and an angular range of 10°to 145° in. .

the center-of-mass frame was covered., The data are shown

in Fig. IV-6 with the optical model fit discussed in
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Figure IV-2. 16O(p,p)lGO experimental angular distributions
for Ep=25.46——45.13 MeV. ..
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Section IV.B.2. This angular distribution is very similar

to the oxygen angular distributions in the appropriate

energy range.

IV.B. Optical Model Analysis of the Proton Elastic

Scattering Data

In the optical model of elastic scattering it is
assumed that the interaction of the two nuclei involved can
be represented by scattering from a one-body complex

potential having the form

Vopt (F) = V (x) = VE(x) - i(Wg - 4 Wy d )E(x')

dx'
2
TV (AL AE(x) (2 - g),
WWC%IC dr
where Vc(r) = Z2%7'e , r = Rc (IV.1)
r
2 9
= Z%Z'c (3 - r“)/2R , r = R
R ¢ ¢
c
1/3
R =rA/,
c c
= R ¢
and £(x) = (e7 + 1) 7,
. : 1/3, , _ 1/3
with Xx = (r - rRA / )/aR’x' = ‘r - rIA )/aI.

V is the potential felt by a point chdrge (Ze) interacting
c : .
with a uniformly charged sphere of radius (Rc) and charge

(Z'e).
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Optical model analyses were performed with the Perey
search code GIBELUMP*, which runs on both the CDC 3600 |
and the SDS Sigma 7 computers. The potentials and geomet-
rical parameters could be varied singly or in combination.
In general, the spin-orbit radius and diffuseness were
set equal to the corresponding parameters of the real well,
although this condition was not imposed by the code. The

code sought to minimize the quantity

2, . . 12
X /N = (l/N)g{[oth(l) - oexp(l)]/Aoexp(l)} , (1v.2)

where N is the number of experimehtal data points, Gth(i)
end cexp(i) are the theoretical and experimental cross
sections at angles ei in the center-of-mass frame, and
Aoexp(i) is the error in>cexp(i).

As is well;known, the optical parameters exhibit
certain ambiguities, such as the one represented by a
constant value of Vrz. To determine the effect of
changing a given parameter and hence to determine which
combinations of parameters would produce unambiguous
results, the calculations represented in Fig. IV-3 were

performed. The solid lines represent the standard

calculation using the parameter values listed. Each

*Unpublished FORTRAN-IV computer code written by F. G.
Perey and modified by R. M. Haybron at Oak Ridge National
Laboratory,
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dashed curve represents the effect of changing one parameter.
It is interesting that a sizable change in V has very
so

little effect on the calculated angular distribution.

16
IV.B.1l. o(p,p>16o

In the ihitial phaseuof the célculations an effort
was made to obtain the sef of parameters whiéh gave the
best overall fit to the five experimental angular distri-
butions. Unambiguous combinations of pérameters were
searched on until the average<X2/N was a minimum. The
parameters and fits are shown in Fig. IV-4. The fits
are only fair at forward angles and completely out-of-phase
at the back angles. The relatively low value of 1.12 F for
RR was chosen on the basis of better fits.

Owing to nbn—locality effects not included in the
optical potential, one expects the parameters to be some-
what energy-depéndent. Starting from.the average parameters,
searches were ﬁade allowing the parameters to vary with the
energy of the incident proton. It was found that the real
radius and diffuseness parameters tended not to vary, so
they were fixed at 1.12 F and 0.69 F, respectively.

Owing to the lack of polarization data to be fi;ted simul-
taneously with the elastic scattering, no effort was made
to search on Vg ,. As was pointed out earlier, the

calculation was not sensitive to variations of VSO' A
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value of 7.0 MeV for VSo was chosen on the basis of
parameters found by Cameron (Ca 67) during preliminary
analyses of elastic scattering (Ca 68) and polarization
data (E1 68). Cameron (Ca 67) had also measured reaction
cross section data at incident proton energies appropriate
to his work. Since these varied smoothly with energy,
values of the reaction cross section (6g) for the incident
proton energies of the present work were extracted by
~graphical interpolation. These were used as a guide in
choosing between sets of optical parameters which gave
essentially identical values ofxz/N./

An effort was also made to keep as smooth as possible
the variation of the parameters with energy. Thus, a set
of parameters producing a much better value of *Z/N for the
38.43 MeV data was judged ﬁnacceptable because the value of
a; was much smaller thén those obtained“for the other data.
The final set of parameters is shown in Table IV-1, and
the corresponding fits are shown in Fig; IV;S. It was
found that the inclusion of a volume imaginary potential
was necessary above 32.07 MeV, with its strength increasing
with energy. This is probably due to the deeper penetration
of the more highly energetié’protons. The forward angle
fits are improved;balthOugh the improvement is slight for

the 25.46 MeV data. The back angle fits are very poor for
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Figure IV-4. Optical model fits to the 16O(p}p)l60 angular
distributions using the average set of parameters listed.
The average value of X“/N is 47.2.
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Figure IV-5. Optical model fits to the 160(p,p)100 angular
distributions using the energy-dependent sets OL parameters
listed in Table IV-1. The average value of ¥ /N is 27.1.
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all but the 45.13 MeV data. This behavior is consistent

with that found by van Oers and Cameron (Va 68) over the
energy range of 23-53 MeV, by Barrett, et al. (Ba 65)

at 30.3 MeV, by Kim et al. (Ki 64) at 31.0 MeV, and by .
Fannon et al. (Fa 67) at 49.48 MeV. It has been found in
other work (Fr 67) that the use of a spin~orbit radius
parameter of 10% to 15% smaller than the real radius
parameter was helpful in obtaining fits to the back angle
data. This was tried with no significant improvement.
Thus, it appears that the optical model gives a poor
description of proton elastic scaﬁtering from 16O below
30 MeV Where resonances occﬁr, that between 30 and 40

MeV the description is poor beyond 100° in the center-of-
mass frame, and that the optical model describes the

scattering very well for incident protons above 40 MeV.

IV.B.2. TON(p,p)LdN

Similar procedures were followed to obtain a set of
parameters which describe the elastic scattering of protons

from 15N. The parameters are listed in Table IV-1, and the

16
fit is comparable to that for the 38.43 MeV O data, as
was expected owing to the similarity of the incident proton

energies. The optical model fit to the data is shown in

Fig. IV-6.
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IV.C. Deuteron .Optical Model Parameters

Since it is impossible to measure the elastic

15O, data

scattering of deuterons by the unstable nucleus
for deuteron scattering by 16O was used. Sets of optical
model parameters have been found for deuteron elastic
scattering by 16O for incident deuteron energies between
11.8 and 52 MeV (Fi 67, Ng 66, Co 66, Ho 66, Te 64,

Ne 67, Du 66). Many studies have been done with lower
energy deuterons, but the applicability of the optical
model is questionable in these cases. The parameters for
this work are based on the 11.8 MeV parameters of Fitz et
al. (Fi 67), the 16.8 MeV parameters of Hodgson (Ho 66),
the 34.4 MeV parameters of Newman et al. (Ne 67), and the
52 MeV parameters of Duelli et al. (Du 66). Each of these
studies used a derivativé surface absorption and included
spin-orbit effects. ;These parameters,dre shown in Fig.
IVv-7. The solid curves were drawn with the constraint
that they pass through the 34.4 MeV points. Very little
weight was placed on the 16.8 MeV parameters since they
differed significantly from the general trend of the other
parameters in several cases.

16O(p,d)lso data covered a wide range of

Since the
incident proton energies, and since for each incident energy

there existed a wide range of Q-values, it was necessary to
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OPTICAL MODEL PARAMETERS FOR “0(d,d)°0

12 1.2
0.8 v : v bd 0.8 L4 °
() -
(f) .
04 Ur* Qso 0.4 q,
o) 0
60 °e . 16 \\\_
(MeV) Vso
0 12
» 120 . (f)0.8
(MeV) ///////(//"/— r
6.0 04 (
Wo
0 — )
120 \" . 12| | '
80 . 0.8
(MeV) (f). |
40 V. 04 - Fso
0 , ) ‘
) 20 40 60 | 0 20 40 60
ELag (Mev)” ELaB (MeV)

Figure IV-7. Optical model parameters from references quoted,
in the text describing the elastic scattering of deuterons
from 160 between 11.8 and 52 MeV. The curves represent the
"best" values of the parameters, from which those used in

the DWEBA exit channel calculations were taken.
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have deuteron parameters corresponding to incident deuteron

energies between 33.2 and 5.1 MeV. These were taken from
Fig. IV-7; the ones of major interest (see Chapter VI) are
listed in Table IV-2.
. 15 14 .

For the analysis of the N(p,d) N data, optical
model parameters for deuteron elastic scattering on 14N
at 32.8 MeV and lower were required. Very little data
is available in the literature, and that which is available
(Ng 66, Vi 66) corresponds to lower deuteron energies
and was analyzed using simplified forms of the optical
model potential. Thus, it was again decided to use

. 16 16

parameters derived from 0(d,d)” 0 data. Newman et al.
(Ne 67) have shown that the variation of the parameters with
Z and A is rather slow, so these parameters should be

quite valid. Table IV-2 also lists the deuteron parameters

1 . '
used in the 5N(p,d)l4N analyses.



CHAPTER V

EXPERIMENTAL RESULTS
Deuteron energy spectra and angular distributions
. . 16 15
are presented in this chapter for the O(p,d) O and
15 14 . .
N(p,d) N reactions. Some of the conclusions reached
about possible spin and parity assignments are based
upon the distorted wave Born approximation (DWBA)
calculations discussed in Chapter VI; however, unless
otherwise noted, the curves shown with the angular
distributions represent only the general trend of the data.
The error bars shown in the figures represent the total

error in the differential cross section. Those not shown

were smaller than the size of the data points.

v.a. Po(p,a)t%

V.A.l. Simple Model Predictions

Before discussing the data it would be instructive
to determine which levels of 150 should be populated in
“the 16O(p,d) reaction. Considered as a direct reaction, .

the (p,d) reaction involves the removal of a single neutron

from the target nucleus, which is assumed to be in its

64
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~ground state. The simple shell model picture of the 16O

ground state is shown in Fig. V-1. The single particle

energies are given by Jolly (Jo 63) as 0.0, 27.0, 33.0,

44.0, and 45.0 MeV for the lsl/z, lp3/2, lpl/z, ld5/2’

and 281/2 particles respectively. If the lpl/2 neutrons

were considered to be barely bound, the lp3/2 neutrons

would be bound by 6 MeV and the lsl/2 neutrons by 33 MeV.
Thus, one would expect either a lpl/2 or a lp3/2

neutron to be picked up; the pickup of a lsl/2 neutron
would be very unlikely owing to its strong binding.

Since the ground state of 160 is known to have J" = ot,
conservation of angular momentum and parity require the
spin and parity of the final state to be that of the
picked-up neutron, i.e., 1/27 or 3/2°. The simplest
shell model picture of 150 is that of a single neutron

hole in the 19

O core. fhese are also shoﬁn in Fig. V-1.
On the basis of these simple pictures one would expect
the deuteron energy spectra to contain one 1/2- peak,
one 3/27 peak, and no others.

It is known, however, that the simple shell model is
much too naive, even for the case of a "closed" shell
nucleus such as 165. one sﬁould consider the effects of
low-1lying deformed states in the closed shell nucleus

s
(M9 56, En 65, Br 66a, Br 66b) when using that nucleus as
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156 1/2™ and 3/2” states.

a given nfj subshell.

The value
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a.core. Such effects are known as core polarization.
Brown and Shukla (Br 67) have performed such calculations

1 . . s
for SO and 15N. They predict, in addition to the strong

0.0 MevV, 1/27 and 6.18 MeV, 3/2_ levels, the existence

of a 3/27 level between 10.0 and 11.0 MeV of excitation

and a 1/27 level approximately 1.0 MeV lower. Bertsch

(Be 68) has predicted that core polarization could result
in many highly fragmented states with excitation energies
of approximately 20 MeV. Hence, core polarization can
result in the sharing of the %pl/z and lp3/2 strengths
among sevefal states. One would also expect the 16O_ground
state to be more complex. Calculations have been performed
(Br 66a) in'which 2 particle-2 hole and 4 particlef4 hole
admixtures have been considered. If such admixtures
existed, one would expect‘to pickup some 1ld_.,. and 2s

5/2 1/2

Do s . ; .15
neutrons, leading to positive parity levels in O.

V.A.2. Enérgy Spectra

Fig. V-2 shows an energy level diagram of the 15¢

nucleus beside which has been placed a deuterén spectrum
taken at a laboratory angle of 20.1° Qith 45.34 MeV
incident protons. All.of,the known levels below 1l MeV
are shown. All eﬁergies, spins, and parities for the
levels below 9 MeV were taken from the‘gamma—réy work

of Warburton et al. (Wa 65), those of the levels between
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9 and 10 MeV from the work of Lambert and Durand (La 67),

and those of levels above 10 MeV from Lauritsen and
Ajzenberg-Selove (La 62). One immediately notices the
presence of the two very strong peaks corresponding to
lpl/2 and lp3/2 neutron pickup. All other states é%cited
are much weaker. It is interesting to note here the
surprisingly good agreement with the simplest shell model
picture discussed in the preceding section.

Additional deuteron energy spectra obtained for incident
protons of energies 45.34, 38.63, 31.82, and 25.52 MeV are
shown in Figs. V-3--V-5. The Goulding particle identifi- |
cation system was used in obtaining each of these spectra.
Fig. V-6 shows a spectrum obtained using the time-of-flight
system for mass identification. The peaks corresponding
to 14N levels are due to‘3He partiCles from the.lGO(p,3He)l4N
reaction which reached;the‘detector within the accepted
time window. The closely spaced levels near 5.2 and
6.8 MeV are partially resolved here. The other spectra
obtained between 12.4° and 30° in the laboratory frame
using time-of-flight showed comparable resolution. This
data will be discussed in Section V.A.4. A tabulation of

the peak cross sections for the levels excited is contained

in Table VI-3.
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Figure V-4. Deuteron energy spectra at 9 =20.0° and 60.1°
from the 100(p, d)lso reaction for Ep =38. 6§Aﬁev. '
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Below an excitation energy of 16.5 MeV the existence
of one l/2_ and three 3/2° levels have been confirmed
(Wa 65, La 67, La 62). The 1/2 level at 0.0 MeV and the
.3/2_ level at 6.180 MeV are those predicted by the
simplest shell model. Angular distributions measured for
these states are shown in Figs. V-7 and V-8. The
existence of a first maximum between 10° and 20° in the
center-of-mass frame is characteristic of f,=1 pickup.
The angle at which the first maximum occurs decreases
as the incident proton energy increases. J-dependence
in this reaction exhibits itself in the generally steeper
slope and more pronounced oscillation of the . Jw=l/2-vdata

The magnitude of the differential cross section at
the first f,=1 maximum is used in the extraction of spectro-
scopic factors (see Chépteré IT and VI),f This quantity
is shown as a function of the incident proton energy in
Fig. V-9. 1Included in this figure are points from other
studies of the 16O(p,d)lso reaction between 18.5 and 100
MeV (Ch 67, Ko 67a, Le 67, Le 63, Sh 67). The dashed
curves are drawn to accentuate the general trend of the
data. The 3/2  peak cross section becomes larger than
the 1/2° peak cross section at some point between 45

and 100 MeV. At 100 MeV it is interesting to note that

the ratio of the. 3/2° to the“l/Zﬁ cross section is™l.3.
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Figure V-7. Deuteron angular distributions for the 0.0 MaV,
1/27 level of 155 from the 16o (p,d) 150 reaction for incident
proton energies between 21.27 and 45.34 MeV. :
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Figure V-8. Deuteron angular distributions for the 6.180

MeV, 3/2° level of 155 from the 160(p,d)150 reaction for
incident proton energies between 25.52 and 45.34 MeV.
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Figure V-9. Dependence of the &n=1 peak cross section of the
0.0 MeV, 1/2” and 6.180 MeV, 3/2” levels of 150 from the
16O(p,d)150 reaction on the incident proton energy. The data
represented by symbols a-—e are found in Refs. Ko 67a, Ch 67,
Sh 66, Le 63, and Le 67, respectively.
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In an attempt to explain the phase of the E2/M1
mixing ratio for the (6.18 MeV, 3/2° -+ 0.0 MeV, 1/27)
transition in 15O, Rose and Lopes (Ro 65, Lo 66) proposed
that only 40% of the lp3/2 hole strength was contained
in the 6.18 MeV state, and that much of the remaining
strength was contained in the 8.98 MeV level. However,
164 (p,a)1%0 data (Ba 64} and %0 (%me, 0 )1%0 data (Wa 65a)
indicated that there was no appreciable (<10%) lp3/2
component at excitation energies between 6.5 and 13 MeV.
The deuteron energy spectra in Figs. V-2--V-5 indicate
that the excitation of the 8.98 MeV level is very weak,
the peak cross section being less than 0.1 mb/sr. However,
there are two relatively strong deuteron groups corresponding
to levels of higher excitation energy. The first corresponds
to the levels at 9:49, 9;53, 9.60, and 9.66 MeV, which have
' = 5/2°, l/2+i 3/2;, and (7/2, 9/2)—:respectively (La 67).
Careful examination of the energy spectra showed that all
four levels were excited, but that approximately 70% of
the area of the peak was due to excitation of the 9.60 MeV,
3/2° level. The other deuteron group comes from the
excitation of the 10.46 MeV level, which was resolved
from the 10.28 MeV level. Angular distributions for
these levels are shown in Fig. V-10. The angular

distribution labeled 9.60 contains contributions from the .

other three close-lying levels. The curves represent
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empirical %, =1 shapes corresponding to the Q-values of

the reactions leading to these states, obtained by
~graphical interpolation between the shapes of the 0.0 and
6.18 MeV angular distributions for 45.34 and 38.63 MeV
incident protons. Both levels are seen to be %, =1 in
character. On the basis of shape, the assignment of

3/2° to the 10.46 MeV level is preferred. The data
certainly do not disagree with the previous 3/2" assignment
for the 9.60 MeV level. Estimates of the Lp3/2 hole

strength in these levels will be given in Chapter VI,

where spectroscopic factors will be discussed.

V.A.4. Positive Parity Levels

As was noted in Section V.A.l., the only way in

15
which a positive parity level can be reached in o

by the direct pick-up of a neutron from‘16

16O ground state to contain an admixture of even-{ neutrons.

O is for the

The most likely admixtures being ld5/2 and 251/2 neutrons,

one would look for 5/2+ and 1/2+ levels. The levels at

5.188, 7.550, 8.735, and 9.53 have previously been shown

to be 1/27. The level at 5.240 MeV has an assignment of

5/2+, and the (3/2, 5/2) ‘level at 6.857 MeV appears to

be the mirror level of the'7;15 Mev;‘S/Zf level in lSNL
Examination of Figs. V-2--V-6 shows that the 5.188~-5.240

MeV doublet has considerable strength. Angular distributions
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for the unresolved doublet are shown in Fig. V-11l. The
time-of-flight data taken with 32.00 MeV incident protons
had sufficient resolution to allow a Gaussian peakshape
analysis to be performed to separate the states. Using
a non-linear least squares method, a skewed Gaussian was
fitted to the single 6.18 MeV level to determine a peak
shape. Then the areas and centroids of two Gaussians
having this shape were adjusted, keeping a fixed
separation corresponding to the known separation of the
levels, until the fit to the 5.188-5.240 MeV group was
judged best. The ratios of the areas were applied to the
31.82 MeV data to obtain partial angular distributions,
also shown in Fig. V-11l. The large errors (v30%) are due
to the poor statistics of the data and the uncertainty in
the ratios of the areas. ‘'The shape of the 5.188 MeV
angular distribution is chéracteristic of 2,=0 pickup,
whereas the occurrence of the first maximum near 30° for
the 5.240 MeV angular distribution indicates an Rni2,
consistent with the 5/2+ assignment. This data disagrees
with the l6O(d,t)lso data of the Rochester group (quoted
in Wo 68), which showed no direct reaction pattern for the
1/2+ member of the doublet.

Excitations of the other 1/2& and 5/2* levels are
very weak, with the exception of the 7.550 MeV, l/ﬂf level,

which does not exhibit the characteristics of 2,=0 pickup
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(Fig. V-13). Wong (Wo68) in a study of centroids and sums of

direct reaction strengths with l60 as a target, has found that
central force (e.g., Rosenfeld; Soper) calculations imply that
most of the ld5/2 strength is in the 5;24 MeV level, whereas
calculations using realistic forces (e.g., Brueckner-Gamel-
Thaler, Hamada-Johnston) imply that the dominant part of the
ld5/2 strength will be in a higher 5/2+ state. Thus, the
‘present data ténd to support the use of central forces.
Weak excitation of the 3/2+ levels at 6.789 and

- 8.283 MeV has been found; which could be due to the pickup

of a ld3/2 neutron; The shapes of the angular distributions
(Fig. V-13) are not inconsistent with such a pickup.

A very interesting angular distribution was measured

for the level at 7.284 MeV, which had been assigned

a spin of i9/2 and,appears to be the mirror level of

the 7.56 MeV, 7/2+ level of 15y, 1If it were excited by a
direct reaction, it would correﬁpond’to the pickup of

a lg7/2 neutron. The angular distribution for this.

level obtained with 45.34 MeV incident protons is shown

in Fig. V-12. The cuives are DWBA calculations with and
without a lower integration cutoff (to be discussed in

Chapter VI). The 2n=4 sﬁape fits the data well. An
alternative process for the excitation of this level is a
two-step one in which the 6:13'Mev; 37 level of 16,

is first excited, with the pickup of a lp neutron
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Deuteron angular distributions for the 9.60 and

10.46 MeV levels of 190 from the 160(p,d)150 reaction for

ED=45,34 MeV.

The contributions of the 9.49, 9.53, and 9.6%6

MeV levels have not been separated from the 9.60 MeV angqular

distribution.

The curves were obtained empirically from the

45,34 and 35.63 wmeV data.



83

i
10 I U N I B
O(p,d) O
E , =[6188-5240] MeV
ICP" T -
J'=[I/2* -5/2%]
S Ep=2552 MeV
10} -
10 -
)
~
5 % + |
E¢ \/ 5I88MeV, V2 } TIME-OF-FLIGHT
—5 |o°$ ¥ 5240MeV,52%) - DaTA

& I U NN (R SR N N

0 20 40 60 80 100 120 140 160 180
Gcm(deg.)

Figure V-1l. Deuteron angular distributions for the 5.188-
5.240 MeV doublet of 150 from the 160(p,d)130 reaction for
incident proton energies between 25.52 and 45.34 MeV. The
solid symbols represent a decomposition of the 31.82 MeV
angular distribution based on a Gaussian peakshape analysis -
of the time-of-flight data.
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Figure V-12. Deuteron angular distribution and DWBA fit for
the 7.284 MeV, (7/2%) level of 150 from the 100(p,d) 150
reaction for Ep=45..34 MeV.
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(probably a lpl/2 neutron) following. Evidence for such

a process has been found in the 12C(d,3He)llB*(6.67, 7/27)
reaction (Du 68). A 5/2+ level could also be excited
by the pickup of a lp?»/2 neutron in a two-step process.
The other angular distributions shown in Fig. V-13 exhibit
little character. However, the 12.30 and 13.79 MeV levels

are quite strong (0.12 mb/sr).

15 14
V.B. N(p,d) N

V.B.1l. Simple Model Predictions and Enerqgy Spectra

The simplest shell model configuration for the 1°N

ground state is that of one lpl/2 proton hole in a

l60 core. Thus, the neutron configuration is the same as

15

that of 16O. The spin and parity of the N ground state

is 1/27, so the pickup of a lp, ,, neutron populates

14 +

. | + o
N states having JT =0, 1, and the pickup of a 1p3/2
neutron leads to states having Jw = l+, 2+. Based upon
the simplest shell model, using only lp nucleons, one

can construct the 14

N configurations shown in Fig. V-14.
The isotopic spin quantum number (T) is good for all of the
states shown. The particular combinations of the two

terms of (c) were necesséiy in order that T be good. The

T=]1 states are those in which a neutron could be trans formed

into a proton, or vice versa, without violating the Pauli
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principle. There are nine levels which could be reached

by 1lp pickup from 15N, the population of the 3% level
being forbidden by angular momentum conservation. The
three other levels having configuration (p) are not
populated in the simplest model since they require the
excitation of one of the protons in 15N. Thus, one would
expect to see six strong levels (one 0+, T=1; two l+, T=0;
one l+, T-1; one 2+, T=0; and one 2+, T=1) whose relative
strengths are”discussedilater;“ .

14

There are over fifty known levels in N between 0.0

and 14.0 MeV, sixteen of which have been identified as

0+

, 17, or 2t. a1l energies, spins, and parities have been
taken from (Za 67) and the references therein. Ansenergy
level diagram of l4N, displayed beside a deuteron energy
spectrum obtained at BLAB=2O° for an incident proton

-
energy of 39.84 MeV, is shbwn ip Fig. V-15. It is seen that
many levels are excited to some;extenf. However, the
strongly excitéd levels are seen to be either 0+, 1*,
or 2t (the assignment for the 13.72 MeV level coming from

the present work). Other deuteron energy spectra obtained

at eLAB=59.8° and 119.6° are presented in Fig. V-16.

V.B.2. Levels Reached by % =1 Pickup
Six of the sixteen levels which could be reached by

lp neutron pickup had peak cross sections of 40 pb/sr or
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Figure V-14. Simple shell model configurations of the 155
'ground state and the 14N levels based only on ls-lp nucleons.
The J"=3% level cannot be reached by lp neutron pickup because
of angular momentum conservation. The other levels of

configuration (b) will not be reached by the direct pickup
of a lp neutron from 15y.
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less.  Angular distributions for the ﬁén remaining levels

are presented in Fig. V-17 and Fig. V-18. They all

exhibit the Characteristics of ln=l transfer. J-dependence
is again seen in the steeper slope of the ot angular
distribution (pl/2 pickup) as'compared to the 27 angular
distributions (p3/2 pickup). A Q-dependent effect is

seen in the decreasing slopes of the 2% angular distributions
with increasing excitation energy. The slopes of the 0.0

* and the 2.311 MeV, ot angular distributions are

MeV, 1
very nearly the same, indicating, on the basis of J-
dependence, that the ground state is populated mainly by
lpl/2 pickup, as one might expect from energy considerations.
The other 1t angular distributions exhibit less steep
s . . 15 14

slopes, indicating lp3/2 pickup. The N(p,d) "N and
16 15, . _ e .

O(p,d)~ 70 zn—l angular distributions are very similar.

The broad level at 13.72 MéV is particularly

interesting. ZIts angular distrﬂbution (Fig. V-17)
definitely exhibits an 2. =1 shape, contradicting the
previous assignment of J=3 (La 62). The strong excitation
is also indicative of lp neutron pickup, with the slope of
the curve indicating lp3/2 pickup. The width of the state
has been determined from the various energy spectra by

subtracting (in quadrature) the resolution from the

measured width of the state. This value is 21030 keV..
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Angular distributions for the other levels which have

. . +
been previously assigned J =0 , l+, 2% are shown in Fig.
v-21. These levels are weakly excited, and their angular

distributions do not contradict the assignments.

V.B.3. Levels Reached by & #1 Pickup

The presence of levels other than 0+, l+, or 2+
is an indication of admixtures in the ground state of 15N.
As for the 16nground state, the most likely admixtures are
1d5/2 and 251/2, leading to the excitation of 27 or 3~
and 0° or 1 states, respectively. Angular distributions
for those levels having previous spin and parity assignments
of 27 and 3~ are shown in Fig. V-19. Most of the levels
are very weakly excited. The level at 12.52 MeV had no
previous assignment. It is rather strongly excited,

especially for a state with such a high excitation energy,

and its angular distribution is consistent with 1d pickup.
H

1
Levels having previous spin and parity assignments of 0

and 1 are shown in Fig. V-20. These levels are also
weak, in general, with the angular distributions of the
levels at 4.91, 5.69, and 8.06 displaying the rise of the
cross section toward a maximum at ec " =0°, which is

characteristic of 2n=0.pickup. "If the 11° point is

ignored, the shape of the angular distribution of the 13.17
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AMeV level is consistent with & =0 pickup. The 1 level
at 10.213 MeV could be populated either by 2s or 1ld
1/2 3/2

pickup.

Also shown in Fig. V-20 are angular distributions
for levels having previously been assigned g" = 3% or 4t
These would require 1f neutron pickup in the direct reaction
picture. The angular distributions for the 12.61 and
12.80 MeV levels may contain contributions from other
close-lying levels. Again, the cross sections are small.
The existence of a level between the 10.55 and 11.06
MeV levels has been reported at 10.71 MeV (Pe 65), at
10.78 MevV (Ma 67a), and at 10.85 MeV (Ha 66), and at
10.85+0.02 MeV (Za 67). The spin and parity of this level
have been given as (4+)-(Ma 67a). In the present work
this level was very«weéklyvexcited, with an average excitation
energy of 10.80i6.05.: The angular.distfibution is shown
in Fig. V-20. {Several other levels wefe weakly excited.
Spins and parities cannot be assigned by inspectiorn, of
the angular distributions, which are shown in Fig. v-21.
The peak cross sections for all levels excited in the 15N(p,d)

reaction are listed in Table VI-4.
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CHAPTER VI

DWBA ANALYSIS, EXTRACTION OF SPECTROSCOPIC FACTORS,

AND COMPARISON TO THEORY

16
VI.A. 'O(p,d)lSO

. As was stated in Chapter I, one of the major purposes
of this work was to study the extraction of spectroscopic
factors (discussed in Chapter II) for neutron pickup
from a light nucleus. The nucleus 16O was chosen as a
target because one has some feeling about the values of
the spectroscopic factors for the reaction. The simplest
shell model predicts spectroscopic factors of 2 and 4 for
the 0.0 MeV, 1/2 and the 6.18 MeV, 3/2  levels of
15O, respectively. These are ju§t the numbers of lpl/2
and lp3/2 neutrons available for pickup. If, however,
some of the lp strength lies in other 15O levels of
higher excitation, the spectroscopic factors for the
0.0 and 6.18 MeV levels will be reduced, but the sum
of the 1lp spectroscopic factors will still be 6. However,
if the ground state of 165 were to contain admixtures of
neutrons from other shells; the total number of lp neutrons

available for pickup would be less than 6, and since the

99
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1pl/2 neutrons are less strongly bound than the lp3/2
neutrons, one might expect the lpl/2 subshell to be
depleted more than the lp3/2 subshell. Thus, one would
expect the ratio of the summed lp3/2 spectroscopic‘factors
to the summed lpl/2 spectroscopic factors to be greater

than 2. These conditions were considered when evaluating

the results of a DWBA calculation.

A FORTRAN version of the Oak Ridge code JULIE,*

running on the CDC 3600 computer at the Michigan State

University Computer Center, was used for all DWBA calculations.

VI.A.l. " DWBA Calculations and Spectroscopic Factors

" for the 0.0 and 6.18 MeV Levels

Initial DWBA calculations were made for 45.34 MeV
incident protons. ,Optical model parameters for the
entrance and exit chénnels are}listed’in Tables IV-1 and
IV-2. The parameters for the bpund state well were
Ton = 1.12 F, agp = 0.69 F, and A = 25. The geométric
parameters are the same as those of the real proton well,
and the value of the spin-orbit strength is the one

normally used for nucleons. No lower integration cutoff

was used in initial calculations. As can be seen in

r _ *JULIE is described in Refs. Ba 62 and Ba 66.
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Fig. VI-1, the shape of the calculated angular distribution
does not match the data. However, in studies of (p,d)
reactions in lp shell and 2s-1d shell nuclei, Kull (Ku 67)
and Kozub (Ko 67a) found that an increase in the imaginary
well depth (Wp) of the deuteron optical potential led to
shapes which were in better agreement with the data.

They found that increases of from 200 to 300% produced
changes in the magnitude of the first peak of the differ-
ential cross section (hereafter referred to as Opeak) of
less than 20%. This was important since the value of

the experimental spectroscopic factor depends on the value

of ¢ (see Chapter II for a discussion of the extraction

peak
of experimental spectroscopic factors). The same
procedure was followed in the present case; the results
are presented in Fig. VI—l.‘ The shape does improve as

Wy increases, but the:shape of the data;still.is not
well-reproduced. The worst’featﬁre,'héwever, is that

the magnitude of Ipeak decreases from 1.5 mb/sr to-

These values

0.6 mb/sxr as WD increases from W to 4WD

DO 0°
give spectroscopic factors of 3.6 and 8.9, réspectively,
much too large for lpl/2 p}ckup.

Siemssen (Si 67) also encountered the difficulty of
reproducing the shape of the data from (d,p) reactions with

lp shell nuclei. He obtained reasonable fits by using a
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lower integration cutoff in the DWBA calculation. Following
a similar procedure, WD was kept at the value found from
optical model calculations, and a series of DWBA calculations
was made with different values of the lower integration
cutoff radius (R yiofg! - The effect of the cutoff radius

on Opeak is shown in Fig; VI-2. Two maxima exist, one at
Routoff = 0 F and one at RCutoff = 3 F. For Rcutoff =0 F
the spectroscopic factor for the 0.0 MeV level is 3.2,
whereas for R yioff = 3 F it is 1.8, a much more acceptable
value. For the 6.18 MeV level there is no appreciable
difference in the spectroscopic factors for RCutoff =0 F

and Roytofs = 3 F. Figures VI-3 and VI-4 show the DWBA
angular distributions for the ground and 6.18 MeV states.

The shape for~Rcutoff = 3 F is better than that for R_,ioff =
0 F, but is still not véry good. However, the first

maximum is reaéonabiy weil—reproduced; so the prescription

of using the‘measured optiCal;parameters with a lower
integration cutoff éf 3 F was adopted for all of the DWBA
calculations.

Fixing the optical parameters and the integration
limits left only the parameters of the bound state well to
be investigated. Since the value of 1.12 F for the radius
parameter (ron) was somewhat smaller than that generally

used, calculations were performed for ron'=‘l‘25 and 1.35 F.
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Figure VI-l.

of the imaginary well depth.
to the first maximum of the experimental angular distribution.

: DWBA fits to the 160(p,d)150,”ED=45.34 MeV,
Ex=0.0 MeV, JT"=1/2" angular distribution for different values
All curves have been normnalized
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Figure VI-2. Dependence of the calculated 2 =1 and £n~2 peak
cross sections from the 16O(p d) 50 reactlon for E_ =45.34

MeV on the value of the lower radial integration cutoff used
in the DWBA calculations.
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The shapes of the angular distributions were essentially

unaltered, but o for the_ground state rose from 1its

peak
value of 2.68 mh/sr for Top = 1;12 F to 4.35 mb/sr for

Yop = 1.35 F. This represents a lowering of the ground

state spectroscopic factor, the value being 1.51 for ron=

1.25 F. This value of the spectroscopic factor is reasonable,
but that for the 6:18 Mev, 3/2° 1level seems much too small
since the ratio of the lp3/2 to the lpl/2 spectroscopic
factors is essentially unchanged by the change in rgp.

Owing to the lack of significant improvement in the

shape and magnitude of the angular distributions with a
higher value of r_,, the value of r,, was kept at 1.12 F

for the subsequent calculations.

It was noted in Chapter II that the inclusion of
finite-range and non-locality effects in the DWBA calculations
tends to reduce the effect'of tpe‘nuclear interior.

Since this is also the effect o? a lower integration
cutoff, a set of calculations including these effects was
made. The code FANLFR2* was used to obtain the bound state
form factor which was then used by JULIE in the DWBA

calculation. Since the shape of the angular distribution

was little improved from that calculated using the zero-range

- *0ak Ridge computer code FANLFR2, written by J.K. Dickens..
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approximation and Rcutoff = 0 F, and a value of 3.0
was obtained for the ground state spectroscopic factor,
the use of finite-range and non-locality was abandoned.
Having decided to use a lower integration cutoff with
the normal deuteron optical model parameters, calculations
were performed for the 0.0 MeV, 1/2° and 6.18 MeV, 3/2-
ljevels for incident proton energies of 25.52, 31.82,
38.62, and_45.34 MeV. The optical parameters used were
those which described elastic scattering at the appropriate
energy. This means that the deuteron parameters uséd for
the'0.0 MeV level were different from those for the 6.18
MeV level. The method used in choosing the .four proton
energies is illustrated in Fig. VI-5. For an incident
proton energy Ep (e.g., 25.52 MeV) the deuterons leaving
O in the 0.0 MeV, 1/2_ state have the same energy in the
center—-of-mass frame;as those leaving’lso in the 6.18
MeV, 3/2  state when the incidgnt proton energy is Ej'
(e.g., 31.82 MeV). Thus, deuteron parameters used in the
DWBA calculation for the 6.18 MeV level for 45.34 MeV
incident protons are the same as those for the 0.0 MeV
calculation for 38.62 MeV incident protons.
The resuits of theéé calculations are presented in
Figs. VI—-3—-—VI—-4,- VI-—6-——VI-—8,‘ and in Tables VI-1l and VI-2.

The shapes are reasonable for the higher energies, but are

b



109

BASIS FOR SELECTION OF
- INCIDENT PROTON ENERGIES

/|

(XEO\G.IB 3/2’/ E

E /
\\\\OI)I/Z' E:'

Ep _'50.‘ .p

-13.44 -13.44
60 +p-d | '60+p-d'

Figure VI-5. Basis for th selection of incident proton
- energies for the l6g (p, d) %0 experment



110

10" — T | I |
8, (p. ) 5,
Ep=38.63 MeV
o 1n= |

—DWBA R 10 =3F]

Ex='6.|8 MeV
=327

| O‘I ] | ] ] ]
o) 30 60 90 120 180 180

Ocm (deg)
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significantly worse for the 25.52 MeV data. The rather

low deuteron energies for this latter case made the
assumption of a direct reaction questionable. Spectro-
scopic factors and ratios of spectroscopic factors for the
0.0 and 6.18 MeV levels are given in Tables VI-1 and VI-2,
where the errors reflect only the errors in the values of
Texp The extracted spectroscopic factor for the ground
state is constant for the two‘higher bombarding energies,
but it increases for lower values of the incident proton
energy. The spectroscopic factor for the 6.18 MeV level
rises as the energy of the incident protons decreases from
45 MeV. Table VI-2 shows that the ratios of the spectro-
scopic factors for these levels is reasonably constant for
incident proton energies greater than 30 MeV. The ratios
~given in the last column are based upon use of the proton
energy scheme shown in Fig.’VI—i to redUce any Q-dependent
effects. Only.the ratios for the 45.34'Mev data remain
unchanged.. Thése data indicate that if reliable spectro-
scopic factors are to be extracted from the (p,d) reaction
on light nuclei, the incident proton ene:gy‘must be
sufficient to produce deuterons having an energy gzeater
than 22 MeV in the center;of-mass frame.' Relative spectrq—
scopic factors appear to be reliable even for lower incident

proton energies or, conversely, for higher excitation energies.
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Table VI-1l. Experimental spectroscopic factors for the
0.0 and the 6.18 MeV levels of 150 from the
160(p,d)150 reaction induced by 25.52-45.34
MeV protons.

.

Ex J E Gexp 9DWBA 3

(MeV) (MeV) (mb/sr) (mb/sx)

0.0 - 1/27 25.52 6.8+0.5 0.94 3.2¢0.2

31.82 8.5+0.6 1.66 2.3+0.2
38.63 9.740.5 2.38 1.8+0.1
45.34 11.0%0.8 2.68 1.8+0.1
6.18 3/2° 25.52 2.2%0.2 0.12 8.1+0.7
31.82 4.5%0.5 0.57 3.5+0.4
38.63 7.6x0.6 1.14 3.0+0.3
45.34 10.0x0.7 1.72 2.6+0.2

Table VI-2. Ratios of experimental spectroscopic factors

for- the 0.0 and 6.18 MeV levels of 150 from

the 160(p,d)150 reaction induced by 25.52-
45.34 MeV protons.

+ + +

E" e 530 B /8y, @) 8y, B8 By
(MeV) (MeV)

25.52 - 2.53%0.25 -
0 31.82 25.52  1.54%0.15 1.09%0.11

38.63 0 31.82 1.63%0.16 1.30%0.13

45.34 38.63 1.41%0.14 1.410.14




115
It is interesting to note the similarity of the ratio of

spectroscopic factors for the 6.18 MeV, 3/2 and 0.0 MeV,
1/2° transitions from the 45.34 MeV data to the ratio of
the peak cross sections éf these levels from the 100 MeV
data.

It is possible to obtain better agreement between the
DWBA calculations and the shapes of the experimental
angular distributions. Chant et al. (Ch 67) freely
adjusted the deuteron optical model parameters to obtain
the best fit to the ground state angular distribution
from their 30.3 MeV 16O(p,d)lso data. The imaginary well
depth was increased by a factor of approximately 3,
with changes of 5-20% being made in the other parameters.
The fit was very good for the ground state angular’distri—
bution below 78° in, the center-of-mass frame, where the
data ended, but the 6.18 MéV fit was not as good. They
did not calculate spectroscopic;factofs, so the quality
of the fits could not?be judged by that criterion.
However, the calculations of the present work showed that
an increase of the imaginary well depth led to spectroscopic
factors which were much too large. Thus, the value of
such a fit is queStionablé.

A study similar to that of the present work has been

16

made by Hiebert et al. (Hi 67) for proton pickup from ~70.
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The 16O(d,3He)15N reaction was employed with an incident
deuteron energy of 34.4 MeV. Satisfactory fits to the
data were obtained using standard optical model potentials.
They found that the local finite-range form of the DWBA
theory gave the most reliable‘spectroscopic factors.
These values were 2.14 for the 0.0 MeV, 1/2— level of 15N
and 3.72 for the 6.33 MeV, 3/2- level. These are not iﬁ
~good agreement with the present values for neutron pickup
from 16O presented in Table VI-1, and probably reflect more
the uncertainty in the extraction of spectroscopic factors

than a dissimilarity of the proton and neutron configurations

of the 16O'ground state.

VI.A.2. Spectroscopic Factors for Other Levels, and

the Ground State of l60

Using the criteria established in the previous section,

DWBA calculations were performed for other levels in the

I

j
45.34 MeV data. The results are similar to those for the

strong levels shown in the previous sections. Spectro-
scopic factors for these levels are given in Table VI-3.
Again, the errors quoted reflect only the errors in the

An estimate of the spectro-

experimental value of the gweak'

scopic factors for the 5.188 and 5.240 MeV levels was

obtained by adding together 2s and 14 DWBA angular
Yy ng tog 1/2 5,2 ‘
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Table VI-3. Peak cross sections and spectroscopic factors
for the levels observed in 0. The average
cross section over the indicated angular
range is given for weak levels having angular
distributions showing no characteristic maximum.
The uncertainties quoted in the spectroscopic
factors represent only the uncertainties in
“peak”

EX Jgm Gpeak epeak S

(MeV) (mb/sr) (deg)

0.0 1/27 11.0 * 0.8 12 + 1 1.8 = 0.1
5.188 1/2% 0.02 + 0.01
5.240 5727 0.11 % 0.01
6.180 3/2° 10.0 £ 0.7 15 =1 2.6 * 0.2
6.789 3727 0.08 £ 0.03 20 = 2 0.02 + 0.01
6.857 (3/2,5/2) 0.08 £ 0.03 20 + 2 0.02 £ 0.01
7.284  (9/2%,7/2%)  0.12 £ 0.02 45 £ 3 0.03 £ 0.01
7.550 1/2% 0.08 + 0.03 30 % 3

8.283 3/2+ 0.05 £ 0.02 24 £ 3 0.01 + 0.005
8.915  3/2% -

8.980 3/2 - 0.08 £ 0.04 21 %5 0.04 % 0.02
9.49 5/27 -

9.53 1/2% 0.57 # 0.05% 15 % 1

9.60 3/27 0.40 £ 0.07** 15 + 1 0.18 + 0.03
9.66 (7/2,9/2)" - ‘ ‘ '

10.28 0.06 £ 0.02 10- - 46

10.46 (3/27,1/27) 0.58 + 0J06 15 + 1 0.28 t 0.03

10.94 ' 0.08 = 0.03 10- - 46

11.02 0.06 = 0.02 18~ ~ 46

11.70 0.06 = 0.02 24— - 46

12.30 0.12 £ 0.05 24 £ 3

13.79 0.12 £ 0.05 9~ =46

*This number represents the combination of the four
peaks between 9.49 and 9.66 MeV.
**This number represents the estimated contribution of
the 9.60 MeV level alone.
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distributions in varying combinations. The results are
shown in Fig. VI-9. A combination of 1ld and 2s
5/2 1/2
in the ratio 10 to 1 appears to give the best overall
fit. The spectroscopic factor for the 7.284 MeV, 7/2+
level assumes that its excitation is due only to a direct
process. It thus represents an upper limit.
It is interesting to determine the total lp strength
. 16 15 o ,
seen in the O(p,d) O reaction at 45.34 MeV. By summing

the spectroscopic factors for all of the 1/2  and 3/2—

levels listed in Table VI-3, we get

1s(lp. )

1.80 S(1l = 3,10

/2

hence

it

Js(lp) = 4.90.

The relatively'low value for the total lp3/2
strength indicates the possibility of higher 3/2°
levels, as predicted by Bertsch (Be 68). The 3/2- levels

j

at 9.60 and 10.46 MeV might comprise the 3/2  level
predicted by Bfown and Shukla (Br 67) to be between 10
and 11 MeV. If it were at 10 MeV, they predict it would
have a spectroscopic factor 3% of that of the 6.18 MeV
level. Experimentally, the ratio is 18%. An estimate
16

of the 2s-1d admixtures in the ground state of 0 is
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10 I [

% (p,d) =
Ep=45;34MeV

E,=35.188-5240

10 ' .
0 60 120 180

6. m (deg)

:lgure VI-9. DWBA fit to the 16O(p,d)lso Ep—45 .34 MevV, :
x=5.188-5.240 MeV (doublet) angular distribution. The & —0.
and L ~2 angular distributions are added in the ratio 1: 10

to produce the solid curve.
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contained in the spectroscopic factors for the 1727,

+

5/2%, and 3/2" levels.

Js2sy ;) = .02, [sld, ) = 0.15, ]s(id

/2 = 0.04.

3/2)

The present results can also be compared to those
calculated from the 160 ground state wave function of

Brown and Green (Br 66a). This wave function has the form

|l60_g.s.> = 0.874|0p-Oh > + 0.469|2p-2h> + 0.130| 4p-4h>,

where p is for particles and h is for holes. 1In the 2p-2h
and 4p-4h admixtures one can assume that on the average
half of the particles and holes are neutrons, and half
protons. Thus, the Op-Oh portion represents six 1p
neutrons, and the 2p-2h and 4p-4h portions represent five
and four lp neutrons, respectively. One would then expect

the summed lp spectroscopic .factor to be '

b
© . 7s(1p) = 6(0.874)% + 5(0.469)°

+ 4(0.130)° = 5.75

and

2 2 2
.ZSUDther) = 0(0.874) + 1(0.469)° + 2(0.130) = 0.25.

The sum of the experimental 2Zs-1d spectroscopic factors
agrees well with this prediction. It appears, then, that .
as much as 15% of the lp strength could be in levels

above 10.46 MeV.
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vi.B. Onp,a) iy

VI.B.l. DWBA Calculations and ExXperimental

" Spectroscopic Factors

14
The DWBA calculations for the lSN(p,d) N reactions
i 16 15
were made in the same manner as those for O(p,d) ©O. A
lower integration cutoff of 3F was used, which represented
a peak in the Gpeak VS R utoff CUrve. The parameters
of the bound state well were the same also. The optical
model parameters were discussed in Chapter IV.
The shapes of the calculated angular distributions

agreed with the data to approximately the same degree

as those for 16O. Those for some of the 2n=l levels

are shown in Figs. VvI-10 and VI-1l. The O—, 1, 2,
and 3 levels represent 2s-1d admixtures in the 15N
~ground states. DWBA Calculétions for cone of these levels’
are shown in Fig. VI-12. The experimental spéctroscopic
factors extracted for’the levels are given in Table VI-4.
Again, the errors quoted reflect only the experimental
error. The decision as to whether a 17 level was formed
by lpl/2 or lp3/2 pickup was made on the basis 6f shape
of the angular distribution (J-dependence) and on the

predictions of Cohen and Kurath (Co 67), to be discussed

in the next section. The amount of 2s-1d admixture in
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l | l 1 I

Npd N
Ep=39.84MeV

.znzl
— DWBA

0 60 120 180
O m (deg)
Figure VI-10. DWBA fits to the *°N(p,a)!*N, E;=39.84 Mev,

E,=0.0 and 2.31l MeV angular distributions, assuming py,p
neutron transfer. ' :
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10 T

N (p,d) |4N
E .=39.84MeV

1S

P
£ =1
— DWBA

E,=13.72 MeV b
STt |

O 30 60 90 20 150 180
- 6, (deg)

Figure VI-1l, DWBA fits to the 1°N(p,d)14N, E_=39.84 MeV,
E,=7.03 and 13.72 MeV angular distributions, assuming lp3 2
neutron transfer. /
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10 : :
14
l5N(p‘,d) N
E p=39.84 MeV
E =510 MeV
10° i} _
J =2~
£y=2
k3 Wy — DWBA
g
10
% 9
eF <
~—
10°- $ -
10° ' ‘
0 60 120 180

ec--m.(deg.)

Figure VI-12. DWBA fit to the 15N(p,d)l4n, E_=39.84 MeV,

P

Ex=54.lO MeV angular distribution, assuming ld5 /2 neutron
transfer. ' '
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Table VI-4. Peak cross sections and spectroscopic factors
for the levels observed in 14N, The average
cross section over the indicated angular

range is given for weak levels having angular
distributions showing no characteristic
maximum. The uncertainties quoted in the
spectroscopic factors represent only the

uncertainties in ¢ .
peak
il

Ex J T 0peak epeak 5
(MeV) (mb/st) (deg)

0.0 1t 0 11.1 + 0.8 12 £+ 1 1.27 £ 0.09
2.311 oF 1 3.4 % 0.2 14 + 1 0.50 * 0.03
3.945 1% 0 3.3 % 0.4 14 + 1 0.60 + 0.07
4.91  (0)~ 0 0.06 + 0.02  12- =15

5.10 2~ 0 0.22 + 0.06 18 £+ 2 0.06 £ 0.02
5.69 1” 0 0.12 + 0.03 12— -15

5.83 37 0 0.15 + 0.05 21 £ 3 0.04 £ 0.01
6.21 1 0 0.15 + 0.04 15 + 2 0.03 % 0.01
6.44 3% 0 0.01 t 0.006 14~ =34

6.70 . <0.01

7.03 2 0 4.7 % 0.3 15 + 1 1.02 t 0.07
7.40 0.02 + 0.01 18 £ 3

7.60 . <0.01

7.97 27 0 0.05 + 0.02 15 ¢+ 2

8.06 1 1 0.06 + 0,03 12--15

8.63 0F 1 0.02 # 0.01 21 % 2

8.91 37 (1) 1 0.04 £ 0402 12- =29

8.963 (5T 0 ]

g.98 2% 0 0.05 + 0.02 21 £ 2

9.17 2% 1 1.7 + 0.2 15 + 1 0.49 + 0.06
9.388 (27,3 ) 0 0.12 + 0.05 30 + 3 0.05 + 0.02
9.508 2~ 1 0.06 + 0.02 9- -18

g.71 17 0 <0.01 9- -45
10.09 27 0 0.10 + 0.03 16 + 2 0.03 + 0.01
10.43 27 1 1.16 + 0.15 16 £+ 1 0.39 % 0.05
10.85 (41 0 <0.01

11.06 1F 0 0.09 + 0.03 16 + 2 0.04 t 0.01
11.23 3~ 1 1 -
11.29 27 0 0.05 + 0.03 15 + 3 Q.02 + 0.0l
11.39 (1 0 0.02 + 0.01 14— -24
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Table VI-4. {continued)
TT m
EX J : Opeak peak s
(MeV) (mb/sr) (deg)
11.51 37 0.03 + 0.01 30 £ 3
11.66 0.05 * 0.03 ‘12 + 3
11.74 1t
11.80 (2™ 0.03 + 0.02 12- -40
12.21 (37) :
12.29 . 0.01 + 0.01 14- =25
12.52 0.32 + 0.05 24 £ 3
12.61 3: 0.06 + 0.03 11- -23
12.80 4
12.83 4~ 0.07 + .0.03 11- =30
13.17 (0”,17) ,
13.23 0.15 + 0.05 12~ =15
13.72 17 1 1.38 + 0.1 15 + 1 0.8l % 0.06
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5
the N ground state appears to be similar to that in the

16O ground state.

VI.B.2. Comparison to the Intermediate Coupling Theory

Comparisons of the experimental data to the inter-
mediate coupling predictions of Cohen and Kurath are made
in this section. This model and the method of computing
spectroscopic factors from the coefficients of fractional
parentage deduced from it were discussed in Chapter II.
These predictions are given in Table VI-5; they show
six strong levels below 12.0 MeV, with three Weak levels
lying quite a bit higher. Included in Table VI-5 are
the spectroscopic factors expected in the jj-coupling
limit. Pickup of a lp

1/2

configuration (a) in Fig. V-14, whereas lp3/2 pickup leads

neutron leads to states having

to states having configuration (c¢). For a given config-
uration the predicted spectroscopic factor for 1lp pickup

i
leading to a state of angular momentum J is given by

Slj(Ji) = nlj(ZJi + l)/%(ZJk + 1),

where Ny 5 is the number of lpj neutrons in the ground
state configuration of 15y. The summation is over all

states Jy of a given configuration. The jj-coupling and

intermediate coupling descriptions are very similar.
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Table VI-5. Intermediate coupling predictions of coeffi-

cients of fractional parentage and spectro-
scopic factors for 1lp neutron pickup from
15N. Also included are the spectroscopic
factors predicted in jj-coupling.

E(calc.) (J7,T) nfj CPP JCFP2 S 5.
(MeV) 3 JJ
+
0.0 (17,00  1p3s, 0.0542
1py,; =0.3601 0.1326 1.459  1.500
2.690 ©0¥,1) lp; ,, 0.3376 . 0.1140 0.418  0.500
3.616 (1*,0) lpy,, 0.2434
lp)/; 0.0642  0.0633  0.696 0.750
6.991 (2+,0) Ip, ,, =0.3371 0.1136 1.250 1.250
9.524 2t,1) lpg,, =0.5704 0.3255 1.192  1.250
11.783 a*,1) 1py,, =—C.4523
Ip,’; 00000 0.2046 0.750 0.750
15.238 ’,0) lp,,, =0.0776
i - . - - - 0
1py); =0-0505 0.0086 0.095 0.00
+ ‘ L
16.323 (07,1)  1p, , 0.1497 0.0224 0.082 0.000
17.879 2,1 1p ~0.124% 0.0155 0.057 0.000

3/2
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A graphical comparison of the theoretical and

- experimental results is given in Fig. VI-13, where the
lengths of the lines are proportional to the spectroscopic
factors. The extensions of the theoretical lines represent
the jj-coupling predictions. Seven strong levels were
observed in the present experiment, all of which have
angular distributions characteristic of g =1 pickup,
whereas the Cohen and Kurath calculations pradict only

six levels. It appears that the lp strength in the 2+, T=1
level predicted to be at 9.524 MeV is shared by the 2+, T=1
level at 92.17 MeV and the 2+, T=1 level at 10.43 MeV

(Wa 60, Ka 61). The mixing of these levels is also supported
by the values of the Mi transition strengths of the (9.17
MeV>0.0 MeV) and (10.43 MeV-»0.0 MeV)transitions. Warburton
and Pinkston (Wa 60) indiéate that a single 2, m=1

level having a (ls)4(lp)10‘configuratidﬁ(is allowed in

the 10 MeV region (the one predicted ﬁy both jj-coupling
and intermediate coupling). A 2+, T=1 level having a
(ls)4(lp)8(ls)(ld) configuration is expected in the same
region. The predictions for the relative Ml strengths for
~ground state transitions from these levels are ~12 and 0,
respectively. Since the ébserved Ml strengths for the 9.17
MeV and 10;43‘MeV ground state transitions are 4:1 and 5;5,

respectively, Warburton and Pinkston suggest that these two
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o) 14
N(p,d) N Ip SPECTROSCOPIC FACTORS
THEORETICAL EXPERIMENTAL
poo2% T=|
@ 0%,T=l
5 I',T=0 -
.|+s T=|
MO -
> ~ E 2tre)  1NTe0
S 10| 2¢ 14 -7 - 2%T=0
~— < -~ — 2+,T=|
b d
u-l v
2+,T=0 I A
| [ I*T=0
5 - —
I*,T=0 10
O*,T=l "ot Tl
",T=0 I*,T=0

O 05 10 .50 0.5 1.0 1.5

S

Figure VI-13. Theoretical and experimental & =1 spectroscopic
factors for the’lSN(p,d)l4N reaction. The so?id theoretical
bars are the intermediate coupling predictions of Cohen and
Kurath (Co 67). Where different, the jj-coupling prediction;
for the six strong levels are represented by the open extensioas
of the bars.
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levels are mixtures of the two configurations. The ratio
4 10 . . .

of the (1ls) (1lp) components of the two levels is given

by the ratio of the M1l strengths, and can be obtained from

the present work as the ratio of the lp spectroscopic

factors for these levels. The ratios are

Cs)?(1p)19, (9.17 Mev) I/0 (1) 4 (1p) 10, (10.43 Mev)] = 0.75

from the Ml strengths, and

[(15)4(lp)10,(9.l7 MeV)]/[(ls)4(lp)lO,(10.43 Mev)] =1.25 t 0.15

from the spectroscopic factors. Thus, both the work of
Warburton and Pinkston and the present work suggest strong
mixing of the two levels, but disagree somewhat about the
division of 1lp strength between them. The sum of the
spectroscopic factofs'for thg 9.17 and 10.43 MeV levels
is slightly less than that predicted fg? the 9.524 Mev
level, but the overallkagreementiis_good. These data ;hus
support the 2+, T=1 assignments for the 9.17 and 10.43
MeV levels.

This leaves the predicted l+, T=1 level to correspond
to the previously unassigngd broad level observed at 13.72
Mev; The T=1 assignment for this level is consistent with
the lZC(a;d)l4N data shown by Zafiratos et al. (Za 67); where

no level of appreciable strength was observed in the 13.7 .
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MeV region. The several weakly excited 2n=l levels observed
in the present experiment probably result from small

admixtures of the wavefunctions of the strong levels having

the same J"

and T. No levels of measurable strength were
observed above 13.72 MeV. The three weak levels predicted
by Cohen and Kurath probably appear at much higher excitation
energies and may be mixed with other levels. The strongest
of these levels would be expected to.have a péak Cross
section of only 50 ub/sr, and since tﬁe ievels are well
above the particle threshold and therefore expected to

be broad, there would be little hope for being able to
separate them from the background. The good overall
agreement of the Cohen and Kurath intermediate coupling
predictions and the experimental spectroscopic factors is
further evidence far the validity of this model for 1p

shell nuclei.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

This work has provided valuable information about the
use of DWBA calculations in the extraction of spectroscopic
factors for the (p,d) reaction on light nuclei. While
it is not possible to provide a definite guide for performing
meaningful calculations, the effects of variations of
certain parameters of the calculation can be pointed out.
The most immediately obvious problem, the inability of
a straightforward DWBA calculation to reproduce the shape
of the angular distribution, was treated by the use of a
lower integration cufoff, rather than by¢changing the

deuteron imaginary well depth, which resulted in too-large

J

values of the extracted spectroscopic factors. The 3 F

cutoff used was a maximum in the Opeak vs Rcutoff curve

1/3 16

and is close to the value of 1.2A for 15

0 and 0.

In addition to improving the shape of the distribution,

the value of the spectroscopic factor became more reasonable.
The radius parameter of the bound state well (rg,)

offers a special problem. This study indicates that the

133
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value of the calculated peak cross section, and hence the
spectroscopic factor; is a strong function of Yon- One
should be aware of this problem in any attempt to extract
absolute spectroscopic factors; however, relative spectro-
scopic factors appear to depend much less strongly on on-
In the present work a value of Ton eQual to the real proton
well radius gave reasonablé_spect:oscopic factors.

It also was found that the energy dependence of the
peak g,=1 cross sections.for the tWo strongl? excited
levels of 15O was not reproduced for a deuteron energy
in the center~of-mass frame of less than 22 MeV. Thus,
if a (p,d) reaction on a light nucleus is to be performed
at a single energy, the proton energy should be as high
as practicable. 1In the 160 experiment some of the

difficulties with tﬁe»ZS MeV data could be due to the

resonance structure obsérved by Cameron et al. (Ca 68)

J

in the p—lGO system below 30 MeV. The relative spectroscopic
factors showed much less energy dependence ihan the absolute
spectroscopic factors. The use of a method to eliminate

some of the Q-dependence in the relative spectroscopic
ﬁgctors did not result in any significant improvement and
indicates . that the problems involved are probably not

in the deuteron'channel: It may instead be'that the high
penetrability of the proton is not well-accounted-for in

the DWBA c¢alculation.
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The spectroscopic factors extracted from the 45.34
MeV l6o(p;d)150 data indicate that at least 30% of the lp3/2
strength is missing from the 6.18 MeV, 3/2° level, which
disagrees with previous work (Ba 64, Wa 65a). Approximately
12% of this missing strengthlis contained in the 9.60 MeV,
.3/2" and 10.46 Mev (3/2°, 1/27) levels, the latter assignment
being made on the basis of the shape of the angular
distribution. The 8.98 MeV, 3/2 level contains less than

% of the lp3/2 strength. The remaining strength may
reside in many highly fragmented states in the 20 MeV
region of excitation (Be 68). Small 2s-1d admixtures and
a possible lg7/2 admixture were observed in the groﬁnd
state of l60.

The spectroscopic factors £f£rom the 15N(p,d)l4N data
were found to agree'véry We;l with the intermediate coupling
calculations of Cohenland Rurath. Thei2+, T=]1 levels at
9.17 and 10.43 MeV botp appear tb contéin large mixtures
of the (ls)4(lp)lo configuration. The intermediate
coupling predictions have been used to assign values of
Jﬂ=l+ and T=1 to the 13.72 MeV level. The high degree of
agreement between the experimental data and the theoretical
predictions in the case ofllSN(p,d)l4N strikes an

encouraging note about the present state of our understanding

of nuclear structure.



APPENDIX A

5

1 1
% (p,d) "0

TABULATION OF 190 (p,p)t®0 anp
DIFFERENTIAL CROSS SECTIONS
The following pages contain listings of the laboratory
and center-of-mass differential cross sections with the
corresponding statistical and total errors for the elastic
) 16 15
scattering of protons from O and for the levels of (0]

. . 16 15 . .
strongly excited in the O(p,d) O reaction for various
proton energies between 21,27 and 45.34 MeV. A discussion
of the estimated errors is found in Chapter III (Section
IIT.E.). The values of the cross sections are to be read as

2.139E+03 = 2.139 x 10°.

136
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-APPENDIX B

TABULATION OF 15N (p,p) 5y anp *°n(p,d) tin
DIFFERENTIAL CROSS SECTIONS

The following pages contain listings of the laboratory
and center-of-mass differential cross sections with the
corresponding statistical and total errors for the elastic
scattering of protons from 15N and for the levels of liy
strongly excited in the 15N(p,d)l4N reaction for 39.84
MeV protons. A discussion of the estimated errors is
found in Chapter III (Section III.E.). The values of the

cross sections are to be read as

E:

1.492E403 = 1.492 x 107,

[ i ;
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