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ABSTRACT

1MN(P,P') AT 29.8, 36.6, AND 40,0 MEV
AND THE STRENGTH OF THE TENSOR FORCE
IN NUCLEAR REACTIONS

By

Stanley Haim Fox

Measurements of the angular distribution of the
oy (p,p ) " (2.31 Mev), (1%50) — (0%51), reaction
were made at higher energies (29.8, 36.6, and 40.0 MeV)
and with better precision than before and information
about the strength of the tensor force in nuclear reactions
was extracted.

Protons from the MSU Sector-Focused Cyclotron

th targets

were scattered from gas and evaporated melamine
and detected either with lithium drifted silicon detectors
in a 40" scattering chamber or with position sensitive
detectors in an Enge split-pole spectrograph. Angular

distributions for elastic scattering and the excitation of



Stanley H. Fox

the 2.31 (0+;1) and 3.94 (1*;0) MeV states were obtained at

all the energies. In addition, the angular distributions

1""N between

for the excitation of the ten known states in

4,91 and 8.49 MeV were obtained for 29.8 NMeV incident protons.
Optical model fits to elastic data between 24,8

and 40,0 NeV were obtained using an average set of optical

model geometry parameters. Microscopic médel DWBA calculations

with exchange were made for the 2.31 MeV reaction including

central, LeS, and (most importantly) tensor forces in the

two body interaction. The interaction that best fit the

shape of the inelastic scattering to the 2.31 MeV state at

24,8, 29,8, 36,6, and 40,0 MeV was a Serber central force

plus the Hamada-Johnston spin-orbit potential and OPEP

with a 25% increase in strength., Results for microscopic

model DWBA calculations with exchange are also reported for

the reactions to the 3,94 (1’;0) and 7.03 (2’;0) MeV states.
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gt

Urlicht (Primal Light)

from Das Knaben Wunderhorm
as quoted by Gustav Mahler in Symphony #2
»*Ressurrection”

0 Roschen roth .

Der Mensch liegt in grosster Noth!

Der Mensch liegt in grosster Pein!

Lieger mocht' ich Himmel sein.

Da kam ich auf einem breiten Weg;

Da kam ein Engelein und wollt® mich abweisen;
Ach nein! 1Ich liess mich nicht abweisen.

Ich bin von Gott und will wieder zu Gott!

Der liebe Gott wird mir ein Lichtchen geben,
Wird leuchten mir bis in das ewig selig Lebenl!

O Rosebud red

Here man lies in greatest needl

Here man lies in greatest woe!

If only I could to heaven go.

Then came I upon a broad fair ways;

There came an angel and he would reject mej

Ah no, I would not be rejected.

I am of God and will home, back to Godl

Beloved God a candle light will lend me,

And onward to eternal blissful life will send me!

ii
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1., INTRODUCTION

The inelastic scattering of protons from the 2.31
MeV first excited state in th is germane to the study of
the nucleon~-nucleon interaction in inelastic scattering as
well as to aspects of the reaction mechanism itself. Earlier
studies of inelastic scattering at 24.9 MeV by Crawley et al.
(Cr 70) and at 17 MeV by Rogers (Ro 71) and of the analogous
reaction 1%c (p,n) hy (Wo 67, Wo 71) at proton enérgies
between 6 and 14 MeV show that for microscopic model analysis,
not including the knockout exchange amplitudes, a central
interaction alone is not sufficient to explain the experimental
data and that including a tensor component in the nuclear
force results in greatly improved agreement.

This outcome was not unexpected, In the distorted
wave Born approximation (DWBA), neglecting exchange, the
cross section for a reaction A (a, b) B is proportional to
the square of the transition amplitude.

Tb“-flb(") <Y | Voee | 47 Xa("') d¥, where
X a(+) and Xb(‘) are the incoming and outgoing distorted
waves and Y, and Y. are the initial and final projectile-
target states, In the microscopic approach to proton in-
elastic scattering it is assumed that Véff can be written as

the sum of the two-body interactions between the projectile
1



"p* and the target nucleons *i ", Thus:

Verr = 2Vyy
the sum being over the valence target nucleons. If only
the central part of the nucleon-nucleon force is used Vip
can be expressed as:

Ti ‘Tp + vll (r) (5"1 oa’p) (‘?i 'Tp)

where the subscripts on the VsT are the spin and isospin
transferred in the reaction. The selection rules for the

direct (non-exchange) process are (Sa 66):

3=3¢ -3" -'i"t-i".; —71"1
- -y - L
L=J -3

where 3, §, and L are the total angular momentum, spin, and
orbital angular momentum transferred in the reaction and T
is the transferred isospin. For 1"’N (p,p') * (2.31

Nev) (J;,T; , T;) are (1, +, O) and (J , Tr; , T ) are
(0, +, 1) and for 1”c (p,n) 1hy we have (0, +, 1) —>
(1, +, O0). Both of these interactions select out the Vi1
part of the central force and for both, only L = 0 and L = 2
are allowed in the direct process, For L = 0 and V = Vy,
(G, &'p) (T; .:('-p) the inelastic scattering matrix
element has been shown (Wo 67) to be nearly proportional to
¢ 14

that for the Gamow-Teller beta decay o . This decay

is found to be strongly inhibited (Ba 66), and so the normally



3

dominant L = O contribution to the cross sections for the
inelastic scattering and charge exchange interactions
are also supressed.

The orbital angular momentum selection rules that
apply when a tensor term, which is always an S = 1 term, is
added to the central force in a direct calculation are:

L=sA orL=A +2
where L is the orbital angular momentum transferred to the
projectile and X the orbital angular momentum transferred
to the target nucleon, For central forces A=1L, The A =0
and L = O amplitude for a tensor force is suppressed just as
is the L = O amplitude for a central force, but the A = 2
amplitudes (L = O and L = 2) are not (Wo 71). Inclusion of
a tensor force thus allows an L = 0 amplitude which turns
out to dominate the L = 2 amplitude of the central force.

When the microscopic DWBA formalism is modified to
include the effect of exchange the selection rules change
somevhat with the result that the unnatural parity L = 1
transition is allowed for both a central or a central plus
tensor effective interaction.

For central forces the selection rules are the
same as for the direct amplitudes with the exception that
the angular momenta transferred need not satisfy the T Ti¢
= (-1)L condition (Lo 70). In all cases studied to date
the amplitudes for these so-called unnatural parity L trans-
fers are small (At 70) for small L transfers. For central



forces that act only in even (Serber forces for example) or
odd relative orbital angular seomentum states, the same com-
ponents of the force contribute to the direct and exchange
amplitudes. In the limit of zero range even state forces
there is constructive interference between the direct and
exchange terms. The selection rules that govern the tensor
exchange amplitudes are found in reference 48. Here A U
need be neither (-1)L or (-1)7L , and unnatural L transfers
are also allowed. Calculations by ILove et al. (Lo 70a)
(iuN(p,n)luO.(gs) the analogue of 1l’N(p.p')141*1*»(2.31 MeV)),

and Satchler (Lo 70b) (data of Crawley et al.) and
Escudie et al. (Es 70) (u‘N [p,p'] Lhy* [2.31 MeV] at 24
MeV) show that inclusion of exchange does not eliminate the
need for inclusion of the tensor force.

In summary, all calculations for the inelastic
scattering to the 2,31 MeV state in 1N with central forces
produce an L = 2 shape, a rather broad shape, while the
observed angular distributions are forward peaked, Direct
calculations of o (0) at 24,9 MeV which include the tensor
force, reproduce this forward peaking see (see Figure (47)).

The major purpose of this project was to measure
cross sections for the 1N (py ') Lhay* (Eg = 2.31 MeV, O +,
1) reaction at higher energies (29.8, 36.6, and 40,0 MeV)
and with better precision than before, and so to extract
information about the tensor force in nuclear reactions.

The reason for going to higher energies is to avoid compound
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nuclear effects. Even at 24,9 MeV, there is evidence of
compound nuclear effects. Extending the energy range at
wvhich this inelastic scattering has been méasured also
allows one to look for energy dependencies in the effective
interaction.

There are very few angular distributions available
for 14N inelastic scattering to the states above the 3.94
MeV state for proton energies above 15 MeV, For this
reason, angular distributions to the first 12 excited states
of ll’N were measured at 29.8 MeV, At 36,6 MeV and 40,0
MeV the 3.94 MeV angular distribution was measured. These
angular distributions were compared with calculations using
the microscopic DWBA formalism and available wave functions.



2. EXPERIMENTAL

2.1 General Discussion

2.1.1 Experimental Layout

Figure (1) is a schematic of the beam handling and
analyzing system at the M.S.U, Cyclotron Laboratroy where all
of the experimental work for this thesis was done, Measure-
ments with bombarding protons of 29.8, 36.6, and 40.0 MeV
on melamine targets were made with the Enge split-pole
spectrograph while the 29.8 MeV gas target data was taken
in a 35 in. diameter scattering chamber located about where
the 40 in. scattering chamber is now placed. Normalization
measurements for the 36.6 and 40.0 MeV elastic cross sections
were made with a gas target in the 40 in. diameter scattering
chamber,

2,1.2 Proton Beam Energy

The M.S.U. beam handling and analyzing system has
been described by G. H. MacKenzie et al. (Ma 67). In this
experiment, the slits at boxes 3 and 5 were 0,10" wide,

Thus the energy resolution of the beam was about 1 part in
6
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1500, The fields in the two 45° bending magnets, M3 and M4,
were set using nuclear magnetic resonance probes. The

beam energy calibration is accurate to 1 part in 103. In
practice the bombarding energy was measured and when

necessary reproduced to the nearest 0.1 MeV,

2,1.3 Beam Alignment.

The beam was centered on the target either visually,
using a wire target on a quartz scintillator and remote T.V.
monitor or by balancing the beam on pairs of vertical and
horizontal slits placed just before the spectrograph scattering
chamber and just after the 40" scattering chamber. These
slits were withdrawn after the beam was aligned. The beam
spot was about 0.05" to 0.,10" wide and about 0.1" high on gas
targets and about 0.07" high on the solid melamine targets.

2.1.4 Beam Current

The beam on the melamine target was kept below 300
nanoamps and on the gas targets, below 800 nanoamps to avoid

target or gas cell window deterioration.
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FIGURE 2, Energy levels of ~ N up to 8.62 MeV,
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2.2 Measurements Made with Gas Targets

2.2.1 Gas Target Construction

At 29.8 MeV bombarding energy, the angular distri-
butions for elastic scattering and for inelastic scattering
leading to the first twelve excited states of u’N were
obtained with gas targets in the 35" and later 40" scattering
chambers. The gas targets used were machined of brass and
the 0.5 mil, kapton windows were epoxied onto the sanded
Clean brass with a ten to one mixture by weight of Ciba
Araldite 502 and 951 hardner. Application of solvents to
the brass after sanding seemed to weaken the bond. The gas
Pressure was about 50 cm of Hg for the 1" cells and 30 cm of
Hg for the 2" cells. These pressures represent a compromise
between the desire for higher count rates and sufficient
Cell 1ifetimes in the beam. At higher pressures, the cells

tendeq to develop slow leaks after on hour or so in the beam.

2.2.,2 Gas Cell Diameter and Scattering Angle Range

Figure (3) shows how the front and back slits of
the COllimating system define the line source of scattered
miclea observed by the detector at any given scattering
angle ©. If 0 is smaller than some angle, Opin, or greater
than some angle, © _ , the area of the Kapton window through
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v

BEAM

PIGURE 3., Definition of the line source target in a gas cell
by the collimator's slits.
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which the beam enters or leaves the gas cell becomes part of
the target. This would complicate the calculation of the
cross section and include unwanted background peaks in the
spectra, for Kapton background peaks due to hydrogen and
carbon would appear. It is shown in reference (Pi 70) that
for small beam widths as used in this experiment, ehin can
be calculated from the formula:

tan @ L2t °
vhere t (90°) is the length of the line source of the gas
target for a lab scattering angle of 90° and D is the diameter
of the gas cell, O . 1is (180-6 , ). @, , 6 .., and
t (90°) for different collimators and gas cells are tabulated
in Table () ). In practice, the appearance of 12 peaks in
the spectra was used to detect these limits.

2.2.3 Effective Target Thickness

The effective target thickness of a gas target is
Just the product of the gas density and the effective length
of the line source defined by the collimators. Neglecting
corrections for the changing effectiveness of the penumbra,
the effective target length at angle © is t(90°)/sine. Por
the collimator system with the best angular resolution, a
gas pressure of 3 atmosphere, and temperature at 23°C, the
effective target thickness at 90° was 268 mug/cm®, This

amounts to an energy loss of 4 keV for 30 MeV protons.
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2.2.4 Gas Pressure Measurements

For the absolute measurement of the 1hN (p,p)
angular distribution at 29.8 MeV a mercury manometer was
used to continually monitor gas cell pressure. The error
for this measurement was about + 1 mm., The cell pressure
for the normalization points taken at 36.6 and 40,0 MeV
were measured with a Wallace and Tierman Type FA-145 MM
17069 aneroid gauge. According to the manufacturer's specif-
ications these measurements were good to + 0.8 mm or + .1%
of full scale. The gauge checked with the weather bureau
to within 2 mm or 0.3%.

2.2.5 Gas Temperature Measurement

The gas temperature was measured by determining the
temperature of the scattering chamber and assuming the gas
cell and gas temperature to be the same. The temperature of
the scattering chamber was observed not to vary more than
4+ 0,5°C during a run. H, W, Laumer (La 71) and W, L, Pickles
(P1i 70a) have both looked into the question of local heating
of the target gas by the passing beam. Both Pickles and
Laumer measured a particular cross section with different

beam intensities. Laumer found no significant change in
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cross section for a five-fold increase (100-500na) in cur-
rent while Pickles found the same result for a ten-fold in-
crease (10-100na) in-current.. The statistical error in
Laumer's invesfigation was 1,5% and in Pickles', 1%.

2.,2.6 Scattered Particle Collimation Units

For a gas cell target, two apertures are needed
to define the s0lid angle and the radial acceptance angle.
If only one aperture is used in front of the particle detec-
tor, the entire length of the beam passing through the gas
would be the line source of scattered particles. To restrict
the length of the line source of scattered particles, a slit
at some point between the target and back aperture must be
used. In this experiment the height of the target was
determined by the beam's vertical width and so the front
slit functioned only in the horizontal direction. In Figure
(3) we have a top view of the situation. The horizontal
openings of the two apertures define two regions of the line
source. For the center section, defined by the intercepts
of the two dashed lines with the beam, each point along the
beam has access to the full solid angle of the back aperture.
Points along the beam in the penumbra of the slit telescope
have access to only part of the back aperture, The geometry
dependent G factor that appears in Silverstein's (Si 59)

expression for the differential cross section below is the
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integral of the solid angle from any point along the beam
over the length of beam that the slits define as the target,

and includes corrections due to the first and second deriv-

i

atives of the differential cross section.
N

GuG, (L+X+ EY+ £2)

Np = the yield at lab angle ©

Ky
NB = the number of incident particles

= the number of target nuclei per cm3

X, Y, and Z are functions of the shapes of the beanm
cross section and of the slits

o' and o " are the first and second angular deriv-
atives of the differential cross section.

The program "G-FACTOR" written by Dr. R. A, Paddock and
based on Silversteins analysis was used to calculate the
values of G needed. 0 '/o and og"/5 Wwere nowhere large
enough to require slope corrections to be included in G
calculations. Formulas useful for estimating G, and the
kinematic broadening for certain slit telescopes are developed
in Appendix A, '

The collimating units used were designed and built
by Dr. Bill Pickles and are described in his thesis (Pi 70b).
Figure (4) is a schematic drawing of one of these units. An
important feature of these units are the baffle slits. Their
purpose is to eliminate particles slit scattered by the sides
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of the front slit. The front and rear geometry defining
slits are themselves made up of two slits. The first de-
fines the opening of the slit but is thick enough only to
degrade particles passing through it so that they appear
in the spectra below the region of interest. The second
811t placed just behind the first is thick enough to stop
the expected products of the reaction but has an opening
slightly wider than the first slit. Thus only an area
proportional to the thickness of the first slit is a source
of s8lit scattering. A small permanent magnet was set in

the collimator to trap electrons that might have been swept
along by the scattered particles. Side walls of tantalum

or brass protected the counters from stray particles.

Four different geometries were used in taking data,

They will be referred to as Cl, C2, C3, and C4 and their
dimensions and specifications with errors appear in Table (1).
Cl had the dest resolution and smallest G factor. It was
used at forward angles where the background under the peaks
of interest was highest and resolution a definite asset. C3
is characterized dy poorer angular resolution but larger solid
angle and was used at backward angles. C2 represents a
compromise, It was used at a number of middle and back
angles and for the measurement of the elastic scattering.

C4 was used in absolute normalization runs.
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2.2.7 Ansular Measurement

The apparatus used to measure the scattering
angle in the 35" scattering chamber is completely described
in Dr. Pickles' thesis (Pi 70c). The relative angle error
for the system is quoted to be 0.1°, Before each run a
surveying transit was aligned along the beam line. The
collimator was rotated to 0,00° on the readout and the beam
line was seen to go through the middle of the slits to
within a few mils. The wire target on the scintillator was
then aligned with the beam., Phus the angularkerrors

were much less than the 0,7° full angular acceptance of Ci,

2.2.8 Beam Qurrent leasurement

The beam is dumped on an aluminum plug at the
back of a 57" long section of 4" diameter beam pipe,
insulated from the scattering chamber by a 1.5" plastic
section of beam pipe. Horseshoe magnets were placed
on the beam line to trap electrons streaming along with
the beam, The current was integrated by an Elcor model
A310B current indicator and integrator, tested with a 1.35
volt mercury battery in series with a 1% 4.5 meg. ohm
resistor. Input was made at both the Fraday cup and at the
current integrator and the calculated charge and integrated

charge agreed within 1%. The overall integrating accur-
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acy was 2%,

2.2.9 E/A E Dectector Telescope

Charged particles of equal kinetic energy but
differing in mass and charge will loose different amounts of
energy in passing through a detector. Using a detector
telescope this can be exploited to generate separate energy
spectra for different detected particles. The front detector,
the 4 E-detector, must be thin enough to transmit the least
penetrating particle of interest, yet thick enough to produce
a useful signal for the most penetrating particle. The back
detector or detectors must be thick enough to stop any pare
ticles of interest after they pass through the A E detector.
In this experiment, the A E detector was a 500 pm surface
barrier silicon detector and the back detector was a 5.0 mm
lithium drifted silicon detector. The detectors were cooled
by circulating alcohol, cooled in a reservior in contact with
dry ice. This alcohol was pumped through copper tubing
attached to a brass cold finger in contact with the detectors.
Figure (5) is a schematic of the detector package. Three
signals are measured; a A E signal from the front detector,
an EB from the back detector, and the total energy, Es = AE

+ EB from the connected cases of the two detectors.
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SUMMING CIRCUIT

pReEmp [ AE SIGNAL
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PREAMP
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% R! ~ 200K
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FIGURE 5. Two detector telescope summing circuit.
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2.2.10 E[QE Signal Processing

The electronic set up for handling the signals is
showmn in Figure (6). The A E/E option of program TOOTSIE
(Ba 71) running in the M.S.U. Cyclotron Lab. SIGMA-7 computer
was ugsed to provide particle identification. The code first
generates two dimensional AE, Es spectra which may be dis-
played on a cathode ray screen (Figure [7]). The different
particle bands are then defined by lines generated as poly-
nomial fits to chosen points. The code uses these lines as
gates on the AE and Es signals to generate separate Es
spectra for each band. For the detectors used here only
Proton and deuteron bands were defined. Only the proton
spectra were useful and one is reproduced in Figure (8).

The f.w.h.m. for peaks of interest in this spectra was 80
KeV. For some spectra the f.w.h.m. was as high as 105 KeV,

2.2.11 Monitor Detector

A cesium iodide crystal mounted on a photo tube
Was used ag a monitor counter with the gas targets, to
Provide dead time corrections, and for run to run normaliza-
tion vhen necessary. The package used was designed and built
by L'oLeain of the Cyclotron Lab. except that an additional
8lit was placed between the detector and gas cell. A single
channel analyzer was set to accept the elastic proton peak.
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FPIGURE 7., Two dimensional TOOTSIE display.
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The slow logic pulse output of the single channel analyzer
was sent to a scaler and the channel zero input of the

program TOOTSIE.

2.2,12 Degrader — Detector Combination for 36,6
and 40,0 MeV Absolute Normalization
Measurements

Absolute normalization of the 36.6 and 40,0 MeV
spectrograph data was accomplished by measuring points of
the elastic scattering angular distributions with a gas cell
target in the 40" scattering chamber. The detector was a 5 mm
Si(1i) detector with a 0.114" thick aluminum absorber for
40,0 MeV bombarding protons and with a 0.064" thick alum=-
inum absorber for 36.6 Mev bombarding protons. The degraders
were placed directly in front of the detectors so that
losses due to elastic scattering at angles less than h5°
could be neglected. The total reaction cross section for
29 MeV protons on 27A1 is 775 4+ 37 mb (Ma 64) and for 34
MeV protons, 600 + 20 mb (Go 59). The total elastic
cross section for 29 MeV protons by 27A1 at angles greater
than 45° in the lab, is 90 mb (Ma 64)., Thus proton react-
ions with the aluminum absorbers could remove about 1% of
the protoﬁ flux to the detector, and the resulting cross

sections had to be corrected for this.
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2.3 Measurements Made with the Enge Split-Pole Spectrograph

2.3.1 The Spectrograph vs, the Scattering Chamber

There are a number of problems associated with
doing this experiment in the scattering chamber as described
8o far. The excitation of 1,78 MeV state of 2551 by in-
elastic scattering in the solid state detectors, of protons
elastically scattered from the th gas target, produces a
peak in the proton spectra close to the peak due to excitation
of the 2.31 state in 1%N. For 29.8 MeV incident protons and
at 30° in the lab, the silicon reaction peak was 250 KeV
f.w.h.m. and appeared 410 KeV above the th 2.31 peak. The
2.31 state is weak and of prinafy interest. Thus one must
resolve it and the peak due to the above excitation in the
detector. For a light nucleus like IAN where kinematic
broadening is important this means a small solid angle. Even
if the resolution is good enough at forward angles, this
artifact peak will get closer to the 2.31‘peak as you go back
in angle. As you go back in angle, the spectrum becomes
compressed. For 36.6 MeV incident protons, the difference
in lab energy bétween elastically scattered protons and
protons from the 2.31 state in 1°N at 5° is 2.315 MeV, at
90° it is 2.152 MeV, and at 120°, 2.071 MeV., The peak, due
to the reaction in the detector, appears at the same energy

down from the elastic peak for all angles. In the scattering
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chamber the tail of the elastic proton peak produces a high
background at angles forward of 30° in the lab, Also, the
high elastic count rate is a problem in itself at forward
angles in the scattering chamber. These problems are all
avoided by using the Enge Split-Pole spectrograph, since the
elastic protons do not fall on the detector when the 2,31
state is being measured. This allowed measuring the cross
section for the 2.31 state at angles as small as 10° in the
lab, and reduced the resolution required so that thick targets
and solid state position sensitive detectors could be used.
The Enge Split-Pole double focusing magnetic spectro-
graph also allows one to compensate for kinematic broadening
by proper positioning of the spectrograph focal plane and so
a large solid angle can be used without loss of resolution.
The program SPECTKINE (Tr 70a) incorporates Enge's (En 67)
linear approximation to the displacement of the focal plane
from the first order focal plane due to kinematic broadening.
For a given interaction, energy, and effective radius of
curvature, SPECTKINE calculates the required magnetic field
strength and focal plane position. Thus it was possible to
use a slit 0.368" x 0.372" that subtended 1.202 millister-
radians for the 36.6 MeV runs and a slit that was (0.372") x
(0.298") subtending 0.972 millisterradians for the 40.0 MeV
runs, Table (2) contains the dimensions with errors of the
slits used. In the spectrograph it was possible to measure

the weakest points of the 2,31 angular distributions with 3%
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TABLE 2, Dimensions of spectrograph apertures.

Slit Height wWidth So0lid Angle Error Due to
(Millistereradians) Rounded Corners

1 0.372" 0.368" 1.202 . 75%
+0,001" +0,001"
(2°) (2°)
2 0.372" 0,298" 0.972 1.0 %

+0.001" +0.001"
(2°) (1.7°)
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statistical errors in about 30 minutes of running time.

One disadvantage of doing this experiment in the
spectrograph was the small area of the focal plane that we
could cover with the one working solid state position sensi-
tive detector available. Thus it was only practical to
measure the elastic and first two excited states in th.
Another disadvantage is that the spectrograph scattering
chamber and beam line has equipment incorporated to facili-
tate high resolution spectroscopy. This equipment limited
.the back angle to which we could measure the 2.31 cross
section at 40.0 MeV to 6 < 120°, Figure (9) shows the
the basic geometry of the spectrograph.

_2.3.2 Melamine Targets

The 1“N target used in the spectrograph experiments
was melamine (C3 Hg Ng) in NH,C:NC(NH,):NC(NH,):N on
100 Ag/cmz carbon foil backings. There are several problems
associated with making evaporated melamine targets., Melamine
is a fine white powder that sublimes at 354°C., If one evap-
orates it in an open boat, the escaping vapor carries with
it unevaporated clumps of the material. If one uses a boat
with one or more pinholes as a source, heat radiating from
that source raises the temperature of the carbon foil and
the melamine plates out on everything but the target. A
heat shield with a small hole will trap almost all of the
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AE/A 8 = KINEMATIC BROADENING

PIGURE 9. Kinematic correction in the Enge split-pole
spectrograph.
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vapor before it gets to the carbon foil and the hole will
fil1ll up before a useful target is made. A solution was found
by covering an open boat with a fine stainless steel mesh
that was heated along with the boat itself. The clumps would
either be trapped or evaporated by the mesh which was of
0.0021" wire with 200 wires to the inch. Relatively clump
free targets as thick as the 3.1 ng/cn2 target used for the
40,0 MeV measurements were made with this mesh covered boat.

Melamine slurry targets were also used for some of
the data at 36.6 MeV. One part polystyrene to three parts
by weight of melamine were mixed in benzene, The mixture was
sprayed onto a glass slide that had been covered with a thin
layer of Tepol, The target was then pealed off the slide.
These targets were relatively grainy and non-uniform, worsening
the resolution in the spectra taken with them.

2.3.3 Target Spinner

If the melamine target were left stationary in the
beam the beam would evaporate the melamine off the target spot.
Thus the target was rotated about an axis parallel to the
scattering'plane but displaced about 3/8 of an inch above
the beam. The target spinner is shown in Figure (10). ' The
driving torque is transmitted through a 1 mm quartz vacuum
window by means of a "magnetic clutch." The target was
rotated at about 600 rpm and withstood beams of 300 nanoamps
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for 10 to 20 hours. There was discoloration of area exposed
to the beam but little decrease in thickness as measured by
the monitor counter and integrated current.

2.3.4 Silicon, Surface Barrier, Position Sensitive
Detector

The scattered particles were detected at the focal
plane of the spectrograph by a Nuclear Diodes (Da 69) silicon
surface barrier position sensitive detector. This detector
was 3 cm long and 1 cm high. Its thickness was 300 ym, but
since the particles were incident at 45°, the effectiva thick-
ness was 425 um, Two signals are taken from the detector, an
E signal proportional to the energy lost by a particle passing
through the detector and an XE signal proportional to the
product of the energy lost and the position along the segment
of the focal plane covered by the detector. The XE signal
is obtained by dividing a signal equal to the E signal between
the two ends of the thin resistive back layer of the detector.

2.3.5 Particle Identification

For particles of equal magnetic rigidity, Bg, but
different masses and whose range in silicon is long compared
to the detector thickness, the E signals are proportional to
their masses squared (Da 69). This makes it possible to
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separate events due to particles differing in mass,

2.3.6 Signal Processing Electronics

The electronics setup used including that for the
monitor counter is shown in Figure (6). The detector has a
large area and so large capacitance. Noise in the XE signal
is due to a relatively small resistance (~10Kn) in series
with that capacitance. A short shaping time constant
(~ .2 usec) will reduce the more serious resistive noise
at the cost of reducing the size of the slow rising XE signal,
and increasing its nén-linoarity. 40 MeV incident protons
lose only about 900 KeV in 450 4 of silicon so th:at one
cannot afford too great a reduction of the XE signal. In
this experiment, all the shaping times on the Ortec model 451
spectroscopy amplifier used for the XE signal were set at
2 usec. Other settings did not improve the resolution.

2.3.7 Computer Data Handling

The two signals E and XE were handled by the XE/E
routine of the program TOOTSIE (Ba 7l1a) running in the > 7
computer., In SETUP MODE the E and the quotient XE/E were
analyzed into a 128 x 128 array. This array was displayed
on a TEKTRONIX 611 storage scope with E the ordinate and
XE/E the abcissa. The program allows for areas in the E,
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XE/E space to be associated with particles of a particular
mass., In RUN MODE, the windows set in SETUP MODE are used

to separate the incoming data into position spectra for the
particle masses defined. In this experiment proton and
deuteron bands were defined and 512 channel position spectra
were obtained. One such spectrum is shown in Figure (11).
The resolution in this spectra is 56 KeV f.w.h.m. which
corresponds to a position resolution of about 1.6 mm. f.w.h.m.
Other data taken also at 40.0 MeV but with a thinner target
had a resolution of 35 KeV f.w.h.m. or about 1.0 mm f.w.h.m.

2.3.8 Monitor Detector

The monitor counter was very important in this
experiment because it provided the only reliable point to
point normalization of the data. The melamine target contains
120 as well as nitrogen and 80 resolution had to be good
enough to separate the elastic peaks due to the two. For
the 36.6 MeV run a 5 mm Si (Li) detector was placed at 150°
inside the spectrograph scattering chamber. A 10 mil copper
absorber was used to insure that the particles would stop in
the detector and the detector was not cooled. Background
from the Faraday cup limited the beam current to about 250
nanoamps. One of the monitor spectra taken at 40,0 MeV is
shown in Figure (12). For the 40.0 MeV run, the monitor was
again at 150° but now it was outside of the scattering chamber
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FIGURE 11. Spectrum taken in the spectrograph.



COUNTS PER CHANNEL

38

108

N

|
1170!:) 1900 2000
CHANNEL NO.

FIGURE ;12, 40,0 MeV monitor spectrum from an evaporated

melamine target. The detector angle is 150°.
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and cooled to the temperature of alcohol circulated around
dry ice. The 10 mil absorber was still used. Due to the
increased distance between the detector and Faraday cup and
to improve shielding made possible by the improve geometry,
current was not limited by background in the monitor.

As one can see from the monitor electronics in
Figure (6), that monitor spectra were recorded. A logic
signal genereated by a single channel analyzer on the E
signal from the position sensitive detector was used to keep

track of the monitor spectra dead times.



3. DATA

3.1 General Description of the Data

For incident proton energies of 29.8, 36.6, and
40,0 MeV angular distributions for elastic scattering from
145 and for the reaction IAN(p,pL) 144* to the first two
excited states at 2.31% and 3.94 MeV were obtained. In
addition angular distributions for 29.8 MeV incident protons
of the reaction 1I‘N(p,p') 144* to the ten excited states
between 4.91 and 8.49 MeV were obtained. These 29.8 MeV ang-
ular distributions were taken with gas targets. The resolu-
tion obtained for these angular distributions was as good
as 80 KeV at 30° and as poor as 105 KeV at about 85° where
kinematic broadening is greatest. This resolution was such
that all but the 7.97 and 8.06 MeV state and the
8.62 and 8.49 MeV states were resolved. Where the 5.69 MeV
state was not resolved to its half maximum point from the
5.83 MeV state, the code SAMPO (Ro 69) was used to reduce
the data.

<+

laN energy levels are taken from the F, Ajzenberg-
Selone compilation of energy levels for A = 13, 14, and 15
nuclei. F. Ajzenberg-Selone, Nucl. Phys. Al52 (1970) 1-221.

Lo
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SAMPO can be used to fit a Gaussian shape with
exponential tails to isolated peaks in the spectra. The
three shape parameters involved are stored as a function
of channel number of the peaks fit. The program does a
linear interpolation to assign shape parameters to other
peaks in the spectrum. To fit a doublet the program varies
the heights and centroids of the two appropriate shapes
until the overall envelope is fit.

An attempt was also made to separate the states
at 7.97 and 8.06 MeV with SAMPO, but here the results were
not as reliable. At forward angles reactions in the detector
and contaminants in the target complicated the extraetion
of the angular distributions for the 6.4% and 7.03 MeV states.

The angular distributions at 36.6 and 40.0 MeV
were taken in the M.S.U, Enge Split-Pole spectrograph. Non-
uniformities in the target used for the initial 36.6 MeV
run spread the peaks out and made it necessary to make some
correction for non-linearities in the silicon surface barrier
position sensitive detector. The 40,0 MeV data as well as
check points for the 29.8 and 36.6 MeV angular distributions
of the 2.31 state were taken with improved evaporated targets.
Here the peaks were narrow enough that background and non-
linearity corrections were not serious problems. The relative
uncertainty of this data was less than 5% and the check points
agreed with the earlier data at 29.8 and 36.6 MeV,
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3.2 Reduction of Gas Target Data

3.2,1 2,31 MeV State Datas Gag Target Data

The peak to valley ratio at 30° 1h the lab was 1.5
to 1 for the 2.31 MeV peak and so background subtraction for
©® < 60° was the main source of error. The background was
subtracted using the code MOD-7 (Au 70) which fits a poly-
nomial to sections of the background on either side of the
peaks of interest and then contihues this background under
the channels containing the peaks. Backgrounds representing
upper and lower limits were drawn and the average taken,

The error assigned to choosing the background was 1/3 of

the difference between the net number of counts in the peak
with either extreme background. Where the 1.78 MeV silicon
state was clearly separated from the 2.31 MeV peak it too
was reduced and its strength relative to the elastic peak
calculated. The ratio of 1.78 2551 to elastic 1“N was found
to average 20 + 2 x 10'“. Where the 1.78 MeV silicon peak
and the 2.31 MeV peak were not separated SAMPO was used to
strip the 2.31 MeV peak. MOD-7 was used to find the total
number of counts in the combination from which an estimate
of the 1.78 MeV silicon peak based on its ratio to the elastic
peak was subtracted. The final result was the average of the
two values with an error due to separation of 1/3 the dif-
ference between the two values. 1I‘N(p,,p.') spectra taken at
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24.8 MeV incident proton energy by Crawley et al. (Cr 70)
were reanalyzed in this way, and no disagreement with the

published cross section was found.

3.2.2 Inelastic Gas Target Data other fhan the
2.31 MeV State Data

The rest of the gas cell data was stripped using
both SAMPO and MOD-7. MOD-7 was sufficient for all but the
5.69 and 5.83 MeV state combination and the 7.97 and 8.06
MeV state combination. The backgrounds most easily drawn
with MOD-7 seemed a little low to the eye and since the
background of SAMPO seemed to be high to the eye, thus all
the data was stripped with both SAMPO and MOD-7. The isolated
peaks were used as a test of SAMPO's ability to reproduce the
peak shapes and areas, For the elastic, 3.94, 6.20, 6.44,
and 7,03 MeV states the results of SAMPO and MOD-7 were
averaged and 2/3 of the difference between the average and
either of the results taken as the error due to background
subtraction. The 4.91 and 5.11 MeV peak combination and the
5,69 and 5.83 MeV peak combination were first stripped with
SAMPO and the results taken as the lower limit., Then MOD-7
was used on the combined peaks and the sum for each combina-
tion taken as the upper limit. The SAMPO results scaled
up to that seem to provide upper limits for the peaks. The
average was then taken, The 7.97 and 8.06 MeV states appeared
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as a doublet and SAMPO was the only hope of obtaining separate
angular distributions. The results of separating these two
peaks using SAMPO indicates that the 7.97 MeV state is from
5 to 10 times stronger than the 8.06 MeV state. A test of
SAMPO on a series of manufactured doublets described below
leads to an estimate of the error in separating out the 7.97
MeV state of 5% and of 20% for the 8,06 MeV state. SAMPO
was also tried on the 8.49-8.62 MeV state combination, but
it could not locate the 8.62 state. The assumed controid
locations for the two peaks were input to SAMPO, The code
rejected the 8,62 MeV state and fit the combination as a
singlet, The resultant fit was as good as that to known
singlets. Thus the excitation cross section for the 8.62
MeV state must be less than 30 mb/sr at 30° in the lab, The
test of SAMPO described below indicates that the peak would
not have been rejected if it were 10% as strong as the 8.49
MeV peak.

The quantum numbers (0 + 1) of 8.62 MeV level were
established in the early 1950's, through the study of the
130 (p¢,)‘) th* reaction and resonances in the cross section
of the reaction 1°C (p,p) 13c (Se 52, Wo 53, Mi 54). The
state has been seen in the reactions 12¢ (3He, p) th with a
cross section of about 0.3 mb/sr at 15° in the lab for 20.1
MeV incident SHe (Ma 68), and in the reaction Loy (p,d) 1I'N
with a cross section of 0,02 + 0,01 mb/sr at 21° + 2° in the
lab for 39.8 MeV incident protons (Ma 68).
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3.2.3 A Test of SAMPO

To see how well SAMPO could be expected to do on
the present data a set of spectra were manufactured., A
section of a typical spectrum containing an isolated peak
was selected. It was then added to itself after being
shifted some number of channels and multiplied by a scale
factor. Thus the areas and separation of the peaks making
up the resultant doublets were known. The scale factors
used were 1, 0.75, 0.5, and 0.1, and the centroid separations
ranged from 1 channel to 8 channels. The f.w.h.m. of the
original peak was about 6 channels, and the shape parameters
were taken from other peaks in the original spectrum. For
the spectra with scale factors 1.0, 0.75, and 0.50, SAMPO
separated the doublet into two peaks with the correct area
within 2% when the separation between the two was 5 channels
or more. For the spectra with a .10 scale factor, the larger
peak was reproduced quickly but the smaller one was about
15% too large at a separation of 5 channels. At a separation
of 8 channels the error was about 7%. It should be pointed
out that 5 channels of separation were less than the
f.w.h.m. of the peaks and the doublet looked unresolved to
the eye. See Figure (13). It was found that changing the
initial estimate of the centroid locations for the peaks in
& doublet did not effect the final results. If the fitting

process converged, it always converged to the same result.
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FIGURE 13, Pseudo spectra of the type used to test SAMPO.
Arrows indicate centroids as assigned by SAMPO,
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The effect of changing the f.w.h.m. fitting parameter by 5%
was explored. For the test spectra with a 1.0 scale factor,
the doublet was not separated to 1% until the centroids
separation reached 6 channels. For the spectra with 0.1l
scale factor, the smaller peak was underestimated by 20%
for a centroid separation of 6 channels. Changing the tail
shape paramenters by 20% had little effect. Since the
centroids of the 7.97 MeV and the 8,06 MeV states should
have been separated by about 6 channels, these results were

used to assign errors to their intensities.

3.2.4 Reactions in the Detector and the 6.44 MeV
State An ar Distribution

The 6.44 MeV state is as weak as the 2.31 MeV state
and its peak is over a peak due to inelastic scattering to
the 6.27 MeV 2854 gtate in the detector at forward angles.
Unlike the 2.31 MeV case, the detector reaction peak and the
peak of interest are not separated at forward angles. K. M.
Thomson et al. (Th 67) measured the strength of the reactions
induced in silicon detectors for 25 MeV incident protons.
These results were used to subtract the counts due to reactions
in the detector from the 6.44 MeV peak. The large errors
assigned to the forward points of the 6.44 MeV angular dis-
tribution reflect the uncertainty involved in this subtrac-
tion. At 30° in the lab, for example, the sum was about 2400
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counts, while the Thomson et al. result led to an estimate of
about 1700 counts for the 6.27 MeV reaction in the detector.
The energy of the protons reacting with the detector is 29.2
MeV in this experiment and the peak due to the 1.78 MeV
reaction in the detector is 30% less in this experiment than

in the work of Thomson et al.

3.2.5 Normalization of the Gas Target Data

The gas cell data required long counting periods
and were taken in a number of separate runs. It was decided
to normalize it to the elastic scattering and take a separate
elastic angular distribution measuremsnt. This procedure
introduces an additional normalization error, mainly due
to uncertainty in reproducing scattering angles. This is
ﬁost critical at forward angles, but the forward angle data
were taken during the same run as the normalization data.
Thus the reproducibility of these angles was good to
.1°, For most other angles except those around 80° this was
a less critical factor, and the uncertainty in repreducing
angles was taken as + 0.3°. This lead to an uncertainty
in the cross sections which was at most 2.8% and which
was added in quadrature to the other uncertainties. The
absolute level of the 29.8 MeV data was also checked using
the same setup used to obtain an absolute normalization for
the 36.6 and 40.0 MeV data (see section 3.3.4).
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3.3 Reduction of the Position-Sensitive Detector Data

3.3.1 Description of Difficulties

The solid state position sensitive detector data
were taken relative to a Si (Li) solid state monitor detector
for point to point normalization and absolute normalization
was by gas target runs (see section 3.3.4). There were a
number of problems in stripping the data. The position
sensitive detector was not linear over its entire length and
there were regions where its efficiency dropped. Thus in
taking data, one not only had to make certain that the detector
was at the right height in the focal plane but one also had
to map out the areas of constant efficiency and reasonable
linearity. The efficiency was mapped by varying the spectro-
graph field to move a peak along the detector and noting the
ratio of counts in the peak to monitor counts at each stop.
Thus areas of poor efficiency were noted and avoided. The
linearity of the detector was measured well enough to make a
first order correction to the background by looking at slit
scattering which was assumed to be constant across the face of
the detector.

The best data taken was the evaporated melamine
target data. The‘errors on the points in the relative angular
distributions of thése data are less than 5%. The peaks were
narrow and easily kept on the "good" part of the detector,
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background subtraction uncertainties were minimal, and the
monitor spectra of high quality. A number of the points were
retaicen during the run and data at 30° was taken several times
as a safety measure. Data of this high quality was taken
at 29.8 and 36.6 MeV to check the data taken earlier. In
each case the agreement was within the errors assigned.

The peak to valley ratio at 30° in the lab for the
36.6 MeV incident proton, 2.31 MeV state data was 12 to 1
with the slurry target and 40 to 1 with the evaporated
melamine target. This compares to 1.5 to 1 for the gas
target data at 30° in the lab and 29.8 MeV incident protons.

3.3.2 Background Subtraction

Only the 36.6 MeV slurry target data presented any
background subtraction problem. Since the slurry target had
many large grains it had many spofs that were quite thick
and the peaks in these data are spread out. Backgrounds
were drawn for the spectra as taken and after the background
on each side of the peak were corrected for the non-linearity
of the detector. The results were averaged and the difference
included in the error. For the data taken with the evaporated
melamine targets the peaks were narrower and the background
could be subtracted directly. '
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3.3.3 Point to Point Normalization

Point to point normalizatién was by a 5 mm Si (Li)
detector used in conjunction with hardware and electronics
described earlier (see section 2.2.9 ). For the 36.6 MeV
slurry target data the monitor spectra began to deteriorate
toward the end of the run. The monitor detector had been
damaged by ¥-rays and neutrons from the Faraday cup and there
was no replacement available. The channel "O" scalar, the
stripped monitor spectra, and beam on target corrected for
changes in target angle were all compared. The percent
difference between the channel "O" scalar and the stripped
monitor counter spectra, which was as high as 5%, were
included in the uncertainties reported. For all the later
data an improved monitor detector holder was used and the

channel "O" and the stored monitor spectra agreed to within 2%.
3.3.4 Absolute Normalization

Absolute normalization of the spectrograph data was
done by measuring the ll’N elastic mass section at certain
points using a gas target and collimator system described
earlier (see sections 2.2.1 to 2.2.8).

Use was made of the fact that the elastic angular
distribution was least dependent on angle at about 55° in
the lab. The measurement error in the absolute cross section

due to local heating in the gas caused by the beam 1%;
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due to pressure measurements was 0.3%; due to temperature
measurements, 0.2%; due to beam current integration, 2%; and
due to collimator dimension measurements, 2%. Corrections

for reactions in the absorber of + 0.8% + 0.3% at 36.6 MeV

and 1.3 + 0,.3% at 40,0 MeV were made. A 1.7 + 0,3% correction
was added for counts lost due to nuclear reactions in the
silicon detector (Ca 70). The error in the absolute level

of the angular distributions should be less than 4€ for the
36.6 and 40,0 MeV data.

3.4 Summary of Error Determination

3.4.1 29.8 MeV Gas Cell Data

In assigning errors to the points of the relative
angular distributions taken with a gas target at 29.8 MeV,
the following sources of error were considered; statistical
uncertainty in the number of counts in a peak (V2 N + B
vwhere N is the net number of counts in the peak ahd B is the
number of background counts under the peak), statistical
uncertainty in the number of counts in the elastic peak in
the spectrum, statistical uncertainty in the number of counts
in the elastic peak of the normalization run, the eror due
to angle non-reproducibility in the normalization rum,
uncertainty in determinihg the background, the error involved
in separating peaks not completely resolved and in subtracting
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contaminant peaks, and the error involved in subtracting
peaks due to reactions in the silicon detector. All the

above errors were added in quadrature.
3.4.,2 Position Sensitive Detector Data

For the position sensitive detector data the
errors included were statistical uncertainty in the number
of counts in a peak, the uncertainty in determining the
background, and the uncertainty in the number of counts in
the monitor. The errors in the absolute normalization are
the same here as in the gas cell data only an error in the
correction for reactions in the aluminum degraders in front
of the detectors must be included. This uncertainty was
about 0,3%. The overall normalization error is about 4%,

3.5 Plots and Tables of the Angular Distributions;

Plots of all the angular distributions measured for
this work are found in Figures(14-32. The data are also
tabulated in Tables(3-21)., The 2.31 angular distributions
plotted as a function of momentum transfer are found in
Figure(33) and in Tables (22-25., Where not shown explicitly,

the relative errors are smaller than the points,
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FIGURE 14, 1I‘N(p.p)ll"N angular distribution for Ep = 29,8
MeV. (Where not shown explicitly, the relative errors are

smaller than the points.)
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TABLE 4. IMN(p,p')8N" (2.31, (0%51)), E_ = 29.8 MeV.
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TABLE 5. 1"N(p.p')“‘N" (3.9%, (1%50)), Ep = 29,8 NeV,
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TABLE 6. M (p,pr) ¥N"(4.91,(0750)), E, = 29.8 MeV.
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TABLE 7. Mn(p,p') MW" (5.11,(2750)), E 5 = 29.8 Nev.
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TABLE 9. “N(p,p*) " (5.83,(3710)), E) = 29.8 mev,
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TABLE 11, ¥y (p,p ) ¥N"(6.84, (3%50)), E, = 29.8 NeV,
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12. Yn(p,p )" (2.03,(2%10)), E. = 29.8 MeV.
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TABLE 13, 1‘*N(p. (7.97,(2730)) E = 29,8 NeV.
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Prell 1e26ser 25432 1e794E=C1 112 wel

SRR 1576571 55030 1e720E=31 45e3 “e3

i7enn 1422721 250 le4&6E=2] 173 “e)

<30 0 1ed12t e 40010 1e46C1E=21 7 ben

“dest 103357271 435620 1e3C03E=C1 1 Yo

Saens 1e734Zer 3022 1e433E«2] 5 4e0

K.tk 142 e 55030 1e475E=21 Aeb ben

teelt 10133221 £2¢30 1e230E=21 3e3 “eD

“geel 14153201 630020 10182E=21 fe3 43

Thabt Jeu]Rianp 700272 9e¢351E=~z2 3eb o)

73677 GerSllen? 75020 Se427E=22 303 409

ye 4% §e723Can? 23560 $£e¢303E=22 ne3 49

22 - Ze731 L7 250700 seR23Ee0¢ 4o 40

Ty 7¢3242-27 30680 7¢5893E=02 4ol beN

G307y 7°93R%a0? 35- e 7e7E8E=32 “e3 be)
1T h e 7e514- 2P 307 CE2E=3? 3e8 bed
LA 7eni37ar? 13'3.)3 be745E=02 40 4e9
TlestD 6ePrRiec? 110000 5e9R6E=02 703 bed
t1%eat 70223222 113620 6e SA4E=T2 4¢3 “e3
124077 502352 ar2 120020 Se711E=02 23 4ed
el £eBZ4Ter? 12523 De34JE=C2 503 X%
©33.7%2 £e177Zmz2 1235020 5¢497E=22 4ol beon
13505 £eTikZenp 135020 5e¢721E=z? 302 bon
cazej s fe3Iz6Tar? 14022 5¢3C08Ek=22 303 4
TeT e Rl Eeb75 an? 143632 SedRJE=32 33 ben
157.2% S§e¢725-ez? 15520 LeREYUEmnD 363 ben
1ED .k Se331ian? 16150 bet63E=07 S5e2 bern
16k ez 4e3542e72 163420 30658E-02 5e3 43



84

TABLE 14, *N(p,p*)1*n"(8.06,(17;1)), E, = 29.8 MeV.

Tl DIFEININTIAL A3, SIFFZRINTIAL  RELATIVE \33v,
o0 en IFRCES SICTIGN  aNSor R385 SECTIIN PIR CENT E3R4R
(22 (v2/2R%) (JE3.) (13/5) ERIIR

P7ell 1+7272-21 23550 leb27E=-721 1740 4¢3

Ipeus Ge2517e52 30020 1+ 068E=01 1345 “eD
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“ielT 3ehZ4i=rp 43020 4el83E=C? 132 4ol

LEez 4eb19Ze7? 4330 4eI68E=22 201 4eD

ST 30935L-5p 55000 4e377E=CE 1383 “e

re 7 3e474Ce0p 35030 3e518Eezp 1603 bos

Fily ey 3e035Ce2? 63e70 3e293E=52 1304 “e 7

£len? 2e]2F a2 65520 2et74E=32 1Re7 ber

Twes? ZepPr2Tenp 730 2e348E=2¢ 1704 be?)

TZex ] 1e273ZaC 750 1e347E=02 138 4o )

fuez® Qe 523 8)e30 1el17E=C2 243 4o

ez 1012S7=22 R5e .0 lelb2E=02 228 40

Thezk 914923 3520 9¢113E=2 16e¢8% ben

8.y “e7227=03 9520 5e€17E=33 133 4e3
16t 5 3+¢7382 =23 12020 Se408E=33 1793 L X %)
i7Ge73 10324232 1252C 1e26TE=C2 1400 4od
114956 149268072 1100C 1e432E=32 253 4o
11945 10122==22 1130C 1eC38E=02 1401 e
1723 1+0234Zar? 123000 1e125E=22 1143 499
32708 1124802 12500 9¢244E=03 162 42
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13Re2) 742558723 135023 6e382E=03 137 be9
teeln helb3ui e 3 ‘40000 5¢5600E=23 141 be2
1L eny 6e7772=23 14520 DeR42Ee23 133 be)
12 2eyS £eSER =] 135070 5¢352E=23 121 4e0
117475 1e0245az2 15550 Be691E=23 123 o3
TR2es 10437 ar? 151750 1e211E=C2 133 ben
thbags 14634222 16550 1¢372E=-2 1503 4on
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TABLE 15, 1“N(p.p')1bn’(8.u9,(4';0)), Ep = 29,8 MeV,

T DIFFERONTIAL LA, SIFFERINTIAL  RECATIVE N334,
PN 0k IReSS S CTIeN  ANGLE CIE535 SECTI9N PER CTENT ER33R
(NE35e) (M3I/SR) (JESG) (13/8%) ERIIR
21077 20942721 2320 3eb443Fen] 136 4en
2717 3en4bZ=r 2520 3e345E=21 beb 4¢3
RELEN 3e452E=01 Ce00 30993E-71 30 4
“Te:: 3e256Ce31 33¢3C 3¢77CE=21 be8 4o
43083 3e”221f 01 4520 3¢731E=21 3¢5 ben
“WEed3 30250201 4570 3¢703E21 63 4o
53ex3 3e280Ee51 5020 3e552E=31 2e] ben
2hetg 3757551 55000 3¢364E=3] Ped 4o
L4035 zeh14b =01 5057 2e8U4DEe] 23 4en
£Senn 2+3372-21 55050 2e227E=71 Se2 43
70483 1963450 700350 2e263E-01 4o bo
Twelz 19837221 750750 1e¢723E=31 ceb “e?)
4005 1+258%2=01 2320 1e292E-01 Seb 43
Thetl 1059 =721 %370 1e72E=C1 5e3 4o
AT ey Qe518Larp Q5e0C Se48JE=D2 4e3 4D
1Tnell 9eP10Zel? 35638 Se233E=22 3¢ 4¢3
174394 Qe412cC="? 179020 S¢2°%1E=052 3e5 ben
178653 10768271 17237 1¢l15E=31 33 be9
1167 1e7758-31 110600 1¢J08%E=3) 4¢3 4e3
11955 19142Z=31 11320 1e274E=01 35 ben
122011 1°227E=71 12032 1253E=21 3¢5 401
106 ek 10137221 125750 1e285E=21 ekt 4o
T33en4 1+271E=21 13020 1¢129E=01 3.2 4en
TRReTh 1379 =71 135eC 1elb435E=21 25 ben
43622 1e220E=01 140620 1¢113E=21 3e3 449
‘w7 ex7 10?215-:1 ‘4Sel0 10137E'31 2¢3 b9
13222 1+3R1E=21 130000 1e178E=21 2e3 4o
15712 1+43%92-21 155372 1e213E=51 3¢ 4e0
L 1e474Z=31 1610 1e240E=31 be? b3
tLhesT {e432=21 16322 1e2C0E=-C1 3e4 be2
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TABLE 16, 1"'N(p.p) by elastic scattering for Ep = 36,6 MeV.

Te o DITEIRCTIAL A3, DIFFIRINIIAL RILATIVE N353,
» et TPETE SITTIAN aNGLZ IRE55 SETTI3. PII CENT 23R
(7T 3.) (Y3/5%) (2Z3.) (¥3/5-) ERIIR
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170732 LeRZ 0 e 135600 be3R1E=21 49 4en
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TABLE 17. N(p,p*)14N"(2.31, (0%31)), E p = 36.6 MeV.

Co's SIFFZRINTIAL _A3, SIFFIRINTIAL  RELATIVE N33,
ANGee {Psc8e geClT1p2t ANGLE 29585 SECTI9N PEXR CENT £<39R
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tryel7 705462 e73 12330 7e624E=23 7ok 4e)
12322 77226223 19350 6e¢334E"03 2e3 4en
11528 br"7562=273 11000 Se7S8E=03 72 4e7)
11223 bertRiwr 3 113e3C S5e863E~23 Re?2 bon
1232¢ 6'?59:'63 T S5¢607E=23 36 Lo
R 4eR34Z-73 12230 4el24E~73 Je5 4o
«37e3C 24292573 13520 2e¢953E="3 172 4o
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PABLE 18. N(p,p")1¥n"(3.94, (1%50)), E) = 36.6 NeV.

Cale SIFTERINTIAL LA3. SIFFERINTIAL RELATIVE N33ve
£:3-t  CR8SS SzCTISN ANGLz  CTR88S SECTI9N PER CENT ERIIR
(2250) (v3/8R) (DEGe) (“3/5%3) ERRIR
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12en% 1¢82%2+3517 1220 1¢733E+30 363 (%)
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2l 9eb4lTer 30600 1¢091E+00 ol 4en
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11352 30450222 1120202 3.270E=02 be2 4en
118223 2e299C =02 11520 2e&C7E=02 Seb 4e9
1P3ekk Se104E=2D 12522 2e873E=22 ok 4e9
AR RS 30823572 12527 3¢363E=C2 7e7 be3
137022 Se8z21Cer? 135272 Se222E=0C 502 4en
LeDe72 £e3.92-C2 142720 5¢5C3E=22 He8 4o
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TABLE 19, 1l"N(p.p)wN elastic scattering for E

40,0 MeV,
p - e

Teve SIFFERINTIAL  _AB.  OJIFFZRENTIAL RELATIVE \93v.
PRI CRESS SZCTISN ANGLE  CR8SS SECTI9N PER CENT gRRaR
SEa.) (¥B/5R) (JEG.) (48/8R) ERIIR
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21046 bol2PE+0? 2000 7e348E+0? *2 4e9
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17367 3e3.25~01 12020 3¢3335E=01 20 ben
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TABLE 20. 1"N(p.p )1 (2.31,(0%31)), E p = 40.0 MeV.

o CIFFIRINTIAL  LA3,  DIFFEZRINTIAL RELATIVE NJRv,
PR P85S SECTISN  ANGLET C3955 SECTI9N PER CENT ERR3R
(") (v3/5%) (SEGe) (M3/8R) ERRIR

CoeTe 101982-71 1030 1+379E=31 2¢8 400
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113058 bebEHZer3 115000 4o4h1IEwr3 4o? ber
C230k67 4e30E7 03 122070 3s383E~C3 Sel 4e)
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msie 21, (p,p ) (3,94, (1%10)), B = 40.0 Mev,

Co o SIFFERINTIAL <A3. DIFFEZRENTIAL RELATIVE NJIv.
£ .GLE CRESS SECTISN  ANGLE  CRO9SS SECTI9N PER CENT ERR3R
(SE el (¥3/3R) (JEG.) (M8/5R) ERIBR
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32012 14020E+C2D 3000 1e154E+00 1e2 4e9
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24412 1+118£-01 80000 1e144E=01 24 e

Q4025 EeR{Nlen? 304730 Se723E=02 29 bed

N33 R Y- Yo¥-. 95400 4e392E=Q2 2¢9 ke
1nee18 3e585Za57 120¢00 3¢483E=02 3ol el
11393 2e437Zaz? 110020 2¢329E=02 3eb “e3
123057 20543ZaCp 12003 2¢353E-02 3¢ bed



92

TABLE 22. 14N(p.p')“’n’(z.n MeV) plotted against momentum
transfer for E_ = 24,8 MeV (Cr 70).

P
MRMENTUM JIFFERENTIAL RZLATIVE
TRANSFER CRASS SECTIAN - PER CEgNT
(1/7F) (M8/5%) ERRBR
o374 3¢69000E=01 41e¢7
¢392 2¢15000E°01 16¢3
'488 1045000201 13.8
581 -~ 1¢18000E=01 1649
0656 - 9e00000E=02 116y
747 70799992=02 154
853 4eB80000Z=02 8e3
924 be40000Z=02 1346
10024 2¢85000c+02 105
1¢107 2+25000E=02 133
10262 2¢10000E=02 14¢3
10392 2¢48000E=02 113
1524 ‘ 2¢73000E=02 117
1654 2+28000Ew02 1243
1759 2¢70000E=02 9.3
10847 3¢12000E=02 6ok
1923 2+88000E=02 746
10985 2¢20000E=02 Be2
20033 2¢07000E=02 8e2

20067 2¢34000E®02 5¢6
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)lun’(2.31 MeV) plotted against momentum

transfer for Ep = 29,8 MeV.

TABLE 23.  *N(p,p*

VAMENT U4 JIFFERENTIAL RELATIVE
TRANSFE CR8S3S SEZTIAN PER CENT
(1/7) (MB/sR) ERR9R
0218 2e03583 =01 2e2
427 1¢37185°=91 1e7
¢532 137455201 1¢7
0633 8¢1372(GZ*02 14
83?2 3e792752=02 2e2
0929 20492452 =02 3eq
14223 1e322752=02 2e2
10115 1e63633Z=02 361
16204 16548755202 2e6
10299 1e6156(Z=02 30k
10373 19509002 2e3
10605 20273302=02 Be2
14803 2e282705=02 6e6
1859 1e316402=02 2e5
2013 105609585202 37
2096 9e76583Z=03 Se2
20163 530570203 1105
2215 9¢518502=03 7ol
2¢236 1e616903z~02 Se7
24255 20789302=02 77

22266 3¢06570E~02 be?7
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*
TABLE 24, 1l’N(p.p')wN (2.31 MeV) plotted against momentum

transfer for Ep = 36,6 MeV.

CURNT v 1752 Tlas QLLATIGE
TGN TRB55 SLCTION IR CinT
(1/7) (¥3/,5%) ERR3IR
732 1e1134.2=2} 2e7
va71 Se/RETCI=00 2
e 5e3762,2=02 Lox
P13 3eo12).2-07 beh
«17 lTetbp3.2=9> 2o
107276 TeJ313.I=03 23
101350 70.68),7-01 2oz
1231 Felle1,I=03 4ol
1033C 1e28033I=02 2e7
1 o428 1e73%3,2=02 473
1en17 1e4735.2=07 Deg
1efT5 20.729,2=02 2eb
1 eAn3 1e2174,=27 5e¢
17772 106924 3=07 03
Le¥e? 1e353557=02 2eb
10022 l1e.73222=22 6e3
190258 7e346252=33 Te
2+.13 500758, =07% Sex
Pep? Se. 587 ,2=03 3e5
29242 4o 337520R O3
292353 3022130203 1603



95

*
TABLE 25, 14N(p,p')th (2.31 MeV) plotted against momentum
transfer for Ep = 40,0 MeV.

vevo T v 217720\ Tla RZILATIvE
TRANGE. R CRe535 SIITIaN PIR CENT
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1e70s 2408195207 2ex
1948 1e75%558: =02 3e2
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L4, OPTICAL MODEL ANALYSIS

4.1 Purpose

An optical model analysis was made of the differ-
ential cross sections for elastically scattered protons by
1uN at incident beam energies of 24.8 (Cr 70a), 29.8, 36,6
and 40,0 MeV, One purpose was to obtain optical model
parameters for DWBA analysis of the measured proton inelastic
scattering data. For light nuclei this is not as straight
forward an operation as it is for heavy nuclei. While it
was possible to fit any one of the elastic scattering angular
distributions, unrestrained mosel parameters would fluctuate
widely from case to case, This sort of behavior is not
unexpected since two assumptions of the optical model may
not be valid for light nuclei. First the density of compound-
nucleus levels is low and so nuclear structure effects not
described by the model may not average out. Iore important
for the incident proton energies involved here, is that it
may not be appropriate to replace the nucleus with a potential
having a simple radial form.

14N inelastic scattering

1#N

DWBA calculations of proton-
require optical model parameters that describe proton-
elastic scattering for exit particles which have

different energies than those for which angular

96
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distributions were measured. These parameters must be ob-
tained by interpolating between the incident energies where
data is available. If the variation with energy of the
optical model parameters obtained is not smooth, the inter-
mediate parameters are uncertain. To avoid singular sets of -
parameters, an average set of geometrical parameters, radii
and diffuseness parameters was sought that would fit all the
data equally well. The potential strengths were varied to

fit the data at each energy with the hope that well strength

parameters would vary smoothly from energy to energy.

4,2 Elastic Scattering Data

The 1I‘N (p,p) data for incident proton energies of
29.8, 36.6 and 40.0 MeV were presented earlier (see Tables
3, 16, 19, and Figures 14, 27, 30). Data at 24.9 MeV taken
by Crawley et al. is found in Table(22. The errors include
uncertainty in overall normalization. The overall normaliza-
tion was not varied as a part of the fitting procedure,
although it was varied after the fitting schedule. There
was negligible improvement in x?/N for + 1% changes in
absolute normalization.

Since the optical model was not expected to fit the
angular distributions well past the second minima in the
ratio to Rutherford cross sections, the errors on the points

beyond that angle were about doubled during the searches.
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The actual errors used in the searches are found in Tables
(26) and (27) with the data. Thus these points were weighted
relatively less in the search procedure. The 7(_2/N values

presented are for the actual experimental errors.

o

4.3 Optical Model Searches

The main part of the optical model analysis was

done with the optical model search code GIBELUMP* running in
the M.S.U. Cyclotron X -7 computer. The interaction of the
two nuclei involved was represented by scattering from the
one-body complex potential below:
d
Vopt (r) = Vc(r) - VRf(xR) - i (WS - LWy, m)

2 -
£(xy) + Vg TR © & £(xgo) (£.7)

where:
72" &2

1 2 2
Ve(r) = E5E raRoi= S (5 - ) TR

f(x)=(1+ ex)'l
b & r-rRA]'/3
R=
aRr
1/3
_T -rIA

ar
al/3

_r-r
Xgqo = SO
a 30

*An optical model search code written by F. G. Perey
and modified by R. M. Haybron at Oak Ridge National Laboratory.



TABLE 26. 1L’N(p,p)wl\l elastic scattering for E

p

= 24,8 and

29.8 MeV with the errors used during optical model searches.,

C.M.
ANGLE
(DEG.)

10.66
16.01
21.35
26.69
32,01
37.32
L2,61
L7.88
53.13
58,36
63, 56
68.74
73.89
79.01
84,09
89.15
ok,17
99.17
104,12
109.05
113.95
118,81
123.64
128,45
133,22
137,98
142.70
147.41
152,09
156,79
161.42

24,8 NMeV

DIFFERENTIAL ERROR
CROSS SECTION

(MB/SR)

1,608E+03
9.,607E+02
6.950E+02
4 ,704E+02
2,778E+02
1.470E+02
7.268E+01
3.,600E+01
2.350E+01
2.271E+01
2.522E+01
2.697E+01
2.510E+01
2.089E+01
1.746E401
1,287E+01
8.780E+00
5.350E+00
3.395E+00
2.239E+00
1,.545E+00
1.470E+00
1,785E+00
2.083E+00
2.455E400
3.,035E+00
3,288E+00
3.130E+00
2,999E+00
2, 590E+00
2.322E+00

(%)

® © o o 06 % @ ¢ © ¢ © ¢ 6 6 6 © 8 0 8 ® © 6 0 0 06 06 0 0 0 0 o

OO\ ONCVLIWNA N £ W N N MWL DWW N N NN NN W

C.M.
ANGLE
(DEG.)

10.73
16.0
21,4
26,78
32.11
37.42
b2,71
k7,98
53.23
58.45
63.65
68,82
73.96
79.07
84,15
89.19
94,21
99.19
104,14
109.06
113.95
118,81
123,64
128,44
133,22
137.97
142,70
147,41
152,10
156.79
161,44

166,09 °

29.8 NeV

DIFFERENTIAL
CROSS SECTION

(MB/SR)

1,502E+03
1.045E+03
7. 473E402
L ,795E+02
2.765E+02
1,348E+02
5.,948E+01
2.866E+01
2.094E+01
2.108E+01
2,208E+01
2.136E+01
1,780E+01
1.377E+01
9.501E+00
6.138E+00
3.943E+00
2.592E400
1,870E+00
1,458E+00
1,161E+400
1,055E+00
1,058E+00
1,178E+00
1,381E+00
1.679E+00
1,837E+00
1,995E+00
2,012E+00
1,921E+00
1,714E+00
1., 428E+00

ERRCR
(%)

(MGG IC VAV IV IVIVIV R SF B~ o of o o ) o o o — o o — —gf g — g &
@ © o 0 ® 6 ¢ ® @ ¢ 0 06 06 0 6 0 6 06 0 0 06 06 06 06 06 0 06 0 0 0 0 o

OCO0OO0OO0O0O0O0O0O0OO0OOOWNWULNNWNWNIN NN H - -
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)1U

TABLE 27. 1"'N(p,p N elastic scattering for Ep = 36,6 and

L0,0 MeV with the errors used during optical model searches.

36,6 VeV 40,0 NeV

C.M. DIFFERENTIAL ERROR C.M. DIFFERENTIAL ERROR
ANGLE CROSS SECTION (%) ANGLE  CROSS SECTION (%)

(DEG.) (MB/SR) (DEG.) (MB/SR)

16,10 9.758E+02 16,10 9.482E+02

18,78 8.380E+02 18,78 8.077E+02 :
21,45 6.809E+02 21,46 6. 423E+02 L
26.79 4,050E+02 26,80 3.516E+02

32,12 2,051E+02 32,13 1.817E+02

37.43 9.556E+01 7.44 7 . 584E+01

Lh2,73 3.880E+01 0.09 4,762E+01

48,00 2.110E+01 L2,74 3.230E+01

53.25 1.,721E+01 45,37 2.155E+01

58 .47 1,717E+01 48,01 1.840E+401

63,67 1,593E+01 53,26 1,638E+01

68,84 1,299E+01 58,48 1,543E+01

63.68 1,320E+01
68,85 1,014E+01
74,00 6.939E+00

73.98 9.,255E+00
79.09 6.159E+00
84,17 3.787E+00

® 6 6 o 06 06 ¢ ¢ 06 6 © 6 0 0 06 @ 0 0 0 0 0 o o
CQOO0OO0OROFRLROFOAOITIOWNITIONMNOOO

OCQO0O0O0O0O0COOFLVWFONOFRPODMOOWMOOVWVOO
NN PR RN D DWWW

89,22 2.375E400 79.11 4, 364E+00
oL, 24 1,627E+00 84,19 2.567E+00
99.22 1.274E+00 89.23 1,725E+00
104,17 1,06 5E400 94.25 1.301E+00
109.09 8.833E-01 99.23 1.098E+00
113,98 7.478E-01 104,18 9.498E-01
118,83 6.106E-01 113.99 6.4L06E-01
128,46 L,208E-01

L] e o o [ ] L] L] ® o o [ e 6 e e o o o o e o o ® o [ ]

VWA NN £\ - = U DD =200 D WD\

137.99 4,850E-01
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Ve

static static field of a uniformly charge sphere of radius

is the potential felt by a point charge Ze in the electro-

(R;) and charge (Z'e). f(r, r, a,) is the usual Woods-
Saxon form factor with radius parameter r and diffuseness
Qo. The potentials and geometrical parameters were varied
singly or in combinations and the code sought to minimize

the quantity

XMW =1/ [ (o (1) = Opygp(1))/ B0 pyp()]°

where N is the number of experimental data points, chh(i)
and <3Exp(i) are the theoretical and experimental cross
sections at angle ei in the center-of-mass frame and

A O'EXP(i) is the experimental error in O'EXP(:[) ..

The searches began with six different sets of
optical model parameters for the A = 14 mass region taken»
from the literature (Ca 69, Sa 70, Wa 69, Pe 63, Ki 64, Sn
69). The object was to reach different relative minima in
7?/N space and then to choose trial average geometries
from the results.

For the 24,9 and 29.8 MeV data, the spin-orbit
radii tended to unrealistically large values and the diffuse-
nesses to smaller than expected values, The effect of this
was to improve the fits somewhat at angles beyond the second
minima., Because the optical model does not generally fit
backward angle scattering data well in the mass region of 1I‘N

and because polarization data are needed to convincingly
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determine the spin-orbit well, the spin-orbit geometrical
parameters were set equal to those of the real potential in
the geometry finally choosen.

The searches were generally two parameter searches.
The pairs of parameters were usually VR VI, Og OT’ rp WS, e
VR VSO’ or ry TRee Often the search schedule ended with a ? 1
search on all the variable parameters just to see how good /

the model could possibly fit the data. Through trial and

error an average set of geometrical parameters was obtained g
and the well strengths were then varied to best fit the data.
The final set of parameters are found in Table (28, and the
fits to the elastic scattering data, in Figures (34 and (35%
To get an idea of how sensitive the fits were to
changes in the final parameters, optical model calculations
for the four sets of data were made with each parameter
varied + and - 5%. The resultant percent change in ‘X?/N
is also in Table(29. The results indicate that the fits are
most sensitive to the real potential depth and geometry.

4,4 Spin-Orbit Form Factor

It is not completely clear Just what form the
radial part of the spin-orbit potential should have. The
argument for a form factor that peaks at the nuclear surface
is made on two counts. The potential is strongest for

incident nuclei with large 1 values and these spend most of



TABIE 28, ¥

Ep LAB (lieV) 24,8

VR (tev) 51,90
ry (F) 1.133
ag (r) 0.651
WS (MeV) 1.56
LA (11eV) 4,75
rr (F) - 1.345
aj (F) 0.509
VSOV (11eV) 4,24
rgo (F) rR
agg (F) ag

re (F) 1.25
2/ 31.0

* % change hu)fvﬂ for a 5% parameter

** To the nearest %.

(155)"
(386)
( 20)

( O)**

(18)
( 72)
( 18)
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29.8 36.6
45.09 (11G) 45.C07 ( 7hn)
1.133 (277) 1.133 (1724)
0.651 ( 18) 0.651 ( 96)
2.93 ( 2) 5.7 ( &2)
3,52 ( 9) 1.63 ( 12)
1.345 ( 74)  1.345 ( 632)
0.509 ( 11) 0.509 ( 28)
5.3 ( 0) 5.60 ( 5)
™y ( 0) rg ( 8)
ag ( o) ag. ( 9)
1.25 1.25
1#5.0 609
change.

. N optical model parameters found in this work

ko,o

h3.79 ( 702)
1.133 (1689)
0.651 ( 75)

5.75 ( 61)
1.93 ( 22)
1.345 ( 886)
0.509 ( 54)

8.61 ( 31)
( 49)
( 46)

TR
aR

1.25

3.9

L irs B ameg
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MNP, PN
OPTICAL MODEL FITS

24,8 MEU X Y4

(=) o (=)
NWUY NHROWU WU =

DIFFERENTIAL CROSS SECTION - (MB/SR)
=)

0 30 60 90 120 150 180
C-M ANGLE - (DEGREES)

FIGURE 34, Optical model fits to the 24,8 MeV and 29.8 NeV

14 . . . .
N elastic scattering for the optical model potential

d i i i = =
etermined by this work with rgo= Tr and agy= aps

N
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FIGURE 35. Optical model fits to the 36.6 and 40.0 MeV

1uN elastic scattering for the optical model of this work
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their time in the vacinity of the nucleus at its surface.
It is also argued that only at the surface does the nuclear
matter density have a non zero gradient and only there can
the incident nuclei retain some sense of its direction.
The Thomas form for the potential which is used in GIBELUMP
was originally added to the optical potential for heavy
nuclei. For these nuclei, the radius parameter is large
enough and consequently the derivative of the Woods-Saxon
form is small enough near (but not at) the origin to dominate
the 1/r term for all practical purposes. This is not true
when the Thomas form is used for light nuclei. Here the 1/r
term dominates and the potential becomes very large well out
from the origin. See Figure(36. Watson, Singh and Segel,
in their optical model analysis of nucleon elastic scattering
from l1lp-shell nuclei, used the modified spin-orbit potential
below:
~ - 2

Vso (P~ 5.2 V5o mio)2 m = Lso(r)
vwhere f (r) is the usual Woods-Saxon shape. This modified
form for the geometrical parameters also is shown in Figure
(368. Bob Doering at the M,S.U, Cyclotron Lab made available
a version of GIBELUMP with this modified spin-orbit potential,
GIBPRIME. |

Using GIBPRIME it was possible to fit the four LN
proton elastic scattering angular distributions with the
optical model potential and parameters suggested by Watson
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SPIN-ORBIT FORM FACTOR A=iY

HMAS Fi

F(R) - (RRBITRARY UNITS)

-
0.0 2.0 4.0 6.0 8.0 10.0
RADIUS - (F)

FIGURE 36. Radial dependence of the Thomas form of the
spin-orbit potential and of the Thomas form as modified
by Watson et al., (Wa 69) for A = 14,
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et al. in their optical model analysis of nucleon scattering
from a number of lp-shell nuclei. The parameters found by
Watson et al. are listed below.
VR - (MeV) 60.0 - 0.30 ECM + O.L;Z/Al/3 + 27 (N=Z)/A
WD -~ (Mev) 0, for ECM‘<32.7 MeV; (ECM - 32.7) x 1.15,
for 32.7 MeV < ECM 39.3 MeV; and
7.5, for ECM > 39.3 MeV
Wg - (MeV) 0.64 Ecy for Eqy < 13.8 MeV; 9.6 - 0,06
Ecy for Eqy 2 13.8 MeV
Vgg = (ME) 5.5
ag =agg = 0.57 (F) ;5 a; = 0.50 F

rR = rvI = rso = 1.15 - 0,001 E F

CM ,
The parameters are found in Table (29 and the calculated
angular distributions in Figures (37) and (38. While not as
good as the fits presented earlier, they do reproduce the
main features of the angular distributions. The minima seem
to be deeper with the Watson parameters than they are in
either the data or in the fits with the parameters presented
in this work.

When the 24.9 and 29.8 MeV angular distributions
were fit with the average geometry parameters but free spin-
orbit potential geometry parameters, the fits improved at
backward angles but the well radii went to large values and
the diffusenesses became small. The resultant parameters

are found in Table (3Q and the fits in Figure (39. Since the

spin-orbit force is a short range force, radii larger than
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TABLE 29, 14N optical model parameters from Watson et al. (Wa 69)
Ep LAB (MeV) 24,8 29.8 36.6 40.0
Vg (MeV) 54,17 52.8 51.0 50,0
rp (F) 1.127 1.122 1.116 1.113
ap (F) 0.57 0.57 0.57 0.57
W (MeV) 0.0 0.0 1.6 5.28
WD (MBV) 8.2 7.9 706 70&
r (F) 1.127 1.122 1.116 1.113
ar (F) 0.50 0.50 0.50 0.50
3 ¥* 3%
Vg (MeV) 1000.0 1000.0 1000.0 1000.0
rgg (F) 1.127 1.122 1.116 1.113
agg (F) 0.57 0.57 0.57 0.57
r. (F) 1.25 1.25 1.25 1.25
%2 /N 24 25 35 43

* Modified Thomas spin-orbit potential.

*%* Strength for proton mass in force coefficient.
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q
10 MNP, PN
5
3 OPTICAL MODEL FITS

DIFFERENTIAL CROSS SECTION - (MB/SR)

L1 1 1 v 1

10‘{ e+t 1+ 1 1 11

60 80 120 150
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FIGURE 37. Optical model fits to the 24.8 and 29.8 iieV

luN elastic scattering for the geometry and parameters

from the work of Watson et al., (Wa 69).

180
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DIFFERENTIAL CROSS SECTION - (MB/SR)
n
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FIGURE 38. Optical model fits to the 36.6 and 40.0 eV
le elastic scattering for the geometry and parameters

from the work of Watson et al. (Wa 69).
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TABLE 30, 1uN optical model results for free spin-orbit

geometry parameters.

GIBELUMP GIBPRIME**

E, LAB (MeV) 24.8 29.8 24.9 29.8

Ve (MeV) 52.19 49,09 52.40 49.34
rp (F) 1.133 1.133 1.133 1.133
ap (F) 0.651 0.651 0.651 0.651
Wy (MeV) 1.56 2.93 1.53 2.93
Vg (MeV) 4,75 3.52 4.69 3.63
ry (F) 1.345 1.345 1.345 1.345
a; (F) 0.509 0.509 0.509 0.509
Voo (MeV) 4.20 5.29 3,91 5.08
rey (F) 1.42 1.35 1.30 1.33
ag, (F) 0.449 0.450 0.394 0.350
re (F) 1.25 1.25 1.25 1.25
% /N 6.7 20.0 6.4 14.0

* Thomas spin-orbit form.

*#* llodified Thomas spin-orbit form.
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FIGURE 39. Cptical model fits to the 24.8 and 29.8 eV

th elastic scattering., The srin-orbit potential has the

Thomas form with parameters varied to best fit the data.
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that of the real well seem unrealistic. It seemed possible
that the large radii and small diffusenesses were choosen by
the search procedure because they would minimize the singu-
larity at the origin and more nearly reproduce the form for
the spin-orbit potential that results for large A nuclei.
The 24.9 and 29.8 MeV data were also fit with free
spin-orbit geometry parameters and the code GIBPRIME., As
the results in Table(30) indicate the spin-orbit radii that
best fit the data were again much larger than the real well
radius although not as large as with the uwimodified Thomas
form for the spin-orbit well. The fits obtained with GIBPRIME

were only moderately better.,

4,5 Variation of Vlell Strengths with Enersv

In Figure (40) the potential strengths are plotted
as a function of incident proton energy in the laboratory.
The real well depth decrease with bombarding energy and the
slope of a least squares fit to a straight line is -0.50.
The depth of the surface imaginary well decreases with in-
creased bombarding energy and that of the volume imaginary
well increases., This is as expected from other optical
model analyses.

The real well geometry found in this work is similar
to that used by Snelgrove and Kashy (Sn 69) to fit proton
elastic scattering from 15N at 39.84 MeV. The slope of the
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FIGURE 40, Variation of the strengths of the optical model

potential found in this work as a function of energy.
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real well depth vs., proton incident enersy plot for this
analysis is closer to that found by Perey (Pe 63) in an
optical model analysis of proton elastic scattering on
target nuclei between 2771 and 197au (-0.55) than it is to
that found by van Oers and Cameron (Oe 69) in an analysis of
23-50 MeV protons on 16O (-0.29) or that found by Vatson

et al, (Ya 70) in an analysis of 20-50 MeV protons on a
number of 1lp-shell nuclei (-0.30 for incident proton energy

measured in the c¢. m. frame).



5. MICROSCOPIC MODEL CALCULATIONS

5¢1 DWZA 70A

The microscopic model DWBA calculations made for
this work were done with the code DWBA 70A (Sc 70). The
nuclear force can include tensor and spin-orbit terms and
the exchange amplitude can be included exactly. The required
spectrocopic amplitudes, equivalent to those described by
Madsen (Ma 66) were calculated with the code MULTISCAT, part
of the Oak Ridge-Rochester (Fr 69) shell model code modified
by Duane C. Larson.,

DWBA 70 used the neutron-proton formalism for the

interaction. For a proton incident on a proton the force is:

1 2 3
Vop = Vip * Vp Y(rsug) + V7, Y(r, uj)
(Ty- Gp) + V¥ t(ry py) LB
5 2
\' p T Y(ry M) S15

and for a proton incident on a neutron:

2
Vpn = Ve, Y(r, ,ul) + V3n Y(ry A5)
4

- - -
(G « 0p) + V7, Y(r,ya)L'S+

5
Va0 Yry M) Spp

1
P
the usual tensor operator. The Y (r, ,ui)'s are Yukawa's

e /M4
re M) = ST

117

is the coulomb potential and S,, is
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5.2 Wave Functions

There is evidence that the tensor force plays

an important role in the A-14 system. The 1“0 beta decay is
allowed by selection rules, but is suppressed because of the
particular nature of the wave functions involved. Visscher

lhc

and Ferrell (Vi 57) have shown that suppression of the
beta decay can be obtained with 1p shell wave functions only if
they are generated with a residual interaction that includes a
tensor term. Also Rose et al. (Ro 68) have shown that ex-
panding the model space into the 2s-1d shell will not elimin-
ate the need for including the tensor force.

Available 1AN shell model wave functions fall into
two classes depending on the model space used. There are the
wave functions of Visscher and Ferrell (Vi 57) and those of
Cohen and Kurath (Co 65) that assume a closed “He core and 8
'particles in the 1p shell, and there are the wave functions

of True (Tr 63) and those of Reehal, Wildenthal, and McGrory

12C closed core and two particles dis-

(Re 72) that assume a
tributed among the 1p% orbital and orbitals of the 2s,1d
shell. A better space for 1l‘N would be a combination of
the two, that is the latter space with two or four holes in
1p3/2 orbital. Such a space would be very large but there
is some hope of doing such calculations at least for the O+

states.
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5.2.1 1 P Shell Wave Functions

The 1p shell space used by Visscher and Ferrell
(V-F) and by Cohen and Kurath (C-K) contains the dominant
configurations of the ground state and the excited states
at 2.31, 3.95, and 7.03 MeV (Ma 68) (see Table 31). In the
V-F calculation, the tensor force and the LeS force are
explicitly included in the residual interaction while uncer-
tainties in the central potential are removed by fitting the
energy levels of the first three states in ll“N and the lhc
beta decay rate. In the C-K calculation the 15 two body
matrix elements and the two single particle energies needed
were obtained by fitting energy levels and binding energies
of the ground states with respect to the (is)"4 core. One
set of parameters was obtained using energy levels in nuclei
between A=6 and As=1l6 and another set using energy levels in
nuclei between A=8 and A=16. Because the results for A=6
and 7 were not as good as those :or the other nuclei fit,
the latter set of parameters was Jjudged best for laN. The
wave functions generated with this set of parameters gave a
log ft for lhc Gamow-Teller beta decay of 5.42 compared to
the experimental value of 9.02 (Ba 66). Although there are
4 orders of magnitude difference between the two numbers
both values represent a decay rate that is strongly suppressed.
Only wave functions that reproduce the suppression of this
beta decay rate are of any value in the study of the
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14y (p,p") L™ (Ey = 2.31) reaction.

5.2.2 22c_Core Plus gd Shell Wave Functions

The model space used in the shell model calculation

12

for 1“N published by True consists of a ~“C core and two

nucleons free to move in the 1p1/2 2 81/2¢ 1 d5/2, or 1 d3/2
orbitals. The single particle energies are taken from the
energies of levels in 130 and 13N and the residual interac-
tion between the valance neutron and proton is taken as a
central force made up of singlet-even and triplet-even com-
ponents. The radial dependence of the force is Gaussian with
strength and range chosen so that the singlet-even force is
the same as that used successfully by True and Ford 1n.2°8Pb.
Two parameters, the ratio of the triplet-even force to the
singlet-even force and the harmonic oscillator parameter of
the single particle wave functions were chosen to obtain the
best fit to the levels in 14N. The model space contained

the dominant configurations of all the states in 1I‘N below
8.49 MeV in excitation except for the 3.95, 7.03 and 8.49

MeV states.

In the shell model calculation by Reehal, Wildenthal
and McGrory (Re 72) 12c is taken as a closed core and the
valence nucleons are free to populate the 191/2'251/2’ and
1 d5/2 orbitals. The single particle energies and the two
body matrix elements were obtained by fitting energy levels
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of states in nuclei between A=13 and A=22 that should be
reproduced within the model space. These calculations

lI‘C beta decay and so

would not be expected to reproduce the
their wave functions for the 2.31 MeV state would not be

expected to reproduce inelastic scattering.

5.3 Coupled Channels Calculations

The DWBA approach to inelastic scattering is
essentially a peturbation approach that assumes that elastic
scattering is the dominant process and that it is sufficient
to treat inelastic scattering as a first order peturbation.
If there are other channels that can compete strongly with
the elastic scattering, DWBA is not valid. DWBA will also
fail to describe interactions for which higher than first
order processes are important. An alternative for such
cases is the coupled-channels approach (Ta 65) in which the
total wave function is expanded in terms of wave functions
for all the important channels. In the coupled channels
approach the interaction is not treated to first order only
but to infinite order within the space defined by the channels
included (Ta 65).

It was not practical to do a coupled channels
calculation here, but there is evidence that such a calcula-
tion would not be a great improvement over DWBA for the
by (pyp") 14y* (2.31 MeV) reaction for the incident proton
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energies involved here. F. A. Schmittroth (Sc 68) did a
coupled channels calculation for the A-14 system and com-
pared the results to DWBA for the reaction ¢ (p,n) L4y

for 14.1 MeV incident proton energy. This reaction is the
parallel to the Ly (plp]) by (2,31 MeV) reaction. The
channels coupled were 14C + P, by . n, Loy* (2.31) + n,

and 14N* (3.95) + n. For the %N (p,p') 14N (2.31 Mev)
reaction the appropriate channels to couple would be 1“0 + n,
hy P, th* (2.31) + p, and 1““N* (3.95) + p. To within the
20% accuracy of the DWBA calculation there was nb effect on
the 1“0 (pyn) th transitibn due to coupling. Since the
effects of coupling should decrease with increasing proton
bombarding energy (Ma 71), coupling should not be important
for the 1™ (p,p’) by (2.31 MeV) reaction at the energies of

this work.

5.4 Two-Step Processes

For a relatively weak interaction like the 14N
(p,0") L4%* (2.31 MeV) reaction [its strength is 1/10 that of
Lay (p,p\) Lhy* (3.95 MeV)] the contribution of the two-step
processes such as th (pzd) Ly (d,p) Lhy* (2.31 MeV) should
be considered. Calculation of such processes are very
difficult. No proven computer code was available for such
a calculation at M.S.,U., and so we did not have the opportunity

to look into such processes.
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5.4 Nuclear Forces

A number of different combinations of central,
tensor, and spin-orbit forces were tried in DWBA calculations
for the 2.31 MeV state inelastic scattering. Since the shape
of the calculated cross section is controlled by the inter-
play of the central and tensor force, central and tensor
forces that had some connection to realistic forces were
favored. Thus most of the. calculations were in some sense

apriori.

5.4.1 Fitting Central Interactions to the Yukawa
Radial Form

Where necessary the strength and range of the
Yukawa potential corresponding to a given central potential
was found by matching the volume integral and r2 integral
of that given force to those of the corresponding Yukawa.
The ranges for different terms of a given potential and for
the corresponding Yukawa's terms were often different (see
Table 32). It was generally possible to choose some average
range for the Yukawa potentials and calculate the strength
from the volume integrals. This cut down calculation time.
Check calculations were made to insure that the cross sections

predicted by the average range potentials did not differ
greatly from those predicted by the original potentials.



126

5.5.2 Serber Central Potential (S)

A Serber central interaction(S) (VOO: Vo1: V1ot V11
= =3:1:1:1) with a V,, strength of 3.47 MeV was taken from
the work of Love et 2l1. (Lo 70a). The range, &4 , had been
taken to be the pion wavelength (1.415 F) and the strength
chosen to best describe the small momentum components of the
truncated Hamada-Johnston potential. Contributions to VOO
central forces arising from second order tensor force terms

were included.

5.5.3 Even State Hamada-Johnston Central Potential
{HJ)

A central force with a non-Serber mixture was
obtained from the even parts of the Hamada-Johnston (Ha 62)
potential (HJ). The volume and r2 integrals were done
following the Moszkowski-Scott separation procedure with a

cut off distance of 1.05 F. The results are found in Table(32).

5.5.4 Even State Hamada-Johnston Potential Plus
1

P _State Gaussian Potential (HJ-G)

The Moszkowski-Scott separation procedure applies
only to the even parts of the Hamada-Johnston potential.
Owen and Satchler (Ow 70) replaced the 1p state Hamada-
Johnston potential by a repulsive Gaussian [ v = 120 exp
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(-0.78 r?) MeV] adjusted to fit the 1P phase shifts. The
3P state potential was taken as zero. The volume and r2
integrals for the Gaussian potential were calculated and
used together with those for the even state Hamada-Johnston
to produce a composite central interaction containing odd

state interactions (HJ-G).
5.5.5 Blatt-Jackson Central Potential (BJ)

And finally the Blatt-Jackson even state nucleon-

nucleon interaction was used. This'potential has the form
e-rﬁu
V-+VO—I,7/-T
with the following parameters

for 1s,: V = - 32.5 MeV, = 1.435F

for 7Sy: V = - 67.8 MeV, m = 1.241 F
The virtue of this potential is that it has a Yukawa radial

form and so it can be used directly.

5.5.6 Effective Average Effective Central Inter-

action (SMA)

Another central interaction that was used came
from a survey of inelastic proton scattering by Sam Austin
(SMA) (Au 70). The strengths of Voo @nd V,, are fairly well
defined, but those of V10 and VO1 are not so certain. Thus
V10 and V01 were taken to be equal to V11'
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Since nuclear interactions are presented in a
number of different expansions, the transformations from
the odd-even, singlet-triplet formalism to spin-isospin
formalism and to the neutron-proton formalism used by DWBA

70 are found in Appendix A2.

5.5.7 Tensor Forces

Calculations with two tensor forces were considered.

The one-pion-exchange-potential (OPEP)
Vp (r) = Voo Ty « V2 53 £(Q)

~dp
e
f(a) = (1 +°%+T£j2)1}—
812 = 3(61 o?') (6’2 0-1") = a:l i 6’2
-1 _ ko
where o4 =~ = (M‘" c) = 1.415 F is the Compton wavelength of the
pion and VT'Z" 3.76 (Co 65) was one of these., The second was
taken from the Hamada-Johnston potential (Ha 62)
Vp = 3.76 (7 - T2) 2 (r) - [L+agp Y(r) +

2
bp Y (r)] . Sy
/A-'l = 1,415 F the Compton wavelength of the pion

Z (r) = (1 + 34r + 342/r2) ¥ (1)
-qu
Y (l") = e
T/ K
The quantities op and bT determine the difference of the
potential from OPEP for small r and have the values Qup = -0.5

and bp=.2 for the triplet even tensor force and Oy = -1.29 and
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bT = +0.,55 for the triplet odd.

DWBA 70A has a r

however it has been shown that the first two terms of the

- Y tensor radial form built in,

Fourier transform of the tensor and spin-orbit forces are

proportional to the integrals (Sc 71).

These integrals were used to estimate the strengths and

ranges of the r2 - Y forms of the tensor forces that corres- !

pond to the OPEP and the long range part of the Hamada-
Johnston potential. For OPEP the lower limit of the integra-
tion was r =0 but for the hard core Hamada-Johnston tensor
potential the integrals went in to r = 0,49 F, This was as
close to the hard core radius (0.485 F) as it was possible
to conveniently integrate. The tensor force is nearly
independent of this choice and is similar to OPEP, in that
VT?(the strength for a AT=1 reaction) is much greater than
Vp (the strength for a 4T=0 reaction). (See Table 32,)

5.5.8 Spin-Orbit Potential

A spin-orbit potential was derived from the Hamada-
Johnston spin-orbit potential by matching the Jb and J6
integrals of the two terms of this potential to the same
integrals of two Yukawas. Perhaps the best estimate of the
strength was obtained for a cut of distance of 0,49 F, In
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Table (33) are listed the J, integrals for a number of spin-
orbit potentials taken from the literature (Au 72)., The
strength of the Hamada-Johnston spin-orbit force with a

0.49 F cut off radius is in good agreement with the forces
used by Love and that used by Austin. While the Iy integral
for the spin-orbit potential implied by the empirical optical
model is larger, it is difficult to estimate the effect of
exchange for this potential.

5.5.9 "Complete" Hamada-Johnston

J.~L. Escudie, F. G. Resmini, and Y. Terrien (Es
72) have made an attempt to fit the Fourier transform of the
long range part of the complete Hamada-Johnston potential
except for the quadratic spin-orbit term to Yukawa's and
r2 - Yukawa's using three separate ranges for the Yukawas.
The central potential is for a separation distance of 1.05 F
and corrections for 2nd order tensor terms are included.
The cutoff for determining the tensor force was 0.5 F and
for the LS force 0.7 F. Thus one expects that their L°S
force is perhaps too weak., The method of conversion was by
fitting Fourier Transforms in a manner similar to that de-

scribed earlier.

i~ n ag (o oay
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TASLE 33. Values of the spin-orbit forcef

Determination Jy (T = 0) Jy, (T =1)
(MeV - F2) (MeV - F°)
Optical Model ﬁxh
- a) - —
VSO = 6.7 MeV 80
Love 90Zr (p,p') b) -37.6 -15,2
16, (p,p") 16, (8.87, 2=, 0) c) =-50.8 -32.2
y 4 ro = 1.0 F - 7.3 - 6.5
Irc = 0.6 F -27.7 -13.7
PC = 0.149 -3409 "16.2

a) Ref Gr 68
b) Ref Lo 71
c) Ref Au 72
d) Sc 7l

LS form: Vg = [Vio (T = 0) + Vig (T = 1) '—7(1 . '7'\2] L. S
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5.5.10 Central Potential for Inelastic Scattering
to States other than the 2.31 MeV State

For calculations for inelastic scattering to states
other than the 2.31 MeV state a Serber central force with
Vil = 3,47 MeV and range 1.415 was used. Here the test was Fﬁ
of the wave functions and reaction theory.




6. RESULTS

the 2,31 MeV State

6.1 Results for Calculations of Inelastic Scattering to :1&

The results of DWBA 70 calculations for the central

rlus tensor forces described earlier are found in Figures

(b3 to 47). Certain characteristics are general to all these
results. It is clear that central forces alone cannot
reproduce the shape of the 2.31 MeV angular distribution.

In Figure 47 we have the results for the Serber central
force, S, direct and with exchange. These results are
typical., The calculated shape is too broad with too gentle
a slope at forward angles. The tensor force alone also
cannot reproduce the shape of the data. The angular distri-
butions calculated for OPEP alone are found in Figure(41).

At 24.9 and 29.8 MeV these calculations overstate the shape
of the experimental cross sections. At 36.6 and 40,0 MeV
the situation is complicated. While OPEP alone does not fit
the data, it seems to do slightly better at forward angles
than central plus OPEP calculations. See Figure (47, The
results for OPEP are very similar to those for the tensor
force derived from the Hamada-Johnston tensor force (HJ-T).

See Figure (AZ).

134
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FIGURE 41. ‘*N(p,p')*w" (2.31 meV) calculations with OPEP

alone.
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While the final calculations were made with the
Cohen-Kurath wave functions and optical model parameters
obtained as part of this work, Visscher-Ferrell wave func-
tions and other reasonable sets of optical model parameters
yield essentially the same results. Calculations for Visscher-
Ferrell wave functions are compared to those for the Cohen-
Kurath wave functions at 29.8 and 40.0 MeV and calculations
for the optical model used by Crawley et al. (Ca 70) are
compared to those for the optical model parameters of the
present work at the above energies in Figure(th

The shape of the resultant calculations and the
degree to which they agree with the data is mainly a function
of the interplay of the central and tensor forces and the
strength or range of the central force. At 24,8 and 29.8 MeV
the central plus tensor direct calculations overstated the
shapes of the experimental angular distributions. The rise
at forward angles and the height of the second maxima in the
calculated angular distributions were too great. In calcula-
tions with exchange at 24,8 and 29.8 MeV the shapé is either
reproduced well or washed out depending on the strength or
range of the central interaction. For central plus tensor
calculations at 36.6 and 40.0 MeV the direct results come
closest to reproducing the tensor only shape and thus the
data. With exchange included the shape of the results
deteriorate in general except when the central interactions

are weak, The inclusion of the spin-orbit force does not
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FIGURE &2, 1u.’\l(p,p' (2.31 MeV) calculations with: OPEP and
uJ-T alone at 40,0 MeV (A); V-F and C-K wave functions with S +
OPEP at 29.8 VeV (B); and optical model parameters of Cr 70 and

this work with S + OPEP at 29.8 MeV (C) and #40.0 NeV (D).
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TABLE 34, Comparison of central forces.,
Central Force HJ HJ-G BJ SMA S
Range (F) 1.0 1.0 1.359 1.0 1.415

Or calculated with
exchange (mb)

(Ep = 29.8 MeV) 0.483 0.217 0.492 0.536 0.214

Ordered by goodness of
central + OPEP fit
with exchange a) 4 3 2 5 1l

a) Fits to data rated by eye (1 = best)
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change the shape of the results greatly. See Figure(48)

Of the central forces tried those most directly
related to realistic forces were those taken from the even
parts of the Hamada-Johnston potential (H-J); the central
force made up of the H-J potential plus a Guassion singlet
odd poten?ial (HJ-G); and the central Blatt-Jackson potential
(B-J). The results for the H-J and HJ-G plus the Hamada-
Johnston tensor force (HJ-T) are found in Figures (43)and (44)
The HJ-G potential was put together to see if a force with
both odd and even components would make a noticeable difference.
The HJ-G central is weaker than the H-J potential in calcula-
tion with exchange. The total cross section for the H-J at
29.8 MeV is 0.483 mb and that for the HJ-G is 0.217 mb., See
Table (34). The HJ-G thus fits the shapes somewhat better, but
the improvement is not great, and is probably due to the
relative weakness of the force.

The results for the B-J potential plus OPEP are
found in Figure (45, The H-J and B-J potentials are about
equal in strength. The range of the B-J potential however is
longer, s+ = 1.359 F than the 1.0 F range H-J central. For
the H-J plus HJ-T force the shape of the cross section for
calculations with exchange is in poor agreement with the data
at all energies, while for the B-J plus OPEP calculations
the shape at 24.8 and 29.8 MeV is in good agreement with the
data. The B-J central plus OPEP interaction does not do as
well at 36.6 and 40.0 MeV.
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The results for the central potential taken from
the survey by Sam Austin (SMA) plus OPEP are shown in Figure
(46l The 1.0 F range SMA central force yields a total cross
section for the 29.8 MeV inelastic scattering to the 2.31
state of 0.536 mb. This is slightly stronger than the H-J
central potential, and it fits the data about as well as the
H-J potentials.,

The conclusion that these results lead to is that
the best central force to use should be relatively weak in
strength and long in range (see Table 34). Of the central
forces tried here, the weakest and longest range force that
still was derived from a realistic force, was the Serber
central force (S) with V,, strength 3.47 MeV and range 1.415 F.
The results of the calculations with S + OPEP are found in
Figure (47). This central force plus OPEP probably best
reproduced the shape of the data at the four energies con-
sidered. The S central interaction seems like the best
central force to use in drawing conclusions about the strength
of the tensor force.

When the 0.49 cutoff radius Hamada-Johnston spin-
orbit potential was added to S + OPEP, the total cross sections
decreased by about 25% and changed somewhat in shape. See
Figure(48. Since it was felt that this was a good estimate
of the spin-orbit potential, it was decided to include this
potential when extracting the strength of the tensor force.

The force of J-L Escudie et al. produced the results
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in Figure (49 The shape is reasonable for lower energies
but deteriorates rapidly as one goes to higher energies.

There is also evidence that other than direct
processes are contributing to the 24,8 MeV angular distribu-
tion at backward angles. Central plus tensor forces that
reproduce the dip at about 140° C., M. in the 29.8 MeV data
also predict a dip for the 24.8 MeV cross section. There
is no dip in the data. See Figure (47) for example.

After it was established that the best essentially
apriori fit to the 2.31 MeV state data is obtained with the
Serber central force plus OPEP and the Hamada=-Johnston spin-
orbit potential (rc = 0,49 F), calculations were made in
which the strength of OPEP was varied to see what ratio of
central strength to OPEP strength would best reproduce the
shape of the experimental data. The results for the Serber
central plus the Hamada-Johnston spin-orbit plus OPEP; OPEP
with a 25% increase in strength (1.25 x OPEP); and OPEP with
a 40% increase in strength (1.4 x OPEP) are found in Figures
50, 51, and 52. These calculations were scaled to best fit
the data, with emphasis on the foreward angle data. The

scale factors are found in Table (35). Of the three tensor

forces used, the 1.25 x OCPEP force best fits the data overall.

At 24,8 and 29.8 MeV the calculations with 1.25 x OPEP are a
definite improvement over those with OPEP., The distinction

is not so clear at 36,6 and 40,0 MeV, but the calculations




148

r
10 24.8 MEV

DIFFERENTIAL CROSS SECTION - (uB/'SR)

DIFFERENTIAL CROSS SECTION - (u8/SR})

0 30 60 90 120 150 180 0 30 60 90 120 150 180
C-N ANGLE - (DEGREES) C-1 ANGLE - (DEGREES)

DIFFERENTIAL CROSS SECTION - (uB/SR)
DIFFERENTIAL CROSS SECTION - (u8/SR)

9 30 60 90 120 150 180
C-f ANGLE - (DEGREES)

FIGURE 49, wN(p,p')mN* (2,31 MeV) calculations for

the complete Hamada-Johnston potential as put into Yukawa

form by Escudie et al, (Es 72).



149

105
3 e 24.8 MEV X 125
o s 29.8 MEV X 25
_ - 4 366 MEV X 5
& q* v 40.0 MEV
107
s F
' =
Z -
o
21031
:
n C
7)) -
4 =
G 402
O 10
J =
o -
= -
] -
G
- 10§
L -
a —
| U N Y Y WO O Y VY TN NN TR TO IS T W N .
0 30 60 S0 120 150 180

C-M ANGLE - (DEGREES)

*
FIGURE 50, th(p’p,)th (2.31 MeV) calculations for S
central plus HJ-LS plus OPEP., Calculations are normalized
to best fit the data at forward angles.




150

109 |
3 ® 24.8 MEV X 125
- ® 29.8 MEV X 25
- 4 36.6 MEV X S
’gc; - v 40.0 MEV
101
s UE
' C
CZ) -
2103
(& =
w =
n =
w ==
] _
o
c 108
_J =
@ .
H -
- _
z
w hoe
]
o 10_5.
= _
a n
) | 'S O N U T D U U D U T O

90 120 150 180
C-M ANGLE - (DEGREES)

o
w
=]
N
o

FIGURE 51. 1L’I\l(p.p')l’*N* (2.31 NeV) calculations for S
central plus EJ~LS and 1,25 x OPEP., Calculations are

normalized to best fit the data at forward angles.




151

105~
= ® 24.8 MEV X 125
- ® 29.8 MEV X 25
_ - 4 36.6 MEV X S
ac - 40.0 MEV
Q 104
R
. n
Z -
o
21030
(& =
w -
0 o
w —
2, =
&
G 10°
J =
a e
o | s
= _
Z
m =
{
e
w =
. -
o -
| I T W T TR Y Y YN W (N W DN N NN U N N

0 30 60 90 120 1S5S0 180
C-M ANGLE - (DEGREES)

3*
FIGURE 52, 1uX\I(p,}':')““N (2,31 MeV) calculations for S
central plus HJ-LS and 1.4 x OPEP. Calculations are

normalized to best fit the data at forward angles.
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TABLE 35. Calculation normalization factors.

Interaction Proton Energy Normalization
(MeV) Factor
+ OPEP 29.8 2.0
36.6 l.4
40.0 1.8
+ 1.25 x OPEP 29.8 1.40
36.6 0.93
40.0 1.18
S+ L S (HJ; re = 0.49 F) 24,8 1.50
+ 1.4 x OPEP 29.8 1.12
36.6 0.88

40.0 0.95
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Yith 1,25 x OPEP fit the data over a slichtly larger range
of forward angles than do those with OPEP. There is almost
no difference between 1,25 x CPEP and 1.4 x OPEP for the 36.6
and 40.0 YeV data and at 24.8 and 29.8 leV, 1.25 x CPEP yields
slightly better fits than does 1.4 x OPEP. The 1,4 x OPEP
calculations overstate the forward angle drop of the experi-
mental angular distributions at 24.8 and 29.8 ieV.

Comparison of the 24 LeV, th(p.p,)th* (2.31 eV)
acymmetry data of Escudie gt al. (es 70) with our calculations
for 24,8 eV incident protons indicates better agreement

when the spin-orbit force is included.

£.,2 Results for Calculations of Inelastic Scattering to
Stat OCther than 2,31 ileV Sta

Cf the measured inelastic scattering angular

14y only those to the

distributions to the other states in
3.94 and 7.03 XeV states are expected to be properly
described by Cohen and Kurath wavefunctions and consequently
only these were analyzed in any detail. For both of these
cases, the calculated total cross sections for 3’= 2 dominate
those for the other possible F’trénsfers. It is expected
that these transitions are mainly S = 0, L = 2 and so the
calculated cross sections were enhanced by a factor equal

to the ratio of the experimental E2 reduced transition

protability to the reduced transition probability calculated

with Cohen=-Kurath wave functions. The experimental E2
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reduced transition probability for the 3.94 to g.s. transition
was taken to be 9.0 ¥ 0.6 e?F* (01 67) and for the 7.03 to
r.s. transition, 3.4 % 0.9 ezi“l+ (C1 67). The respective
calculated reduced transition probabilities were 1.7 and 0.8
ezFu. The enhancement ratios were 5.3 and 4.3. The
angular distributions were calculated the Serber central
interaction (S). For the 3.94 leV state, the enhanced
calculated cross sections are of the correct magnitude.
(See Figure 54.) This is not the case for the 7.03 VeV
state., (See Figure 55,)

While the remaining inelastic scattering data
is yet to be analyzed in detail, it should be pointed

14

out that the calculations with the N wave functions of

14

True (Tr 63) and those with ~ N wave functions from the work

of Reehal gt al. (Re 72) produce the same results.
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7. CONCLUSIONS

The interaction that best fits the shape of the
inelastic scattering to the 2.31 MeV state in 14N at 24,8,
29,8, 36.6, and 40,0 MeV was a Serber central interaction
plus the Hamada-Johnston spin-orbit potential (rc = 0,49 F)
and OPEP with a 25% increase in strength. The overall
normalization factors for the calculated angular distributions
with this force are found in Table (35). The J, integrals of
the tensor potentials implied by these results are found in
Table (36) along with other estimates of the strength of the
tensor force as compiled by Sam Austin (Au 72)., The tensor
strength obtained by this analysis of inelastic scattering

1uN (probably the most complete to

to the 2.31 MeV state in
date) seems to be greater than that of earlier works. One

must keep in mind that the spin-orbit potential was included

in this analysis, but not in the other results in Table (36).
Inclusion of the Hamada-Johnston spin-orbit potential re-
sulted in a 25% reduction in the calculated total cross

section and a 12% increase in the required tensor strength,

The results of this work also included the effects of ex-
change. It is not clear how exchange effects the strength of
the extracted tensor force. In calculations made for this work

with OPEP alone, the direct calculated total cross sections

were about 25% greater than those with exchange. On the

158
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TABLE 35. Values of the tensor force.

Determination

Yy (p,p') L (@)
(2.31 1ev, O, 1)
E, = 24.8
29.8
36.0
40.0

Y46 (p, n) %N (g.s) (P)
Ep = 10.4 MeV
12.7
13.3
18.3

12, (p,p") 12
(15.1 Mev, 1%, 1) ()
Ep = 45,5
(2.71 1ev, of, 1) (@)
E, = 24.8 MeV
29.8

Vpa (V) < (1)

6.56
5.70
4.70
5.35

5.4
5.1
5.1
3.9

2035

3.9
14.6

1.23
1.23
1.23
1.23

0.707
0.707

10,707

0.707

0.707

0.707
1.23

prl)

4.0
4,0
4.0
4.0

2'0

3, (MeV-F°)

555
470"
397
454

L4
420
420
321

200

290
421
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TABLE 36 (con't.)

1p - shell, two body (e)

natrix elements 5.1 0.707 4.0 420
OPEP 318
138 (x, = 1.0 F) 288
(rc = 0.6 F) 294
(ro = 0.49 F) 295
a) Present work; only the present work includes the spin-orbit

b)

c)
d)

e)

f)

potential. Results including exchange are marked (*).
Reference Wo 71: wuses ROPEP form:

- - 3
Vp (1) = (U + ¥ Ky 0 Ry ) s, [5G - B2 o2(a)]

&
1} o3 - -2- —_—
vhere f(a) = 1 + = + ZJL—Z) f

or)
Reference Lo 70c. OPEP form.
24,8 McV: Reference Cr 70, ROPEP form.
29.8 MeV: Reference Fo 71, r2 - Y form.

‘Reference Sc 68, determined by Schmittroth from Cohen-Kurath

1P-she11 two hody matrix elements involving the 1+, T=0 and
o*, T=1 states only.
Reference Sc 71. For the part of the Hamada-Johnston potential

with r 2, Tae
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other hand, for central force calculations the exchange
total cross sections were greater that the direct. For
Serber central potential plus OPEP, the direct total
cross section was larger than that with exchange.

It is not clear that the results of the present
analysis can be directly compared to the earlier works listed

1“0 (pyn) 1L’N (gs) works were at proton

in Table (36). The
energies for which compound nuclear effects can be important.
Evidence for other than direct effects in the 24,8 MeV data
has already been discussed (Section 6.1). The 14N (p,p*)
analysis of Reference Cr 70 at 24,8 MeV used a tensor force
quite different in form from OPEP.

It might be pointed out that there is something of
a trend toward decreasing tensor strength with increasing
proton energy in the results of this analysis. It is most
clear for E_ = 24,8 and 29.8 MeV where the fits to the data

P
were more conclusive than at 36,6 and 40,0 MeV.



The work of extracting the strength of the tensor
force from calculations of inelastic scattering of protons
from the 2.31 MeV state of 1%N is not complete. While tnis
is the most complete analysis to date, the fits to the data,
especially at 36.6 and 40.0 MeV are not as good as one would
like. The fact that OPEP alone seems to reproduce the shapes
of the angular distributions better than the complete force,
indicates that perhaps the wave functions are not reproducing
completely enough the cancellation of the L = O central
amplitudes. Because of the small cross section, two step
processes may be very important. P. D. Kunz is now making
calculations that may clear up this point. It is possible
that contributions from the interior of the nucleus are too
large since we did not take into account the non-locality of
the Optical Model Potential, or possible density dependence
of the effective force. Damping of the contributions from
the nuclear interior have been shown to improve distorted

wave fits to (p, d) reactions in this mass region (P¢ 70).
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Al. GAS TARGET GEOMETRICAI. CONSIDERATIONS
Al,1 G-Factor Estimation

As stated in the text the G factor that appears in
the expression for the differential cross section is Just
the integral of the solid angle from any point along the
beam over the length of the beam that the slits define as the
target. If one assumes that the cross section is flat, that
the back aperture is a rectangle, that the front and back
slits are of equal width, that the difference between 9, e‘,
and 8" in Figure(3) -can be neglected, and that the distance
between some point along the line source and some point on
the back aperture does not change with the height of that
point on the back aperture, the integration is simple and
results in the following formula for G.

c2n
da

vhere C = the front and back slit widths

G =

b = the distance between the front and back slits

a = the distance of the back slit from the center
of the gas cell

h = the height of the rear aperture

o

de

do

For and set to zero, for slits meeting the
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conditions above, and for 6 = 90° agreement between the

program G-FACTOR and the above formula was good to 3%.

Al.2 Kinematic Broadening Estimate

The analysis that leads to the full-width at half \nﬁ
maximum (f.w.h.m.) of detected peaks first due to kinematic \'
broadening and the acceptance angle of the slit system is A
most straight forward at 6 = 90°, Since kinematic broadening 5

is near its maximum at this angle, this estimate is quite
useful. It is carried out here only for telescopes with
front and back slits of equal width. Figure (A1) shows the
geometry involved. The height of the peak due to particles
scattered at OL = 90° will be proportional to the length C.
Particles scattered at slightly larger or smaller angles
than 90° and allowed by the slits to be detected must come
from slightly shorter lengths of bombarded gas. The angles
that correspond to particles from lengths of gas C/2 will
correspond to the half height points of the peak. The
dashed lines in Figure (Al) represent this situation and from
this figure it is easy to see that the A 6 corresponding to
the half heighth of the peak on one side is arc tan '295' The
angle corresponding to the energy spread between the two
half height points is just 246 or 2arc tan s = &.
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FIGURE Al. Collimation slits defining the line source at
90° in the Lab.
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A2, TRANSFORMATIONS OF NUCLEAR FORCES FROM ODD-EVEN,
SINGLET-TRIPLET FACTORIZATION TO SPIN, ISO-SPIN
AND NEUTRON-PROTON FACTORIZATIONS

A central nuclear interaction expanded in terms of
the total spin state (singlet S or triplet T) of the two-
nucleon system and its relative angular momentum [even (E) or
odd (0)] can be expressed in terms of exchange and spin de-

pendence by means of the transformation below.
t3=0, T =0)m g (3tgp + 3 tag + tgo + 9 tpp)
t= 0, T = V= fp (tgp = 3 tyg = tsp + 3 tpo)
tG=1, T = 0)= g (-3 top + typ = tgg + 3 tmg)
ts=1, T = )= g5 (~tgg = top + tgo + tpp)
DWBA 70 uses neutron-proton representation for the nuclear

force. The corresponding combinations of the tST's for this

representation are

top(S = O)= t (S = 0)= toy + oy
top (S = Dat  (5=1)aty,+t,

The tensor and spin-orbit potential act only in
triplet or S = 1 states. Thus there are only triplet odd
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(VTO) and triplet even (VTE) terms in that formalism and
T = O,(VT) and T = 1’(VT7-) terms in the spin iso-spin
formalism. The connection between the two is as follows:
1
Vp =5 (Vpg + 3 Vo)
1

Vea =% (Vg + Vo)
The combinations of VT and vT?» that meke up the tensor
force input to DWBA 70 are below:

Vepn = Ve - Vra
The same transformations hold for the spin-orbit force.
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