ABSTRACT

INELASTIC PROTON SCATTERING

FROM 480A

By

‘Carl Jerome Maggiore

Inelastic proton scattering from the nucleus 480a has been per-
formed at four energies: 25.11, 29.83, 35.00, and 40.21 MeV, using
the proton béam from the MSU sector-focused cyclotron. Cross sections
were taken every five degrees from 130 to 100o with Ge(Li) counters
fabricated at this laboratory.. The overall resolution obtained was
less than 30 kev at all energies.

',The elastic scattering from 480& was compared with the elastic
" scattering from 40Ca using the optical model. It was found that the
relative matter distributions are in agreement with the predictions

of the Al/3 law

The inelastic scattering revealed several previously unreported
excited states in 480a. Angular momentum transfers for most of the
states were obtained by comparison of the shapes of the angular dis-
tributions to those of known L. Where possible, spin assignments are
inferred on the basis of this and other data.

The experimental angular distributions are compared with calcu--
lated distributioné using the collective model distorted wave Born
approximation. The nuclear deformations obtained are used to calcu-
late the vibrational model parameteré and the reduced trgnsition
probabilities. The results are compared with previous inelastic

alpha scattering ekperiments and inelastic electron scattering




results. The energy dependence of the results and the sensitivity

of the deformations to the optical model parameters were studied.
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1. INTRODUCTION

48¢4 is‘a'doubly'closed shell nucleus and is used as the core

for a large number of nuclei in the { region of the periodic

7/2
ltable. Relativély,little work has been done on 480a because of

the difficulty obtaining cargets.* Inelastic alpha scattering
perfdrmed a£ 42 ¥MevV (Pe 65) and 31.5 MeV (Li 67) has identified the
épins and -parities of the strongly excited states, but the resolu-
tion of ~100 keV is not able to resolve many.of the weak or high
lying stateé. The 46Ca (t,p)ASCa reaction has been used to study
the level structure of 48¢4 (Bj 67) and detects a large number of
levels, but the experiment was only able to positively identify the
0+ levels in ABCa. Inelastic proton scattering is able to identify
angular momentum transfer reasonably well if the data are clean, and
has the advantage of being a useful probe of the microscopic struc-
ture (Gl 66). Therefore the present experiment involving inelastic
proton scattering was undertaken.

The ability of the (p,p') reaction to identify angular momentum
transfer increases as the incident beam energy increases, also the
direct reaction theory is expected to be more correct at higher '
energies where compound nuclear effects are small. The experiment

was performed at four energies to check the comsistency of the DWBA

* 48Ca is a stable nucleus, but constitutes only 0.18% of the
natural abundance of Ca.
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method of analysis and thé collective model calculations.

The experimen;zwas performed.with Ge(Li) counters because these
detectors are able to give 30 keV resolution at 40 MeV, and they have
;he dynamic range needed to obtain the data in a reasonable period of
time.' A magnet spectrogréph can yield better resolution, but at the
time was not available. Stacks of Si(Li) countefs, while able to
detect 40 MeV protons, cannot do so with 30 keV resolution and clean
valleys.

The experiment was performed with the goniometer of Ken Thompson
(Th 69), which was designed specifically for use with Ge(Li) detectors.
The detectors were fabricated in this laboratory. A discussion of the

fabrication techniques is presented in Appendix I.
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2. EXPERIMENTAL PROCEDURE

2.1 Modifications to the Goniometer

In order to obtain the data for this experiment in a "reasonable"
period of time it was decided that a detection system that would allow
simultaneous data taking at two angles was needed. Other requirements
were that small angle data into 15° be taken, and that the only windows

the scattered protons  traverse be the 1/4 mil aluminized mylar windows

on the detector cryostats. Therefore it was necessary to design a new

16" larget chamber with a sliding seal for use with the goniometer
(Th 69).

The modular design of the goniometer makes it barticularly con-
venient for modification to particular experimental requirements. The
details of the 16" target chamber are shown on MSUCL drawing HA-110-
901-H. The basic design calls for input and exit ports compatible
with the taped beam pipe and slip-fit O-ring seals used previously.
The data taking window extends from 10° to 110°. There are two view-
ing ports opposite the data taking window that extend from 20° to 70°
and from 110° to 160°. There is also a fixed Leybold fitting at 90°
on this side of the chamber. On the data taking side of the chamber,
there are two BNC feed throughs at 145° and 155°, and another Leybold
fitting at 135°. -

This particular design allows data to be taken from about 12° to

110°. 1If one wants to take data at scattering angles.larger than 110°




the chamber may be rotated 180° and data taken from 70° to 170°. The
monitor counter may be set on the secondary arm at any angle to view

the beam through the monitor ports or at either of the fixed Leybold

'
1

fittings.

The sliding seal ié composed of a 1/8" O-ring inset in the chamber
and a sliding steel strap made of 9 mil shimstock. Pressure sensitive
teflon tape was applied to the chamber and the clamping ring to provide
a smooth non-stick surface for the steel strap. In practice it was
necessary to glue fhe O-ring into the groove in the chamber to pfevent
movement of the O-ring when the steel strap was moved. In addition
the strap and U-ring were well lubricated with Dow Corning silicome
high vacuum grease. No particular problems were encountered with the
sliding seal in use as long as it was kept clean and lubricated.

Tue vacuum feed throughs to the detector cryostat caps were short
sections of 3/4" copper tubing. The tubing was soldered into a brass
block which was in turn soldered to the steel strap. The cryostat
caps were coupled to the copper tubing using a simple O-ring slip
fitting.

To provide the counter torque needed when the sliding seal is in
motion, the target chamber was rigidly attached to a quadrapole support
stand with a 1" X 5" aluminum arm. This same quadrapole support stand,
which was bolted to the floor, was used to suppart the vacuum diffusion

pump for the goniometer.

2.2 larget Storagc System

/

The target used in this experiment was relatively expensive and
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it would oxidize completely if exposed to the atmosphere for a few
hours. Therefore, it was necessary to design and build a vacuum
storage system for the target. The goniometer was initially designed
with a target transfer lock which could be ﬁsed to transfer a target
into the target chamber without breaking vacuum (Th 69), therefore
the target storage system was designed to be compafible with the
transfer unit of the goniometer.

A modular design consisting of three basic units was used. A
cryogenic pumping system with three ports, a transfer valve, and a
storage chamber are the three basic units. The details for the target
storage system are shown on MSUCL drawings HA-114-100-F to HA-114-106-F.

The cryogenic pumping system is based on a Linde LD-10 cryosorption
pump attached to three NRC 1253-1 1/8" valves which are coupled to the
standard 4" Marmon flanges. A cryosorption pump was used because a
system was needed which was independent of probable university-wide
power failures. While it is true that the pump must always be kept at
liquid nitrogen temﬁerature, it was not felt that this was a particular
disadvantage, since the detectors also had to be stored at liquid
nitrogen‘temperature and épuld be kept at the same dewar.

The second unit in the storage system is the storage-transfer
vaive. This is a~vhcudm valve which has 4' Marmon flanges on both
sides,'can hold a vécuum on either side, and is wide enough to allow
passage of a‘l_l/4" target frame in the"opén position.

The third unit is the storage chamber itself which is merely an

aluminum chamber with a lucite window and a target holder.

.~ To make a target transfer from the storage system to the goniometer




the portable storage system is moved out to the experimental area near
the goniometer. The storage valve is closed and the storage chamber
and valve removed from the cryosorption pump. The transfer unit (Th 69)

is attached to the storage valve and then evacuated. The valve is

opened and the target moved into the transfer unit. The valve is
closed and the storage cﬁamber is removed from the valve. The trans-
fer unit with the target is now attached to the goniometer. When the
goniometer is evacuated, the transfer valve is opened and the target

is transferred to the target ladder of the goniometer. The complete
4

transfer 'in vacuum requires about 45 minutes.

2.3 Cyclotron and Beam Transport

The lMichigan State University sector-focused cyclotron (Bl 66)
was used to produce the proton beams used in this experiment. The
machine is a variable energy, isochronous cyclotron utilizing an
electrostatic deflector and magnetic channel for single turn extrac-
tion. The experiment was performed with an internal beam of 1 to 5
microamps. The extraction efficiency varied from 70% to 100%. The
beam current on target was varied from 3 to 90 nanoamps depending on
the scattering angle.

The extracted beam is focused and energy analysed by the beam
tranéport system shown in Figure 2.1. The two horizontal bending
magnets, M1 and 42, are used to center the beam on the object slit,
S1, and to align the beam parallel to the beam pipe axis. The quadra-
pole doublets, QL and Q2, are used to focus the beam on slit Sl. The

divergence of the beam is defined by slits Sl and S2 which are separated
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by 48 inches. M3 and M4 are two 45° bending magnets which are the
primary elements of the analysis system. The quadrapole doublet Q3
focuses the beam on slit S3. M5 is another 45° bending magnet which
deflects the beam into the goniometer. The duadrapole doublets Q4
and Q5 focus the beam onto the target. More complete desériptions
of tiie properties of the encrgy analysis system have been publishgd
elsewhere (ila 67) (Sn 67). During this experiment the slits S1 and
S$3 were set at 15 mils for energy.resolution of 10 keV. 82 was set
at 100 mils to yield a beam divergence of *2 mrad.

For the final beam preparation a scintillator with a 1/8 inch
hole in the center was inserted in the target ladder of the gonio-
" meter. The beam spot was viewed with a television camera to check
for proper focus and centering. In addition a tantalum ring, R1,
with a 1/2 inch hole was located 16 inches in front of the target
on the beam axis. The beam current on this ring was monitored through-
out the experiment. The criteria used to insure proper alignment of
the beam were: a well focused and centered beam on the scintillator,
minimum current on the ring, maximum current in the Faraday cup, and
minimum neutron background in the experimental room.

During the experiment the beam spot on target was approximately
1/16 inch wide and 3/8 inches high. The current on the ring was
always less than 1% of the beam dumped in the Faraday cup and was
usually 0.1% or less. The curreat on the ring was probably due to
slit scattering from S3. The neutron background in the experimental

area provided a very sensitive test of the alignment of the beam into




the goniometer. If the beam scraped the beam pipe, the input snout,
or the exit snout it would increase the neutron background by 2 or
3 orders of magnitude.

The Faraday cup used in this experiment is actually only a
shielded beam dump and as such was not intended to measure absolute
charge accurately. A 12 foot section of beam pipe, insulated from
the goniometer by a Dglrin spacer, with a 1/2 inch thick aluminum
cap was used. -It was surrounded by concrete and parrafin shielding
described elsewhere (Th 69a) to reduce the neutron background seen
by the detectors. |

The Faraday cup was 1n contact with the parrafin and concruete
shielding blocks and was probably subject to some leakage current to
ground. The Faraday cup was connected to an Ortec model 439 current
digitizer use& with an Ortec model 430 scaler to integrate the charge.
The current digitizer outputs a logic pulse for every 10_10 Coulomb
of.integrated-chargé. This logic pulse is then fed into the scaler
to recotd the total integréted charge. This arrangement provided
relative numbers for the ﬁotal incident charge for each run; these
numbers were used as a check on -the monitor>counter which was used

for the actual normalization.
2.4 Detectors

The detectors used in this-experiment were lithium drifted germa-
nium counters of the surface barrier geometry designed specifically

for this experiment. (See Appendix I) The two detectors were
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separated by 14.6°. The small angle counter was 13.25 inches from
the target and had a final 30 mil Ta collimator that was 6.6 mm high
and 2.2 mm wide. The large angle counter was 11.25 inches from the
target and had a final 30 mil Ta collimator that was 6.2 mm high and
2.2 mm wide. The two detectors were operated at 1500 V and 1200 V
bias respectively with leakage currents of less than 0.1 na.

The monitor counter used in this experiment was also of the
Ge (Li) type, but since optimum resolution was not required, it was
used in the side entry geometry. The detector was mounted in a
Harshaw cryostat of the "sausage" type (Model 15). The monitor
counter was mounted at a fixed angle on the secondary arm of the
goniometer.. The protons scattered into the monitor coupter traversed
an air space of about 1/2 inch between the 1/2 mil Kapton window on
the target chamber of the goniometer and the 1/4 mil aluminized mylar

window on the cryostat.
2.5 Electronics

The electronic equipment used in this experiment is shown in
Figure 2.2. At the time the experiment was performed, it was neces-
sary to use father unconventional.arrangement of the electronics to
obtaln acceptable fcéblution. It was our experieace that with
commerciélly available electroniés, after amplification to the
required 5 to‘iO_volt output signal, the rms noisg level would be
3 to 4mv, thus yielding a precision of 0.04% to 0.06% in the voltage
measurcement. At 40 MeV this corresponds to a contribution of 16 to

24 keV to the overall resolution. This was not acceptable.
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It was found that by using a modified Ortec 109A preamplifier
and the second stage of the Tennelec TC200 amplifier, the total
electronic noise as measured with a Canberra stabilized pulser
(Model 1501) was less than 6 keV at 40 MeV. fhe outputs of the
amplifiers were fed into two Northern Scientific NS 629 analog-to-
digital converters. The ADCs were interfaced to a Sigma 7 computer
which was used to store the data. The ADCs were set to provide 8192
channel conversion gain. Only the upper 4096 channels of information
were stored by uéing the 4096 channel digital offset. Using this
configuration spectra were obtained with about 5 keV per channel.

Conventional electronics were used with the monitor counter:
Ortec 109A preamplifier, Ortec 410 linear amplifier, Ortec biased
amplifier and into a Nuclear Data 160 multichannel analyser.

To make tﬁe dead time corrections two Ortec 420 single channel
analysers were used. A‘window was set on the elastic peak from the
monitor counter; the output of the single channel analyser was used
to feed an Ortec 430 scaler and the channel zero of each NS 629 ADC.
The Ortec 416 gate ahd’délay generator was used to provide proper
pulse shaping‘for‘thebADCS. The dead time correction was made by
comparing the number of counts in the scaler with the number of
counts in channel zero. A similar arrangment was used to make the
dead time corrections for the monitor counter. The dead times through-

out the experiment were always less than 5%.

2.6 Data Acquisition

The data were acquired during two three day runs. Data for
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each energy were taken at 20 angles in 5° steps from about 13° to
100°. The da;a at 28° and 73° werc taken twice, once with each put
in poéition fo; aligning the beam at the next energy. The counters
were removed during fhe(alignment'procedure to prevent radiation
damage frém the neutron background. -

The.reéolution obtained during fhis experiment was between 25
and 30 keV (FHHH). he contributions to this energy resolution are
listed in Table 2.1. Notice that the straggling contributions from
the windows add directly rather than an quadrature, and they are the

1afgest contribution to the energy resolution.

Table 2.1 Contributions to the energy resolution

Source AE(keV) é&EZ(kGVZ)
Electronics 6.0 36
Ion pair statistics 6.2 39
Nuclear collisions 0.7
Straggling

Target ' 5
Package window 5.3 18.3 ' 337

Detector window 8.

Bean ' 10 _ 100
Kinematics 10 100
Total ~ - 24.5 602

Representative spectra at each energy are shown in Figures 2.2 - 2.5.
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3. DATA ANALYSIS

In this experiment the relative cross sections were measured
using a monitor counter for normalization. Thc avsolute cross

. L R o
sections were obtained by normalizing the 0

Ca elastic scattering,
observed at large angles, to previous work and using the ratio of
isotopic abundances in the target (c.f. Sec. 3.2).

The use of a monitor counter at a fixed angle to provide the
relative normalization for eachh run eliminated the need to know the
exact areal density of the target, solid angles of the detectors,
target angle, and total incident charge.

,

The relative normalization between the two detectors used in

this experiment was determined by taking data at a number of overlap

angles. Dead time corrections were made for both detector ADC's as

well as the monitor counter ADC.

3.1 Angle Calibration

The program, PLAKSTRIP, written by R. A. Paddock, was used to
obtain the centroid, net counts, and statistical error in the counts
for cach peak in the spectrum.  The input cousisted of thie two channel
numbers, defining the edges of each peak, and the backgrounds at these
boundary channels. A linear background is assumed under the peak. If
there were more than.30 counts in the peak, the centroid was determined

using the top two-thirds of the peak; otherwise the total peak was used.

i8
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The fractional standard error for the counts in each peak was
determined by the formula
A% = (X + 2512
N

wiiere N is the total number of counts and

B is the total background count.

To determinc the scattering angle for each spectrum the computer
program, ANGCAL, was written. The program input consists of the
centroids of three uncontaminated peaks, one of which is moving kine-
matically faster than the other two. The two slowly wmoving peaks are
used for energy calibration, the third peak is used to determine the
angle. An initial guess is made for the angle, and ;hén, through an
iterative proéedure,Aﬁhe actual scattering angle is determined. The
process usually converges within four iterations. Relativistic kine-
matics, calculated by the.program KINE, written by P. J. Plauger, are
uscd throughiout. Typically elastic scattering from i or 120 was used
for the fas; moving peak, and the gfound state and known excited states
of 48Ca'(Ma 66) (Bj 67) were used for the kinematically slow moving
peaks. fhe angle calibration determined by the above procedure is
believed accurate to +0.1°; the major limitations are the accuracy
with which the centroid can be determined, the uncertainty in the
energy calibration curve, and the uncertaihty of the incident‘beam
. energy.' |

3.2 Normalization

The relative normalization for each run was obtained by
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normalizing to the total counts in the elastic peak observed by the
monitor counter. In each monitor spectrum the edges of the elastic
peak were chosen at a constant fraction of the total peak height.

The ratio of monitor counts to the intégrated'current for each run
was calculated and found to be constant to within 57%. It is believed
that tie monitor counter yields the better rélative normalization
since the current digi;izer and Faraday cup were subject to some
leakage current,

Since data were taken simultaneously at two angles during the
experiment it was necessary to determine the relative normalization
between counters. This normalization is determined by the difference
in s0lid angle subtended by the two counters and any difference in
the detection efficiency of the two counters. The relative normal-
ization between couﬁters for this experiment was determined by taking
data over the same angular range with each counter and then normal-
izing one angular distribution to the other. This was done at each
enerpy and found to be constant within 2%7. If a large error werc
made in the relative normalization between counters, the cerror would
show up as systematic discontinuities in the angular distributions of
all states at the overlap angles where one counter started taking data
and tihe other stopped. -HNo such discontinuities in the angular dis-
tribufions were obségved.-

At scéttering angles greater than 05° this experiment was able
to completely resolve‘tﬁe elastic scattering from 40ca and 48Ca.

Table 3.1 lists the composition of the target used in this experiment.




Table 3.1 Isotopic analysis of the target."

Isotope : Atowic % Precision
40 : " - 3.58 +0.05
b2 0.05 ~ +0.01
4 _’ o.oi
4h B 0.11 +0.02
4 <0.01

48 96.25 - +0.05

* Determined by the Stable Isotopes Division of the Oak Ridge National
Laboratory where the target was made.

Table 3.2 Contributions to the uncertainty in absolute normalization.

Source %
Target composition 2
Normalization of 40ca 5
R 1]
Statistics: Ca peak 7
Monitor peak 3
Total - -~ 10%




/,
40, . X . ; .
Ca is the major contaminant and the relative

It can be seen that
amount is determined to within 5%. Accurate elastic scattering data
for 40¢a already exists (Fr 67); therefore it was decided to normalize
tiie present 480& data usigg the ratio of isotopic abundances in the
target. As can‘be seen from Table 3.2, the absolute cross sections
determined in this manner are accurate to*10%Z. The principal contri-

butions to the uncertainty are the statistics of the 40¢c, elastic

peak and the absolute normalization of the 40¢, elastic scattering.

3.3 Excitation Lnergies

To deterﬁine the excitation energies of the various states
observed, the program FUILTARCAL, written by R. A. Paddock, was used.
The input was the output of PEAKSTRIP plus information concerning
target composition, targe; orientation, the reaction involved, the
detector angle, and a set of standard reference peaks. The program
uses the referencé peaks to determine a calibration curve of given
order, winich is then used to find the excitation energies of the
unknown peaks. The program accounts for,target thickness and uses
relativistic kinematics throughout.

The reference peaks used for calibration purposes were the
ground states of 48Ca, l60, 120, the 4.44 MeV state of 12C, the

8

excited states of 4 Ca listed in Table 3.3, and the (p,d) ground

state. Only reference peaks that were free of contaminants were

used.

In order to use the deuteron peak as a calibration point in




the proton spectrum it was necessary to make a correction for the
window in front of the detector. Since the deuteron loses more
energy than a proton of the same energy in traversing the 1/4 mil
aluminized mylar window, it was necessary to calculate the difference
in energy loss between a proton and deuteron of the same energy and
add this correction factor to the excitation energy of the dcuteron.
This correction factor varied from 20 to 60 kilovolts depending on
the energy and angle of the scattered deuteron.

Both linear and quadratic energy calibration curves were tried.
It was found that both linear and quadratic calibratiomn curves yield-
ed excitation.energies for known states that agreed with those of
Marinov and Erskine (Ma 66) to within the calculated uncertainties.
As might be expected the quadratic curve yielded a better absolute
fit to the known excited states up to 7 MeV in excitation energy.

As a check on the calibration curve above 7 MeV, the deuteron
peak corresponding to the 2.580 - 2.600 doublet in 47Ca was used.
Again the necessary corrections to make the deuteron look like an
equivalent energy proton-were made. The linear calibration curve
predicted the position of the deuteron doublet to within 7 keV with
an uncertainty of £11 keV. The quadratic calibration curve predicted
an excitation energy for the doublet that was approximately 50 keV
high.

Without strong evidence to indicate that a quadratic or higher
order calibration curve was needed, it was decided that the linear

energy calibration curve would be used. These results indicate that
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N . s 48,
Table 3.3 Excitation Inergies of " Ca.

L (sieV) L* (teV) £ (ev) =¥ (tleV)
Present bata Ma 66 La 66 Bj 66
(p,p") (psp") (p,t)
3.830+40.005 3.8331 3.818 3.827F
4,284 4,272 4.281
4.50240.004 4,506t 4,498 4.496%
4.607+0.006 4.613 4.604
5.142-:0.004 5.146 5.13
5.24940.008 5.266
5.298+0.007
5.362+0.005 5.3687 5.37
5.459
5.72340.004 5.728 5.724
6.073+0.008 6.106 6.096
6.335+0.0605 6.338" 6.34 6.329%
6.642+0.009 6.61 6.645
6.786-0.008 6.79 6.793
6.885+0.008
7.00940.008
7.32040.025
7.401405.025
7.47140.025
7.521+0.025 _
7.643+0.006 7.650
7.786+0.007
7.940+0.006 7.97
8.037+0.009 8.018
8.250+0.008 8.237
8.364+0.010 8.268
8.473
8.501+0.008 8.513
8.54340.008 3.538
8.589+0.007 8.604
8.658+0.010
8.697
8.786+0.008 8.782
8.868+0.008
+Points used to determine the energy calibration curve.
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the detectors and clectronics used in this experiment yielded a data
taking system which was linear to within 0.1% over a 10 MeV range of

excitation energy.

3.4 Cross Sections

The program RELTOMOM, written by R. A. Paddock, was used to
convert the PEAKSTRIP output and the monitor counts into the centex-
of-mass cross section for each peak. It was at this point that
spurious data points were recanalyzed. Whenever possible, corrections
were made for contaminated peaks.

In particular 126, 160; and 4OCa were subtracted from the forward
angle-elastic scattcring., To make these corrections the cross scc-
tions of the eiastic scattering from 12C and 160 were used, where
kinematically separated, to determine the relative amounts of carbon
and oxygen on the target at each energy. Using the known 120 and l60
cross sections (Ca 67), the background subtraction could be made at
smalier angleé. "The total amount of 12C and 160 on the target was
approximately constant throughout the experiment. The same technique

was used to subtract the excited states of 4OCa from the 4803 excited

states when they were not kinematically separated.




4. OPTICAL MODEL STUDIES

In order to perform the distoréed wave Bérn approximation cal-
culations, it ié necessary to obtain the optical potential which
describes the elastic scattering at each enérgy, because it is used
to define part of the wave function in the entrance and exit channels.
The optical potential is also of interest in itself Secause the para-
meterization used to describe the optical potential defines a radius
which is usually associated with the matter distribution. Since
good proton eiastic scattering data exist for AOCa (Xu 70) (Fr 67)
the study of the difference between elastic scattering from 40¢ca

48

and ""Ca and its relation to the optical model was undertaken.

4.1 Optical Model for DWBA Calculations

A commonly used optical potential, which has been found adequate
to describe cross section and polarization data throughout the peri--
odic table (Fr 67), is of the form

V() =V (@) - V) £ ) - 100 - 4y d)EGxp) + (/me)? VL _DEGx)L.s

de r dr

Vc is the Coulomb potential for a uniformly charged sphere of radius

1/3

1.25 A™"7. The geometry is of the Woods-Saxon form, that is

f(xi) = [1 + exp (xi)]ml where

; x, = (r - riAl/3)/ai.

26
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Fricke et. al. found a set of average optical potential parameters
which fit a large number of targets. These paramcters are listed in

Table 4.1.

Table 4.1 TFricke's average optical parameters.

r, = 1.16F ' ' a = 0.75%
r; = 1.37F ' ‘ a; = 0.63F
r, = 1.06F ’ a, = 0.738F
Vs = 6.04 MeV

Tt was found that by using these average geometry parameters a
reasonable fit to the elastic scattering data could be found by search-
ing on the potential well depths Vo’ wo, and Wy The optical model
search code, GIBELUNDP, was used to minimize A2 by varying the potential
wvell depths. The quan'tityzf2 is a measure of the goodness of fit of

the thieory to tue data.
2 N 2
)( = %_-Z[("'T‘n(ei) =Ty (07)) T, (8;)]
av L':,

where U is the number of points, 01\(61) aud<TThGSi) are the experi-
mental and theorcetical cross sectjons at the angle Oi, andﬁfﬂx(ei)

is the experimental error associated with the it! data point. The

final parameters used at each energy are listed in Table 4.2.
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table 4.2 Potential well depths using Fricke geometry.

pnergy (eV V_(eV) H_(ieV) W, (ieV) paIL
25.11 50.98 0.60 €.04 11
29.83 495,353 3.96 3.61 11
35.00 48.80 5.24 2.34 7
40.21 : 47.67 5.24 2.35 4

The fits provided'by these parameters to the data are shown in Figure &4.1.
In extracting a deformation paramcteré% for the inelastic scatter-
ing (see Scction 5.) there is a possible ambiguity due to tne fact that
the real and ihagiﬁary geometries are not equal. Thereforc, a set of
optical paraméters were found with the additional comstraint that the

real and imaginary geometries be equal. In this analysis r, =T = 1.20F

and a, = ap =-0.68F. The optical strength parameters are listed in

Table 4.3.

Table 4.3 Potential well depths with equal real and imaginary geometries.

‘na IS | ™ s A ) 2 at

Enargy (ieV) v, (eV) W, GleV) W, (feV) Pt
25.11 51.72 0.36 6.95 13
29.83 45.93 . .. 0.15 6.57 6.4
35.00 46.50 3.49 4.62 3.6
40.21 46.58 4.13 4.57 2.0

The fits to the data are shown in Figure 4.2.
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48C

4.2 Optical Hodel Difference Between 4OCa and a

Electromagnetic studies of the relative charge distributions of

the calcium isotopes indicate that’ for 48Ca relative to 4oCa, the

half density point of the charge distribution (Rop) increases by
0.15F and the surface diffusivity decreases by 12%Z. (Fr 68) Recent
optical model analyses of 30 MeV elastic alpha scattering from these
nuclei by Bernstein, et. al. indicate that AR, = Rop(‘*OCa) = 0.15F
and the surface diffusivity is essentially unchanged (Be 69).
Fernandez and Blair have calculated a strong absorption radius for
42 teV elastic alpha scattering and also find AR20.15F with the
diffusivity being a constant. (Fe 70) .

If one assumes that the matter distribution is related to the
geometry of the optical potential used to fit the eléstic scattering,
then one may be able to determine differences in the matter distri-
bution by looking at differences in the optical potential. We have
therefore used the optical model to fit the 4OCa data and fix the
potential well depths at each energy. The 48Ca data are then fit by
using the potential strengths obtained from the 40Ca analysis and
performing a search which grids the parameters determining the geom-
etry of the optical model. Such a grid search was performed so that
the sensitivity of the fit to the radius and diffusivity would be
determined.

The optical model with its'iarge number of parameters prescnts

a problem in itself since many of the parameters are known to be

coupled. It was therefore decided to simplify the potential as much
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as possible. he spin-orbit potential did not improve the fit to
the data, particularly since polarization and large angle data were
not being fit. Therefore, the spin qrbit terms were eliminated
entirely with no effect on the results presented here. One possible
optical potential would have a Coulomb term and either a surface or
a volume imaginary term along with the real volume term. In this
potential the real and imaginary terms have the same geometry. As

a first try, therefore, a potential of the following form was used:

U(r) = Uc(r)-[VR~i4WNg_]f(x)
Ddx

<y~ - al/3
£(x) = (L+e¥) L vhere x = (F7Toh /

)

a

This is essentially the same potential used by Bermstein et. al. in
their alpha particle analysis except that a surface absorption rather
than volume absorption term is used. The procedure was to fix the

Lo G0, ) 5 . .
geometry for the ~~Ca analysis (ro = 1.25 fm, and a = 0.065 fm) and

search on V}

2 and W, to obtain the best fit at each energy. Then a

"geometric' analysis of the 48ca data was made by holding V- and Wy

the same for both isoteopes and performing a grid search on T, and a.
An immediate objection to the procedure of holding VR the same

for both nuclei can be made since there is a symmetry term in the

SYM(“;A)' (S1 68) This is

particularly important if one is trying to describe differences in

real central potential of tihe form V

the elastic scattering by differences in the geometry because of the

Vr2 ambiguity in the optical model. (Pe 62) Therefore a grid search
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*8ca)y = v (40ca) +

. 48, .
was also performed for the Ca data wiere V_ 2
. . n \

VSYM(ﬁ:E). The valpe of.'VSYLI used was 26§4 HMeV (Fr 67) which added
A .

4.4 eV to the real well déﬁth of AOCa. The results of a grid search
on ro.and.avafe most easily visualized using‘én iso-—l2 plot as in
Figure 4.3. It can be seen that the radius has a more well defined
minimum in 22 space than the diffusivity and that the two parameters
are slightlf coupled. Plots at the other energies are shown in
Figures 4.4, 4,5, and 4.6. lHotice that the minimum in 22 for the
25 eV data is nof well defined as a function of diffusivity.

To investigate the sensitivity of the results to the form of
the iﬁaginary potential, the same calculations were performed using
volume absorption only and a combination of volume and surface absorp-
tion. The quality of the fit at any given energy varied depending on
the form of the imaginary potential. The higher energy data was fitted
better with more volume absorption and the lower energy data was fitted
better with more surface absorption. The geometry parameters yielding
a best fit in each case weré, however, approximately independent of
the form of the imaginary potential at each energy.

Elastic proton scattering is often fit with an optical model
having a different real and imaginary geometry. The sensitivity of
the results to the requirement that the real and imaginary geometries
be equal was investigated by using the geometry parameters of Fricke,

40 '

et. al. (Fr 67) for the "~Ca data. The results at each energy are

i

listed in Table 4.4 and are in reasonable agreement with the results

obtained by holding the real and imaginary geometries equal. The
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