ABSTRACT

INELASTIC PROTON SCATTERING AT 40 MeV

FROM THE EVEN NICKEL ISOTOPES

By

Kenneth M. Thompson

A study of inelastic scattering from the even nickel
isotopes has been done using 40 MeV protons from the
Michigan State University sector focused cyclotron. Angular
distributions from about 15° to 90° were obtained for each
nucleus in 5° steps using Ge(Li) charged particle detectors.
The best energy resolution achieved was 45 keV. All of
the resulting angular distributions are presented in both a
tabular and a graphical form.

A high precision goniometer was designed and con-
structed to facilitate the use of Ge(Li) detectors. The
details of the construction of this apparatus are given,
Also described in detail are the procedures used in the
calibrations of the remotely operated detector support and
target positioning mechanisms.,

The experimental angular distributions for all of the
observed states were compared with calculated distributions
using a collective model distorted ‘wave theory. From these

comparisons values for the nuclear deformation parameters,
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BL’ were obtained. The resulting nuclear deformations,
BL Ry, were used to calculate the vibrational model
parameters and the reduced transition probabilities. The
deformations were also compared to results from other
experiments. The fractional depletion of an energy weighted
sum rule and a sum rule based on the shell-model were also
calculated for each state. The dependence of the reduced
transition probabilities and sum rule limits on the model
used for the nuclear charge density was also examined. The
results of these calculations for a uniform charge density
with r, = 1.20F and r, = 1.31F are given along with those
for a Fermi distribution with r, = 1.10F and a = 0.566F.
These are tabulated for all of the observed states.
Comparisons of the calculated quantities were made
with results of experimental étudies of electromagnetic
transitions in the nickel isotopes. There were also com-—
parisons made with the results of calculations using
strongly admixed spherical shell model configurations done
by N. Auerbach and a modified Tamm-Dancoff approximation

done by Ram Raj et al.
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CHAPTER I

INTRODUCTION

In recent years there have been many studies done in
the 2p3/2, 1f5/2, 2p1/2 region of the periodic table. Of

particular interest in this thesis is the work that has been

done on the stable even nickel isotopes 58Ni, 60Ni, 62Ni

and6uNi. Fricke et al. (Fr 67b)%, for example, have used

b

elastically scattered protons and their measured polariza-

58

tion to establish the optical model potentials for Ni and

6ONi at 40 MeV. Fricke et al. have also studied the inelas-

tic scattering and the inelastic asymmetries of 40 MeV

protons from the highly excited first 2* and 37 states in

58 60

“Ni and” "'Ni (Fr 67c). There have also been a number of

other studies involving these targets: for example (o, a')

on 991 ana ®ONi (Ja 67) (In 68), (d,a') on®Oni, 01,

62 58 60 8

Ni (Jo 69), and (e,e') on °°Ni, °°Ni (Cr 61) and on °ONi,

60Ni, 62Ni (Du 67). 1In most of these experiments the
emphasis was placed on the strongly excited states.
In addition to these experiments theoretical calcula-

tions of the excited levels and reduced transition

*

The references are specified by the first two letters
of the primary author's surname followed by the year of
publication. These are listed alphabetically at the end of
the thesis,
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probabilities have been made for these isotopes. N,
Auerbach has, for example, described the nickel isotopes

in ferms of strbngly admixed spherical shell-model neutron
configurations (Au 67). Raj et al. have also done calcula-
tions for the even nickel isotopes using a modified Tamm-
Dancoff approximation (Ra 67).

As pointed out by Glendenning and Veneroni (Gl 66) the
proton is a useful probe of the microscopic structure of the
nucleus. They calculate the (p,p') angular distributions
of the low lying levels of the nickel isotopes using a
microscopic description of the excitations. Comparison of
results of the present work with these calculations are not
given in this thesis, but these comparisons are expected
to be made in the near future.

The nature of these experiments and theoretical calcu-
lations revealed the need to do a systematic study. The
study which was done for this thesis, therefore, involved
the examination of inelastically scattered, 40 MeV protons
from the even nickel isotopes. For such a study to render
information to test the microscopic interpretations,
angular distributions were needed for the weakly excited
states as well as for the strong, collective states.

In order to obtain these distributions a detection

system was needed which had-good resolution and which would

minimize the background contributions.
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A Ge(Li) charged particle detector was selected
for this experiment. 1In order to facilitate the use of
this detector system, a "spider" geometry scattering rig
was designed and constructed. The details of the design
and construction of this goniometer, i.,e., angular measur-
ing device, are given in Chapter II and Appendix I.

The collective model distorted wave theory (Ba 62)
(Sa 64) was used in the analysis of the angular distribu-
tions obtained in this experiment. This type of analysis
has developed into a widely accepted method and therefore
provides results which can be readily compared or repro-
duced if necessary. The optical model parameters used in
the calculations were obtained from Fricke et al.

(Fr 67b). The analysis of the present data yielded
deformation parameters, BL’ for the observed states.

There is evidence that the low lying excited levels
of the nickel isotopes are vibrational in character (La 64)
(Bo 67a). For this reason the vibrational parameters
associated with the observed states were calculated.

Recent studies of electron scattering from the
nickel isotopes (Du 67) (Cr 61) yielded values for the
reduced transition probabilities for various states;
therefore, the B(EL)'s were also calculated for the pre-

sent experiment to allow comparisons with those earlier

experiments as well as with several theoretical estimates.




Using the comparisons between the results of this
experiment and other experimental and theoretical studies
it was possible to draw some conclusions concerning the
extraction of model dependent parameters from the experi-

mental data and the consistancy of several theoretical

approaches,
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CHAPTER II

HIGH PRECISION GONIOMETER

Before the data for this thesis was acquired, the
instrumentation needed for obtaining angular distributions
of charged particles using Ge(Li) detectors was designed
and built. The form of construction used in the final
system is a "spider" geometry similar to that used by
others (He68a) (Ca67). This consists of detector position-
ing elements outside of a central vacuum chamber with the
detectors viewing the targets through a 8liding vacuum
seal. The alternative vacuum pot configuration, in contrast,
consists of a vacuum chamber containing the detection
instruments and targets. This vacuum pot design, however,
was less compatible with our experimental requirements.
Since the fundamental purpose of this instfument is to
measure the angular positions of detectors, it is called

a gonlometer.

2,1 Design Features

This device was built to facilitate charged particle,
nuclear reaction studies 1n the energy range of 20-75 MeV,
In particular the design was guided by the experimental

requirements of inelastic proton scattering and 3He




induced reactions. Among the proposed experiments, there

were many which needed to use Ge(Li) charged particle detec-
tors because of their energy resolving capabilities. Such
detectors have been successfully fabricated at Michigan
State University Cyclotron Laboratory (MSUCL) by a group
supervised by C. R. Gruhn (Gr 68). They have been shown to
be capable of giving energy resolution of 22 keV FWHM for 40
MeV protons (Gr 68a). Several types of packages were tried
by this group for maintaining these detectors at liquid
nitrogen (LN2) Temperatures in a vacuum environment. A
package similar to the vertical cryostat design of Chasman
(Ch 65) was found to be most convenient, and, therefore,

the final design of the goniometer wa:c made to be compatible
with such a package.

The final configuration of this device is the result
of compromising on several points. The results of a number
of experiments representative of a variety of reactions were
examined. The largest fractional change in the differential
cross sections corresponding to an angular variation of 0,01°
was estimated in each case. A maximum fractional change of
2% was defined as being acceptable. This required an
angular precision of at least 0.02° in the majority of
cases examined.

In order to obtain high angular precision as well
as to allow for flexibility in the use of this device, the
final design incorporated a 4 foot radius detector support

called the main arm. This arm can be remotely positioned

lI...lIIIIlIIIIIIlIIIIIIIIIIIlIIIIlIIIIllIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIII




wlth an accuracy of *0.02° relative to a reference direc-
tion. Implementing a support capable of holding a vertical
cryostat, detector package at this radius inside a vacuum
pot scattering chamber would necessitate a very large

vacuum system. The chamber would be prohibitive in cost,
and the necessary evacuation times along with the difficulty
of reaching the interior points would make this approach
unacceptable. The spider geometry, on the other hand,
avoids these problems since the detector positioning ele~
ments are located outside of a small, central, target vacuum
chamber,

2.1.a The Ge(Li) Detector
Package--Figure 2,1

The Ge(Li) charged particle detector configurations
which have been used at MSUCL have been discussed elsewhere
(Gr 68)(Gr 68a). The detector package which was found to
be most convenient to use is a vertical cryostat design.

The final goniometer design facilitates the use of this

type of package. The final configuration does not, however,
prevent the use of other choices of detectors or detector
packages.

The Ge(Li) detector needs to be kept constantly in a
vacuum and at temperatures near the boiling point of LN2,
77°K. This vertical cryostat design contains an isolated,

copper cold finger which is put into LN2 and is 1in thermal

contact with the detector. The vacuum is maintained inside




2.1 Vertical cryostat Ge (Li) detector package.




the enclosure by a cryopumping agent. The portion of the

package containing the cold finger and cryopump can be

inserted into the neck of a standard, 25 liter, LN2 dewar
permitting the storage of.the system for up to 2 weeks with-
out refilling.

The detector mount connected to the cold finger con-
tains the collimator which defines the solid angle of the
detector system. The package cap which encloses this mount
contains an entrance port for the scattered particles. The
exact details of this port and of the coupling used
between this package and the target chamber depend on the
requirements of the experiment. Several possible configura-
tions are described here.

The package itself may contain a thin foil window.
This window must be opaque and be able to sustain atmospheric
pressures. It must, however, produce a minimum energy
straggling contribution in the scattered particles. Win-
dows that have proven successful in covering holes up to
3/8 inch in diameter are 1/10 mil Havar® and 1/U mil,
aluminized mylar. The staggling contributions have been
calculated for 40 MeV protons to be about 9 keV and 3 keV
respectively. The calculations use a computer program,
TARGET, by J. J. Kolata. This program incorporates calcula-
tlons of the Vavilov distribution of the energy of the
transmitted particles. These windows have been glued to

the aluminum cap using Eastman 910 adhesive.

*Hamilton Watch Company, Lancaster, Pennsylvania.

?—
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The package can be coupled to the foil window of the
target chamber (see Appendix I) by using an evacuated tube
with a thin foil window on each end. One of these addi-
tional windows can be eliminated by coupling the tube
directly to the cap through an O-ring seal. A second window
can be eliminated by permanently coupling the tube to the
cap and removing the window on the cap itself.

The KF-20 Leybold vacuum fitting shown in Figure 2.1
is attached to the cap through an O-ring\seal, This fitting
allows the convenient implementation of the second arrange-
ment described above. It also provides a means of coupling
the detector to the target chamber through a pipe attached
to the sliding seal. The window on the cap can also be
eliminated by connecting a ball valve, for example, to this
fitting. This allows the detector to view the target
through the sliding seal in a windowless geometry providing

the ultimate conditions for high resolution experiments.

2.1.b, List of Included Features

In addition to the aspects described above there are
additional features included in this goniometer which add
to 1ts versatility and convenience. The following list
enumerates these features as well as those presented above
and those of general interest. These are described in

detail in section 2.2 and Appendix I.
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1. An adjustable stand which permits adjustment of
both the vertical and horizontal position, and
the levelness.

2. A remotely movable U-foot radius detector
support, the main arm, capable of holding a
vertical cryostat for Ge(Li) detectors and the
associated LN2 dewar, or a maximum of 100 1bs at
4 feet.

3. A precision of +0.02° in positioning the main
arm.

4. A manually positioned secondary arm that can be
positioned to *0.1° and can support a maximum

of 50 1lbs at 2 feet.

5. A central, target vacuum chamber compatible with
a sliding vacuum seal or with a thin foil window.

6. A target transfer and hold lock.

7. A target height positioning system with a pre-—
cision of +1 mil.

8. An automatic target selection system for three
targets.

9. A vernier dial readout for the main arm position
capable of being read through a television
system to 0.005°,

10. A target rotating system with a precision of
t0,3°,

11, A local control of all functions.
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12. 1Independent, remote digital readouts for the
main arm, target angle, and target height
positions.

13. A remote, graphic readout system which indicates
the relative angular positions of the detector

supports, the target, and the incident beam.

2.2 Goniometer Construction
and Operation

In order to provide a system which was to be easily
modified, the goniometer was designed for a modular con-
struction. The mechanical as well as the electrical
assemblies are composed of individual, easily removed sec-
tions. This design philosophy permits modifications to be
easily incorporated into the total system to satisfy the
requirements of a specific experiment.

This goniometer is comprised of three basic units
Jolned by one multiconductor cable and by 48-pin connectors.
These units are a semi-portable goniometer drive and two
control and power supply assemblies, one at the local
station and one at the remote. These can be interconnected
in either a retracted or an extended configuration allowing
for the system to be easily moved from one location to

another and to be conveniently tested.
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2.2.a Goniometer Drive

The goniometer drive assembly is shown in Figure 2.2.
This includes three remotely controlled drive systems which
position the target and the 4 foot radius main arm. These
systems are rigidly fastened to an adjustable steel and
aluminum base (Figure 2.2A). The four threaded steel legs

allow the goniometer to be adjusted so that the main arm is

located between 3 and 12 inches below the scattering plane.

These also permit alignment such that the main arm remains
in a level plane during a complete revolution with its center
of rotation intersecting the incident beam line. An X-Y
stage is also incorporated to allow for a maximum of 1 inch
of adjustment in the horizontal plane.

There are two rotating elements in this system which
are used to locate detectors with respect to the beam direc-
tion (Figure 2,2C). First there is the 4 foot radius,
remotely positioned, main arm. This element has a dual
beam, counter balanced construction capable of supporting
& maximum of 100 1lbs at a radius of 4 feet. The dual beam
design allows the vertical cryostat, Ge(Li) detector package
along with its LN2 dewar to>be securely supported between
the minimum and maximum radial positions.

This arm is driven by a Slo-Syn, SS1800-1005,
bifllar stepping motor which is operated in both an AC
synchronous mode with a speed of 72 RPM and in a DC

stepping mode with 200 steps/revolution at a speed of 20
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steps/sec. The motor 1s connected to the main arm through
a Hzlngear train (see Figure 2.2B) and a 90:1 worm gear,
This worm gear mechanism is a Bridgeport, 15 inch, rotary
mill table. The resulting rotational velocities of the
arm are 72°/min with the motor running in the AC mode and
6°/min for DC operation.

This table is a precision device and precautions were
taken to prevent overloading the gears which it contained.
To permit the use of the maximum load described above, it
was necessary to construct an arm which allowed for a small
flex when the angular position of the element was changed.
The details of these considerations are given in Appendix I.

The angular position of the main arm is indicated by
a vernier scale with a least count of 0.005° and a remote
digital readout with a least count of 0.02°, The digital
counter is driven by a pair of synchro motors which is con-
nected directly to the Slo-Syn motor shaft.

The second detector positioning element is a 3/4 inch
thick aluminum arm located just above the main arm. This
manually positioned element has a radlus of about 2 feet,
and 1s designed to support maximum loads of about 50 1lbs.
The angular position is indicated relative to the main arm
by a vernier scale with a least count of 0.1°.

The drive mechanisms for the target angle and target

height are located below the rotary table. Both of these

utilize a worm gear driven by a dual speed motor system.
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The position of the target is indicated on two remote
digltal readouts each of which 1is driven by a pair of
synchro motors which is in turn connected to the drive
motor shaft. The least count on the angle readout is
0.02° while the height is 0.2 mil., The gear train used

in changing the angular position of the target results in
an angular velocity of U432°/min in the fast mode and 36°/min
in the slow mode. The target height can be varied at a
speed of 1.80 or 0.072 inches/minute. Below the target
drive elements are located five microswitches which are
activated by a cam on the end of the target shaft. Two of
these switches define the target height limits of travel
while the remaining define the predetermined positions for
three targets in the target holder.

Located just above the arms of the goniometer is the
target vacuum chamber (Figure 2.2D), containing a 6 inch
high target ladder. The exact configuration of this chamber
depends on the experimental needs. These determine, for
example, what type of monitor port is incorporated and
its position. Also, the experiment dictates the type of
beam entrance and exit ports used and the type of coupling
needed between the detector and the target vacuum chamber.

The target chamber was designed to be easily modified
by providing a feplaceable.section in the median plane,

The first section constructed is 8 inches in diameter and




has two fixed monitor ports at -45° and -135°, a slot for
the scattered particles from -15° to 170°, and a single
beam port. There is an O-ring seal around the outside of
the slot which permits the use of a sliding vacuum seal
as well as a thin foil window.,

The sliding seal is similar to others (Fe 66) (Bo 67)
and was designed to be used with Ge(Li) detectors in a
windowless geometry. The seal strap is made of 10 mil
stainless steel and is rotated using only the scattered
beam port to transfer the torque between the main arm and
the strap. The lubrication of this seal which provides a
satisfactory operation is Dow Corning, high vacuum,
silicone grease. A mixture of vacuum grease and oil with
molydenum disulfide powder was also tried but was rejected
because i1t was less convenient to use.

A thin foil window of 1/2 mil Kapton* has also been
successfully used in place of the sliding seal on this
chamber. Both of these designs are used with an external
beam dump located beyond the goniometer. As a result the
particle beam must pass through either the foil window or
the steel strap. 1In the latter case serious background
radiation is produced and is, therefore, a limitation to the
usefulness of this design.

In order to remove this limitation of the 8 inch

chamber a 16 inch diameter section was fabricated with the

*
E. I. DuPont de Nemours, Wilmington, Delaware,
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following features: It includes a sliding seal with a
similar construction as the first, and extends from 8° to
110°. This still allows the angular distributions to be
obtained, however, from 8° to 172° accomplished by rotating
the chamber 180°. It also includes a windowless beam exit
port as well as an entrance port, along with two monitor
slots with removable thin foil windows of Kapton.

A target transfer and hold lock (Figure 2.2E) is con-
nected to the top of the target chamber through a standard,
4 inch, Marman vacuum coupling. This lock consists of two
vacuum valves and a small chamber containing a transfer
mechanism. This assembly can be used to insert a target
into the central chamber without breaking the chamber vacuum
or, if necessary, without exposing the target to the atmo-
sphere,

The detector carriage is shown in Figure 2.2F. The
detector packages and the LN2 dewar are held by this support
between the dual beams of the main arm. The radial position
of the detector is fixed securely when the detector mount
is tightened and the carriage is pinned to the main arm
with 1/4 inch, steel dowels. In addition to the single
detector mount shown here, a dual mount has been made for
holding two detectors side by side. The LN. dewar used

2
with this latter system has-a pot life of about 10 hours.




