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INTRODUCTION

The elastic scattering of alpha particles from 12¢ has been
investigated in many laboratories.ls2 Recently, by studying the
12 (x¢,p) and 37?@‘,no) reactions, Bernstein gg._lé found an iso-
spin-mixed doublet near an excitation energy of 18 Mev in 160,
These states are excited by alpha particles with laboratory energies
of 13,97 and 14.60 Mev. Hence, it is worthwhile to make a careful
study in this region in an attempt to obtain more information about
the states in this doublet. Using the Western Michigan University
Van de Graaff accelerator, the elastic scattering process was studied
in the bombarding energy range from 13 to 16 Mev. Sixteen excita-
tion functions and twenty five detailed angular distributions were
measured and these data will be presented in the thesis.

In addition to obtaining the data, a phase shift analysis of
the angular distributions was started. Such an analysis will provide
information regarding states in 160 which have excitation energies
between 17.05 and 18.89 Mev, Preliminary fits have been obtained to
the angular distributions in the range from 17.05 to 17.89 Mev.
These fits and the phase shifts will be displayed. The properties of
three levels found in 160 as a result of the phase shift e2nalysis

will be presented.
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EXPERIMENTAL ARRANGEMENT
Target

A self-supporting carbon foil target of 50 «g/cm? thickness
was used in this experiment. The carbon was evaporated onto a glass
slide by the Yissum Research Development Co. (Cat. No. 1604B). The
carbon foil was separated from the slide by immersion into distil-
led water. The foil, which floated on the surface, was then lifted
by an aluminum target holder of 7/8 inches by 5/8 inches with a 3/8
inch diameter hole in the middle. The film adhered to the mount and
was ready for use after a short drying time. Efforts had been
directed to select the most uniform portion of the film and to
obtain the smoothest possible target surface.

The major contaminants in this 12¢ target are 16O, 1§ and 13c.
The 160 and 1H may have come from the water used in floating off the
film. The abundance of 13C in natural C is 1.11%. These contami-
nants were identified in the spectra of scattered particles. The
abundances of the contaminants are not large and, at most angles, the
elastic scattering peaks due to the contaminants could be separated

from the elastic scattering peak due to 12¢,
Accelerator

A beam of alpha particles was obtained from the Western Michigan

University Model EN Tandem Van de Graaff accelerator. Helium gas was
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fed into the duo-plasmatron ion source. Hydrogen was used as an
exchange gas in the electron pickup canal. The duo-plasmatron ion
source and the deflection of the beam into the accelerator has been
discussed in some detail by Carter and Davis.# The He~ ions coming
from the ion source were first accelerated through a high potential
difference of four or more millions of volts towards a high voltage
terminal. At the high voltage terminal of the accelerator, located
at the center of the machine, the beam passed through a stripping
canal containing oxygen gas. Some of the beam then emerged from this
canal as doubly-charged positive ions. The ions emerging from this
canal were then accelerated through the same potential difference.
The beam was then momentum analyzed by a magnet which was formerly
calibrated by determining the threshold of the 27Al(p,n) reaction as
well as the thresholds of other reactions.5 A switching magnet
directed the analyzed beam into the scattering chamber. Energies
ranging from 13 to 16 Mev were used in the experiment and beam cur-

rents were normally between 20 and 50 nanoamperes.
Scattering Chamber

The target and alpha-particle detectors were located in a 17-
inch scattering chamber (Ortec Model 600 Series No. 25). 1In this
experiment, the chamber pressure was kept at about 1072 microns with
a diffusion pump. The detectors were mounted on a turntable inside
the chamber. The entire assembly could be rotated from the outside
without breaking the vacuum seal of the chamber., Also the target,

located at the center of the chamber, could be independently rotated
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from the outside, At the entrance to the chamber, the alpha beam was
collimated by using two collimators, 0.107 inches in diameter, and

separated by 17.25 inches.
- Detectors

The elastically scattered alpha particles were detected at three
angles simultaneously by using three solid state semiconductor detec-
tors. They were mounted on the turntable in the chamber and sepa-
rated by 20° (see Figure 1). A collimator of 3/16 inches in diameter
was inserted in front of each detector. The distance from the colli-
mator to the target was 5 and 61/64 inches. The half angle subtended
at the target by the collimator aperture was 0.9°, With an 241 p
source positioned in the chamber, the resolutions of these three
detectors for 5 Mev alpha particles were determined to be 27-, 34-
and 32-kev.

At small angles, the elastic scattering due to impurities is
difficult to separate from the elastic scattering due to 12¢. Hence
the detector with the best resolution was used at the most forward
angles. The resolution of 27 kev was achieved by cooling the detec-

tor to about -7°C with a thermoelectric device.
Electronics

The pulses from each detector were amplified by an Ortec Model
109A preamplifier and an Ortec Model 451 amplifier. These amplified
pulses were monitored by a nuclear data Model ND-510 multichannel

analyzer, an oscilloscope readout being used with the analyzer (see
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Figure 1. Electronics layout for data measurements
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Figure 1). An Ortec Model 420A single channel analyzer was used to
select an energy region about the elastic peak. The energy range of
this window was preset using an Ortec Model 204 precision pulse
generator (not shown in Figure 1). The pulses from the single chan-
nel analyzer which accompanied the detection of pulses within the

. energy '"window' were then counted by an Ortec Model 484 scaler., The
number of alpha particles passing through the target was determined
by integrating the beam current with a Brookhaven Model 1000 current
integrator. After the pre-selected amount of charge had been col-
lected, a signal from the Ortec Model 431 preset scaler stopped the
counting ;caI;rs.

Keeping the accumulated charge at a constant amount of 0.48
microcoulombs, excitation functions of the elastic scattering were
measured at sixteen angles over a laboratory energy raange from 13 to
16 Mev. The data were taken in energy steps of about 30 kev except
over the range from 14.344 to 14.639 Mev where steps of 15 kev were
taken. Using the same target and under the same conditions, twenty
five angular distributions were measured with an angular step of 2.5°
at the laboratory angles ranging from 11.5° through 166.5°. All data
were taken using three detectors simultaneously. For the angular
distributions, the settings of the laboratory angles of the three
detectors were so arranged that the angles of the middle detector
overlapped with the angular ranges of the other two detectors. This

was done to help normalize the data from the three detectors.
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DATA REDUCTION
Excitation Functions

Three detectors were used so that three excitation functionms
would be obtained at the same time. Excitation functions were deter-
mined at laboratory angles of 14.5, 23, 34.5, 43, 54.5, 63, 72, 84,
92, 104, 115, 125, 135, 145, 155 and 165 degrees. The laboratory
energy of the incident alpha particles was increased from 13.191 to
15.646 Mev in steps of about 30 kev, except between 14.344 and 14,639
Mev, where steps of about 15 kev were taken. As shown in Figure 2,
two different target positions were used,

Since the solid angles subtended by the three detectors at the
target were different, data collected by detectors 2 and 3 (see
Figure 1) were multiplied by the ratios of the solid angles of dec-
tors 2 to 1 and dectors 3 to 1 respectively. To obtain these ratios,
each detector in turn was placed at a laboratory angle of 119° and
the counting rates for the elastic scattering of 14,738 Mev alpha
particles were determined. In this manner, solid angle ratios of
1.10 + 0.01 and 0.98 + 0.009 were obtained for detectors 2 to 1 and
detectors 3 to 1 respectively.

Since the beam did not strike exactly the same area on the
target for the two positions shown in Figure 2, the target thick-
nesses were slightly different for the two positions. Data col-
lected with the detector in the position shown in Figure 2(b) were
normalized to the position shown in Figure 2(a) in the following

7
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manner. Detector 1 was set at a laboratory angle of 84° and the
counting rate determined with the target in the two different posi-
tions. This was done at several beam energies. The target thickness
at.position (a) divided by the target thickness at position (b) was
determined to be 0.95 + 0,02,

In this manner the 16 excitation functions were normalized to

correspond to a single detector and single target position.
Angular Distributions

Twenty five angular distributions were measured in the labora-
tory energy range from 13,191 to 15.646 Mev. The three detectors
were rotated in 2.5° steps from a laboratory angle of 11.5° to
166.5°. This resulted in some overlaps of the angular ranges
covered by the three detectors. These overlap regions were quite
vzeful in insuring that the energy windows were not inadvertently
placed over the wrong peak, which occéssionally occured in an
angular region in which the lZC(tx,d)IZC cross section was low. This
overlap also provided a check on the normalization to a single detec~-
tor solid angle. Again, there were two target positions (see Figure
3). The target position in Figure 3(a) is the same as that in Figure
2(a), but the position shown in Figure 3(b) differs by 180° from that
of Figure 2(b). So, a different ratio, 1.03 + 0.02, was obtained in
the same way as before to normalize the target position shown in
Figure 3(b) to that shown in Figure 3(a). Unfortunately, normaliza-

tions due to different solid angles and different target positions
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were not the only ones necessary.

At the end of the experiment, it became clear, from discrepan-
cies between the angular distributions and excitation functions,
that carbon had been continuously accumulated on the target over the
long period necessary to obtain the angular distribution data. To
correct for the increased target thickness due to the carbon buildup,

the angulzar distributions were normalized to the excitation functionms.
Differential Cross Sections in the Laboratory System

Because it would be very difficult to measure the thickness of
our target, conversion of the counting rates to cross sections was
done by using the 12C(p,p) 12¢ cross section measurements of Moss and
Haeberli® at 5 Mev. The experimental arrangement used to measure
the 120(&,0:)12C counting rates was used to measure the 12C(p,p) 12¢
counting rates at 5 Mev and these results were compared with the

following cross sections quoted by Moss and Haeberli:
Ocm(84.7°) = 36.6 + 1.46 mb/sr
Oem(133.7°) = 33,8 + 1.35 mb/sr

" The angles are in the center-of-mass system., We wish to determine

Kp defined by

O'{ab(f') =Kp X (counts)1zp

This can be written as

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Oem(0)
X (counts)qgp

Xp = Tea(®
olab(w)

where 8 is thg%sé%%y

¢ in the labortory system. Using our counting rates and the cross

in the center-of-mass system corresponding to

sections of Moss and Haeberli, we obtained

Kp(8 = 84.7°) = 0.00260 + 0.00010

Kp(6 = 133.7°) = 0,00286 + 0,00011

-

The averaged value of 0.00273 + 0.00007 was used.
Next K, the factor for converting counting rates to cross

sections in the alpha particle scattering experiment, was calculated

from Kp by
Ip .
Ke =3 Fp

where Ip and I, represent, respectively, the total number of protons
and the total number of alpha particles collected during a single
counting rate measurement. Ke was determined to be 0.0273 + 0.0007.
In the 12¢(p,p)12C measurements, the target used was not the
one used in the 12C(x,«)12C measurements. Hence, a 12C(¢g«012C
excitation function was obtained with the new target and, by com-
paring the results with the corresponding ones obtained with the old
target, a K¢ appropriate for the old garget was obtained. This

result is

Ke¢(old target) = 0.02775 + 0.00076
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12

which was used to convert the counting rate data to cross sectioms.
Differential Cross Sections in the Center of Mass System

The cross sections in the laboratory'frame of reference were
then converted to the center-of-mass system using a computer program
which generated the appropriate conversion ratios. A tabulation of
these cross sections is given in Appendices I and IT. In Table 1,
the present results are compared with those of Carter, Mitchell and
Davis.2 Their results were presented graphically and the entries in
Table 1 were obtained from these graphs. The agreement is generally
quite good.

The total uncertainty in the cross sections is about 5% which
includes a contribution of 17 for normalizing the various detectors
to -a single detector,'a contribution of 2% for normalizing to a
single target position, a contribution of 4% due to the uncertainties
in the cross sections which were used to convert our relative cross
sections to absolute cross sections, and a contribution of the sta-
tistical flunctuations, The total uncertainties, as listed in Appen-

dices I and II, are calculated using the following formula:

(total uncertainty) = (cross section) X [(1/100)2 + (2/100)2
2 1/2
+ (4/100)% + (/N/N)
Not included in the errors given in the Appendices are system-
atic errors due to the presence of contaminants. Contributions to

the counting rates due to contaminants will result in systematically
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high cross sections at the forward angles. Also no attempt was made

to correct the data for the angular range accepted by the detectors.

TABLE 1

Comparison of the Angular Distributions between the Experimental Data
and Those from the Previous Work of CarterZ at a Laboratory Alpha-par-
ticle Energy of 14,019 Mev

Ocm CM cross section CM cross section
(Carter) (Experimental)
(deg) (mb/sx) (mb /sr)
30 270 275.0
45 13 12,0
60 75 68.0
75 8 8.5
90 20 19.8
105 . 18 20.2
120 9 5.0
135 19 19.0
150 0.4 0.5
165 120 109.0
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PHASE SHIFT ANALYSIS THEORY

In a quantum mechanical treatment of the scattering process, an
incident beam of uncharged particles, far from the scatterers, may
be represented by a plane wave, eikz, propagating in the direction
of increasing z. Far from the scatterer, the beam scattered into a
small solid angle may be represented by a plane wave. The piane
wave can be expanded in a series of partial waves,7 each character-
ized by a particular value of angular momentum (2). The interactiocn
between a scatterer and an incoming particle is then represented by
a shift in the phase of each outgoing partial wave with respect to
the incident partial wave, It is, therefore, fruitful to parame-
terize the experimental scattering data in terms of phase shifts,
The resultant phase shifts then provide information about the nucle-
ar interaction. In the present case, the incident particles are
charged, which result in more cumbersome expressions, since the
Coulomb field must be taken into consideration. Nevertheless, a
phase shift analysis is still possible and the expressions given
below are correct for charged particles,

The cross section, %55(9), is obtained from the amplitude,

f(8), by the formula
dotigy = ]2
4% = | £

with © representing the scattering angle in the center-of-mass sys-
tem. For spin zero charged particles (alpha particles in this case)

14
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15

on spin zero nuclei (12C nuclei in this case), the scattering ampli-
tude can be written as a sum of two terms, one term (f¢) accounting
for the Coulomb potential and the second term (f;) accounting for

the nuclear potential. These amplitudes are given by the following

expressions:
£.(8) = --%21[ cscz’%exp[inln csc2 %]
. 1L i 2id
£n(8) = %—( s (22 + 1)?, (cosO)eM’ (1 -e t X)

2=0
where k = mv/h = wave number of the incident particle
m = mass of incident particle
v = velocity of.the incident particle in the center-of-mass
system
dg = nuclear phase shifts
n= z2'e? /v
f = Planck constant divided by 2y

Ze = charge of incident particle

Z'e = charge of target nucleus

®p = Coulomb phase shift = 2 ﬁl arctan (1/j), with &, = 0
J=

B = Legendre polynomial of order £, and

L = the maximum value of £.
When the energy of the incident alpha particles is sufficiently
large for inelastic events to occur, the phase shifts are complex

and will be written

d’ =5'2 + iPx
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2idyg 2idy

-2
with Y! = e P‘t. The imaginary part of the phase shift accounts

The term e in the expression for f is now written as {!e
for the loss of particles from the elastic scattering channel. The
total reaction cross section is given by

O%r =§2§) 22+ (1 - [y]?
A value of unity for a Yp then indicates that no inelastic scatter-
ing takes place for that partial wave.

Since angular momentum and parity are comserved in nuclear re-
actions and since, in the present experiment, the projectile and
the target both have spin zero, the spin and parity of a level ex-
cited in the compound nucleus (160 in the present case) are given by
J=Q and n = (-1)! . The behavior of the lth phase shift as a func-
tion of energy in the vicinity of a compound nucleus resonance de-
pends on the ratio [/, where e is the elastic width and [’ the
total width8 of the resonance. On Figure 4 is shown the change in
the &th phase shift with energy in the vicinity of.an isolated level
with J = f for several values of [o/f. 1In principle, then, a phase
shift analysis will provide J values for levels in the compound

nucleus and an estimate for [e/l".
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PHASE SHIFT ANALYSIS
Procedure

In seeking a set of phase shifts which will fit an angular dis-
tribution, the computer program minimizes an error function, XZ,

defined by

x2 = talTT UET] Z[(H_)TS - s’

where 07t = calculated total reaction cross section

OgT = experimental total reaction cross section

AgRT = uncertainty in experimental total reaction cross section

( )T = calculated elastic scattering cross section

]

()E

experimental elastic scattering cross section
E = uncertainty in experimental elastic scattering cross
section, and
N = total number of scattering angles.

The computer program, BIG, was written by Mr, Jon Sledder under the
supervision of Professor Larry Oppliger. Dr. Juan Ramirez added a
subroutine which compares the experimental angular distribution with
the angular distribution given by %he phase shifts found in the
search by plotting both distributions on the same graph. The pro-
gram was used on the WMU PDP 10 time~sharing Computer,

The phase shift analyses were performed on the experimental

angular distributions given in Appendix II., However the uncertain-

ties used were, over part of the angular range, different from those
18
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listed in Appendix II, Since the peaks due to the elastic scatter-
ing from 13¢ and 160 were not resolved from the peak due to the
elastic scattering from 12¢ at small angles, and since it would be
difficult to correct the data for the presence of these isotopes,
the uncertainties were taken to be 50% for center-of-mass angles
less than 41.55°. Also since no correction was made to the data for
the finite angular resolution of the detector system and since this
correction would have the largest effect in the regions of sharp
minima, when the uncertainties listed in Appendix II dropped below
1.0 mb/sr, the uncertainties used to obtain a X2 fit were set at 1.0
mb/sr. These are in no sense realistic errors but were used to de-
emphasize these angular regions to avoid a false X2 minimum. After
a X2 minimum was obtained, the experimental and theoretical angular
distributions were compared visually to ensure that the fits at the
forward angles and the minima in the angular distribution were rea-
sonable. If they were not, another X2 minimum was sought., Also
since there are sixty three scattering angles and only one total
reaction cross section, a low value for X2 could be obtained which
yielded an unreasonable value for the reaction cross section. Such
fits were also rejected and other fits obtained,

The experimental "total" reaction cross section used.was the
sum of the cross sections for the 1ZC(-(,p), 12C(¢.,n) and lzC(-t,o(l)
reactions. The 12C6x,p) and 12C@£,n) total cross sections were
obtained by fitting the differential cross sections of Bernstein

et 13 with a series of Legendre polynomials.9 As is well known, the
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coefficient of the zeroeth order Legendre polynomial is simply re-
lated to the total cross section. The I?CGX,«j) total cross section
was obtained by making a Legendre polynomial fit to the angular dis-
tributions of Carter _E.gl,lo The Legendre polynomial fits were made
using the computer program LEGFIT supplied by Dr. Juan Ramirez. The
total reaction cross sections used in the X2 analysis are shown in
Figure 5.

It is helpful to think of a %2 surface generated by permitting
all the phase shifts used in the analysis to take on their full
range of values. A very large number of local minima can be found
in such a surface. It is not only impossible, but unenlightening to
investigate all of these minima as a large number would give accept-
able fits to an experimental angular distribution. In fact, as
pointed out by Gersten,11 for the case of spin-zero particles on
spin-zero nuclei, 2L+l sets of phase shifts can be found which will
give the identical angular distribution and total cross section,
where L is the maximum value of the angular momentum. The problem
is to find "physically meaningful" phase shifts. Jolivettel? has
shown that if a set of "unphysical" phase shifts are obtained as a
function of energy, then partial waves with #-values neighboring a
partial wave going through a resonance will also exhibit resonance-
like behavior. Jolivette then suggests that the physical set is the
one which exhibits the fewest resonant states. A similar procedure
was employed in the present analysis. It was insisted that a par-

———

tial wave vary slowly and smoothly with energy uniess it is going
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through a resonance. If it is going through a resonance then it
must behave in a reasonable manner, or else another solution was
found. An attempt was made to avoid ''resonances" for which there
was no physical evidence.

The analysis was started at the lowest-energy angular distri-
bution. Starting phase shifts were generated using the optical
potential obtained by Brady 95.51;3 from a study of the lzc(ogqg)
process at a laboratory energy of 8.00 Mev. A fit was then obtained
by varying these phase shifts. The first nine partial waves were
used in the present analysis. This means that eighteen parameters
(since the phase shifts are complex) were varied to obtain a fit.
After an acceptable fit was obtained, the next higher-energy angular
distribution was studied. After this next angular distribution was
fitted, the behavior of the phase shifts as a function of energy was
noticed to see if the above criteria were satisfied, If they were,
the next angular distribution was selected for study. If they were
not, other sets of phase shifts were sought until the above criteria

were met.
Results

Eleven angular distributions in the laboratory energy range from
13.191 to 14.311 Mev were fitted in the present analysis, The data
points (dots) and the fits (solid curves) are shown in Figures 6 to
16. The corresponding cross sections are shown in Figure 5. The

energy dependence of the real part of the phase shifts are shown in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



28 where @,

Figures 17 to 20. A parameter Yy is defined by % = e
represents the imaginary part of the phase shift, and the energy

dependence of the v; are shown in Figures 21 and 22,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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DISCUSSION AND CONCLUSIONS

Although the phase shift analysis is far from being completed,
some comments can be made and some conclusions can be drawn. It has
been possible to obtain good fits to the eleven angular distributions
in the energy range from 13.19 to 14.31 Mev, These fits have teen
obtained with a set of phase shifts which vary smoothly and, except
for three resonances, slowly with energy. This small number of reso-
nances is a result of strenuous efforts to keep this number as small
as possible.

14 of information on the (& + 12C) system indi-

A compilation
cates eight levels in the region of the present phase shift analysis.
One resonance at an incident alpha-particle energy of 13.26 Mev with
a width of 110 kev, one at 13,86 Mev with a width of 165 kev and one

d2,10 as evident in

at 13.95 Mev with a width of 110 kev were reporte
the elastic channel. However, the three rescnances determined by the
present analysis are not at these energies and do not have these
widths.

The present analysis indicates a 4t resonance at an incident
alpha-particle energy of 14.12 + 0.05 Mev. Not only does dZ display
typical resonance behaviqr, but Y% dips, indicating appraciable
strength in other channels,

The plot of d7 as a function of energy (Figure 18) indicates

the presence of two closely spaced 2t levels. The lack of informa-

tion on the behavior of dj at lower energies and the closeness of

41
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these two levels makes difficult an estimate of their positions and
widths. However, the lower 2% resonance is evident in excitation
functions taken at center-of-mass angles of 70.26°, 80.29° and
148.64°. From a study of the behavior of dé with energy and these
excitation functions, the lower 2t resonance was determined to be at
13.45 + 0.05 Mev. The higher 2% level is at 13.80 + 0.10 Mev. All
three of these levels have widths between 200 and 300 kev.

The above information is summarized in Table 2 below.

TABLE 2 Levels in 10

Excitation energy(Mev)

lem  (kev) J¥
Reference Present work
17.11 110 -, 2+, oH
17.17 200 yad
17.25 + 0.04 188 + 38 o+
17.29 <100
17.35 150
17.51 + 0.08 188 + 38 ot
17.56 165 &+
17.62 110
"’_ 17.7 ot, o+
17.75 + 0.04 188 + 38 &+
17.82 225 A
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