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Abstract

The reaction 32S(?’He, c,)318 has been used to locate 42
levels in 'S, For 11 of the first 17 levels ¢_-values have been
determined. The first 6 excited states of 313111 have been studied
by applying the particle-gamma correlation method of Litherland
and Ferguson (their Method II) to the reaction 32S(3He, ow)318.
The resulting spins and parities are: Ex’ J7=1.25 MeV, 3/2+;
2.23 MeV, 5/27; 3.08 MeV, 1/27; 3.29 MeV, 5/2%, 3/27; 3.35
MeV, 7/2, 3/2; 3.44 MeV, 3/ 2%, Mixing and branching ratios
have also been determined. The ground state Q-value for the
reaction 32S(3He, a)318 has been measured to be 5.538 = 0,006
MeV. Analysis of the spectra of the reaction 3“ZS(?’ILIe, d)3301
which were obtained as a by-product of the spectra of the reaction
32S(3He, a)315 located levels in 3301 at the following excitation
energies: 0, 810+ 9, (1978 = 14), 2351 + 9, 2686 + 8, 2848 = 9
(a known doublet), 2980 + 9, and 4119 + 10 keV. The 2,0 MeV
level was only weakly populated, and to confirm its existence the
reaction 36Ar(p, oc)33C1 has been studied. In this reaction the 2.0
MeV level was strongly populated and the measured excitation
energy was 1999 + 20 keV. The experimental results for 31S and
33Cl are compared with tpeir analogs and with nuclear model

predictions.
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I. INTRODUCTION

A, Justification for This Experiment

Relative to the nuclei with A < 28 there has been little work
reported on the nuclei with 28 < A < 40. The nuclear models,
some of which are discussed in Section IV, B., have in general
not been very successful in describing the observed properties
of these nuclei. Probably the main reason for this is that the
models are too simple. With the computers now available it
appears feasible to study more realistic models. In particular,

a generalization of the shell model calculation of Glaudemans et al.
(1964) seems promising. More experimental information is needed
so that the parameters in the theories can be determined and the
predictions can be checked. The nucleus 318 was chosen for study
in the present experiment because it was the lightest nucleus in
this mass region which could be studied with the CIT-ONR tandem
accelerator and for which there was little experimental information
(see below). The primary objective was to study 318, but
fragmentary information about 33Cl was also obtained.

The information on 31P and 318 available at the start of
present investigation was essentially that contained in the compi-
lation by Endt and van der Leun (1962) and is summarized in
Figure 1. The shell model calculation by Glaudemans et al.(1964)
predicted a low-lying 1/ 2" level and a 2/ o level, neither of which
had been identified (see Figure 2). An earlier Nilsson model
calculation by Broude et al.(1958) also predicted these two levels.



The information on 3BS and 3301 available at the start of the

present investigation was also essentially the same as that

contained in the compilation by Endt and van der Leun (1962) and

is. summarized in Figure 3. On the basis of the level scheme shown
here for 338, two unreported levels were expected at an excitation
energy of 3 MeV in 3301. The shell model calculation by Glaudemans

et al.(1964) predicted the levels shown in Figure 4.

B. Outline of Present Experiment

The present experiment may be divided into seven parts as

follows:

1) The ground state Q-value of the reaction 328(3He, oc)318
was measured. This work is described in Section IL A.,

pages 4 through 13.

2) Alpha particle spectra from the reaction 32S(SHe, oc)318
were measured to locate levels in 31S below 7.8 MeV
excitation energy. This work is described in Section
II, B., pages 13 through 23 .

3) Angular distributions of the alpha particles from the
reaction 3Q'S(E'He, oc)313 were measured for 14 of the
first 21 levels in 318 and compared with DWBA distri-
butions to determine &n-values.‘ This work is described
in Section II. C., pages 23 through 31 .

4) Angular correlations for the first six excited states
populated in the reaction 328(3He,ow)318 were measured

to determine the spins of these states. This work is



5)

6)

7)

described in Section II, pages 32 through 60 .

Deuteron spectra from the reaction 32S(3He, d)33Cl
which were obtained as a by-product of the alpha particle
spectra from the reaction 32S(?’Hte, a)318 were analyzed
to locate levels in 3301 below 4. 2 MeV excitation energy.
This work is described in Section V. A, , pages 69
through 78 .

Angular distributions of the deuterons from the reaction
32S(3He, d)33CI were analyzed for three of the levels in
3301 and compared with DWBA distributions to determine
&p—values. This work is described in Section V. B. ,

pages 78 through 81 .

Alpha particle spectra from the reaction 36Ar (p, a)33C1
were measured to confirm the existence of a level in

33(31 near 2.0 MeV which was only weakly populated in the
reaction 228(He, d)°°CL. This work is described in
Section VI, pages 82 through 85 .
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A, Mass of 318

1. Introduction

The 1964 Mass Table of Mattauch et al.(1965) gives
-18992 + 11 keV for the mass excess of 318. When we discovered
that the mass excess calculated from the ground state Q-value for
the reaction 32S(3He, oc)313 derived from our spectra described in
II. B. lay well outside of the 11 keV error quoted here, a careful
measurement of this Q-value was made with the 61-cm magnetic
spectrometer. This instrument has been described by Groce (1963)
and McNally (1966), and this thesis assumes familarity with either
of these theses or the operation of the spectrometer.

2. Targets

A thin target was used to check for possible contributions
from other (3He, o) reactions near the peak from 328(3He, a)318
(G.S.), and a spectrum is shown in Figure 5(a). This target was
made by evaporating ZnS containing natural sulfur from a tantalum
boat onto tungsten of 0. 178 mm thickness which had been carefully
cleaned with a solution recommended by Misch and Ruther (1953)
consisting of one part by volume of concentrated HF and three pa.rté;
of concentrated HNO

water.

3 and then thoroughly rinsed with distilled

A thick target was made in a similar manner, and a
spectrum is shown in Figure 5(b). The backing in this case was
0. 254 mm thick.



No deterioration of this kind of target was observed
provided the beam was kept below 0.3 uA on a.5 mm2 area. No
evidence was observed for (3He, a) reactions with the zinc isotopes

at E3 = 8.5 MeV.
He
For both the thin target spectrum and the thick target
spectrum the 61-cm spectrometer was placed at 150° to the
incident beam. The normal to the target bisected the angle between
the incoming beam and the spectrometer. The thin target spectrum
shows no interference from other groups. The thick target spectrum
has been used to compute Q, since the analysis of a thick target
spectrum (after the method of Bardin, 1961) is not subject to errors

introduced by an uncertain target thickness.

3. Spectra Collection Details _

The thin target spectrum was obtained with the 16-
detector array with a 3. 18 mm (FW perpendicular to the mean orbit)
slit in front of each detector which accepted a momentum interval
Ap = p/720. No foil was placed in front of the detectors. Details
of the operation of the array are discussed in Appendix F. Two
slightly different settings of the magnetic field of the spectrometer
were made in such a way that alternate points shown in Figure 5(a)
correspond to the same field setting. An electron suppressor up-
stream from the target was placed at -300 volts, and the target and
beam catcher were placed at +300 volts relative to the chamber
walls. These voltages were used for all of the spectra described
below. The spectrometer angular acceptance was 1. 50° (FW) in
the 6 direction and 11, 6° (FW) in the ¢ direction. The slits in
front of the target chamber were 2.03 mm (FW) in both the vertical



direction and the horizontal direction. The widths of the image
slit and the object slit of the beam analyzing magnet were both
3.81 mm (FW).

, The thick target spectrum was obtained with a single
surface barrier detector in the focal plane of the spectrometer.
A slit 0. 794 mm (FW) was placed in front of the detector (Ap/p
= 1/2800), and again no detector foil was used. A block diagram
of the electronics is shown in Figure 6. The window of the single
channel analyzer was set so that only the alpha particles were
counted (deuterons and protons were also present), and the RIDL
400-channel analyzer was used as a monitor. The spectrometer
current was cycled from 0 to 700 amperes to O to the current for
the lowest point on the spectrum, and then always increased
between data points so that the shift due to hysteresis would be
reproduced. The beam analyzing magnet was also cycled. The
spectrometer angular acceptance was 2. 0° (FW) in the 6 direction
and 9. 0° (FW) in the ¢ direction. The slits in front of the target
chamber were 0,508 mm (FW) in the vertical direction and 1. 0186
mm (FW) in the horizontal direction. The widths of the image
slit and the object slit of the beam analyzing magnet were both
1. 916 mm (FW),

The slit settings and detector foil thickness for the thin

and thick target spectra are tabulated in Table I, columns a and b,
respectively., In the discussions below of other spectra, only a

tabulation will be given.

4. Analysis of the Thick Target Spectrum

To determine the Q-value, the true momentum position

of the thick target step shown in Figure 5(b) must be determined



by unfolding the various experimental resolution functions from the

spectrum. The step profile depends on the following:

1)

2)

3)

4)

The vertical dimension of the beam spot, ér The

s, sp’
maximum energy (frequency) spread of the ali)ha,
particles geometrically allowed by 6rs . 0. 508 mm
FW was 3.7 keV FW (5.4 ke/sec, ap/p = 1/5500) and

is shown in Figure 5(b).

The variation of the beam intensity across the beam
analyzer slits. The maximum energy spread in the
beam allowed by ars, 5 = 6rc’ 5 = 1.016 mm FW was
19.7 keV FW (AfSp = 28. 6 kc/sec, Apsp/psp = 1/1000).
However, because Pearson (1963) and Groce (1963)
reported that the beam energy resolution was much
smaller (< 10%) than this maximum beam energy
spread, it is estimated that the variation of the beam
intensity across the beam analyzer slits caused an
energy spread in the beam of < 2.0 keV (Afsp <2.9

ke/sec Apsp/psp = 1/1000Q),

The variation of the beam analyzing magnet current.

On the basis of the stability of the signal observed on
the scope monitoring the NMR magnetometer in the
beam analyzing magnet, it is estimated that this current
variation caused an energy spread in the beam of 1 keV
FW (a1, = 1.5 ke/sec, apg /o = 1/20000).

The energy dependence of the reaction cross section.

Since the compound state lies at 20 MeV excitation in



5)

6)

.7)

8)

35Ar, it is assumed that the cross section does not

change significantly over the energy range of the step.

Surface contaminants. A fresh target was used to take
the thick target spectrum shown in Figure 5(b) so as to
minimize surface contaminants which sometimes build
up during long runs, and it is assumed that effects ‘

from surface contaminants are negligible.

The energy dependence of the stopping cross section
in the target. Because the stopping powers for the
incident and emergent particles change < 0. 5% in the
energy range of the step (Demirlioglu and Whaling,
1962), the spread in the alpha particle energy caused
by this energy dependence is ignored.

Aberrations in the spectrometer. An accurate measure
of this contribution is not available, but Groce (1963)
found that the aberrations round the upper step edge
and decrease the absolute value of the slope of the

step. On the basis of his data this latter effect shifts
the location of the midpoint by < 1.3 keV (< 1. 9 ke/sec,
Ap/p = 1/15000) in the present measurement. This
uncertainty is included in the error assigned to the

true momentum position of the thick target step (see

below).

The angular acceptance 56 of thé spectrometer and the
variation of do/dQ over this angular acceptance range.
The spread in the alpha particle energy (frequency)
from the kinematic shift within 66 = 2. 0° FW was 29



keV (42 kc/sec, Ap/p = 1/1000) and is shown in Figure
5(b). On the basis of the known variation of angular
distributions from direct reactions (see Section IL. C. ),
it is assumed that cross section do/dQ is constant

over 68.

9) The variation of the xﬁagnetic spectrometer current.
On the basis of the stability of the signal observed on
the scope monitoring fhe NMR magnetometer in the
magnetic spectrometer it is estimated that this current
variation caused an energy (frequency) spread in the
alpha particle energy of < 2 keV FW (< 2. 9 ke/sec,
Ap/p = 1/10000).

10) The detector slit width 8T spr The slit width
érc’ ™ 0.794 mm FW contributes 7 keV FW (10. 2
ke/sec, Ap/p = 1/2900) to the step width and is shown
in Figure 5(b).

In summary, it is assumed that the step width is deter-
mined predominantly by Ms, ap’ 68, and 61‘0’ - with small contri-
butions from the variation of the beam intensity across the beam
analyzer slits, the variations of the magnet currents, and the
aberrations. The contributions from all of these except the
aberrations are symmetric in momentum and when folded into the
ideal step, the midpoint of the resulting curve should quite
accurately represent the momentum of the alpha particles emitted
from the surface. The midpoint frequency shown in Figure 5(b) is
29694 = 4 ke/sec (= £2.8 keV; Ap/p = + 1/7400) where the error
includes the statistical uncertainty and the uncertainty due to the

aberrations.
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5. Calibrations

The calibration procedure was similar to the one used by
McNally (1966). A standard 21‘?‘Po source with a 0, 795 mm hori-
zontal slit in front of it was placed at the target position 7, 925 cm
from the bottom of the lucite lid on the target chamber (see Groce,
1963) with the aid of a height gauge and a magnifying glass. That
the target position was 7. 925 cm from the lucite was checked by
sighting down the beam tube with a telescope from the switching
magnet. The spectrometer current was cycled as described in
Section IL A. 3. above. The calibration spectrum shown in Figure
7(a) was taken with the same electronics shown in Figure 6 and the
same detector slit (. 794 mm FW) and the same spectrometer slit
settings (6 = 2. 00, ¢ =9, 0° FW) used to observe the thick target
spectrum described above. The peak frequency of 27689 = 1 is
taken as the calibration point as recommended by Groce (1963).
This same number was also obtained when this calibration was
repeated three weeks later.

To calibrate the beam analyzing magnet a carefully driiled
0. 203 mm diameter hole in a 0. 127 mm thick sheet of tantalum was
placed at the target position and the spectrometer was placed at g%,
After cycling the beam analyzing magnet current, it was set to a
current corresponding to an NMR magnetometer frequency of 20935
ke/sec. The slit settings are given in Column c of Table I. Figure
7(b) shows the spectrum of 4He'H~ particles passing through the hole.
This spectrum was obtained by varying the spectrometer current
after cycling the spectrometer current as described above. The
peak frequency was 27672 + 1 kc¢/sec and was reproducible provided
the steering and focusing controls of the tandem were set at

approximately the same values.
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The calibration "'constant" ks for the magnetic spectro-

meter is defined by the formula

substituting E = 8785.0 + 0. 8 keV (Wapstra, 1964) and fSoc = 27689
+ 1 ke/sec mto this formula yields k e = 0.0113934 + 0. 0000013
MeV/(Mc/ sec) The ratio of ks at other frequencies to .kSOL has
been accurately measured by McNally (1966). This curve is a
function of the geometry and the permeabilities of the materials
in the spectrometer and is assumed to be constant with time.

The calibration constant k for the beam analyzing magnet
is defined by an analogous formula. Smce the analyzing magnet has
a uniform field, ka may be assumed to be constant for the purposes
of this experiment. This assumption was checked by Fisher and
Whaling (1964) to 1 part in 3000. The ratio curve indicates that
‘ks(fs = 27672) equals ksoc to better than 0.001%. Hence

gives k, = 0.0199062 = 0. 0000033 MeV/(Mc/sec) (measured July
14, 1906). Miller (1966) quotes O. 019905 s O 000012 MeV/(Mc/sec)
(measured October 30, 1965) from a L1(<x, n) B threshold measure-
ment, and MeNaily (1966) quotes 0,019881 + 0. 000005 from a

measurement similar to the present one (measured May 12, 1964).
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6. Calculation of the Q-value

A relativistic Q-value and excitation energy program
which calculates the errors has been written and is described in
detail in Appendix A. The program was intended for transmission
targets, but by setting all of the input target thicknesses equal to
zero, it may be used for thick targets in a reflection geometry.
Table III lists the inputs, the assumed errors, and the results.
The spectrometer track reading of 150° was not used but rather
a value obtained by averaging over the angular acceptance of the
spectrometer with a program listed in Appendix B. Except at 90°
‘this observation angle will differ from the track reading because of
8¢. The error of . 05O in the spectrometer angle is based on the
uncertainty in the track protractor readings described by Groce
(1983).

The result for the Q-value is:

3 ZS(SHe, oc)31

S Q = 5.538 £ 0.006 MeV .

Other measurements of this Q-value were obtained in the trans-
mission target spectra discussed in Section II. B., and the results
are given in Table IX, As a further check, transmission target
spectra from the reaction 34S(3He, a)33S (see Section IL B. 8.) and
the reactions 32S(BHe,d)?"‘)’Cl and 34S(?’He, d)35Cl (see Section V.
A. 2. (iv)) which were observed simultaneously with the spectra from
the reaction 32S(SHe, a)sls were used to compute the Q-values for
those levels which corresponded to emitted particles of approxi-
mately the same momentum as that of the alphas corresponding to
the ground state of 313, and the results were compared with

previously reported measurements.
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Using Q = 5.538 + 0. 006 and the 1964 Mass Table
(Mattauchet al. ,1965) for the mass excesses

328 -26012, 7 + 0.9

BHe 14931.34 & .21

4He 2424.75 = .39

yields

3l _19045 : 6 .

This disagrees with the mass excess quoted for 318 in the 1964
Mass Table:

-18992 & 11

The mass links shown in the schematic diagram of the input data
which is given with the 1964 Mass Table indicate that this number
is based on a measurement of the threshold of the reaction
2881(@, n)3ls and on either a measurement of the threshold of the
reaction 31P(p, n)318 or a measurement of the end-point energy
of the g8-decay of 318 or both,

B. Excitation Energies of Levels in 318

1. Introduction

The purpose of the work described in this section was to

locate energy levels in 318. The reactions which can provide

information about 318 are listed (Endt and van der Leun, 1962).
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1) Pt 1%'e Q = - 8.149 MeV
2) 31p(p,n)%ls - 6.232
3) %y, n)ts ~15. 095
4 29;(3He, )% s 3. 951

5) 31pCHe, 1)3s - 5.468
6) S2s(p,a)%s ~12.870
7 3%s@a,1)s - 8.837
g) 3%a(PHe, o)°ts 5. 483
9) 333(p,%%s _15.254 .

Only (8) was suitable. Reactions (1) - (4) emit neutrons and were
therefore unsuitable because closely spaced levels were expected.
Reactions (5), (6), (7), and (9) have large negative Q-values.

2. Targets

Several kinds of sulfur targets were tested. Elemental
sulfur was not tried because it melts at 113°C. A target of Sb283
on thin gold foil was made by evaporating BaClz, gold, and Sb283
onto a glass slide and then floating off the gold and szs3 combination
on distilled water and mounting it on tantalum sheet over a hole 9 mm
in diameter. This combination was abandoned when it was discovered
that the §b283 slowly evaporated with 0. 3 uA of 12, 0 MeV 3He++ on a

0.8 mm*“ area. The compound MoS2 was tried but it appeared to
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decompose during the evaporation from the boat. The combination

of ZnS on a nickel foil was made by mounting 5000 X nickel foils
(obtained from the Chromium Corporation of America) on a tantalum
frame and then evaporating ZnS onto it. Even though this combination
was durable under bombardment, it was abandoned because it was

feared that at E 3He = 12. 0 MeV weak reactions from the zinc and
nickel would be seen. Carbon foils with Sb283 or ZnS were tried but
repeatedly broke when the beam hit them. However, Ajzenberg-
Selove and Wiza (1966) have recently reported success with szS3

on a carbon foil.

The combination used for this experiment was CdS on a
gold foil. The procedure used to prepare the szS3 targets was
used to prepare the CdS targets. No evaporation was observed for
beams of less than 0.3 uA of 12,0 MeV 3He++

The Coulomb barrier for cadmium (Z = 48) is so high that no

2
ona 0.8 mm™~ area.

significant reactions were expected and none were observed. Targets
were made from CdS containing natural sulfur (95.0% 328, 0.76%

338, 4, 22% 348, 0.014% 368) and from CdS containing sulfur enriched
in 328 which was obtained from the Oak Ridge National Laboratory.
The isotopic analysis supplied with the material gave 98. 1% 328
0.19% 3%, 1.5% 3*s, and 0. 1% %,

In all of the target making operations great care was taken

J

to avoid contaminants. The tantalum frames and glass slides were
boiled in cleaning solution, rinsed several times in distilled water,
blotted dry with tissue, and wiped with lens paper to remove lint
and dust. The bell jar was thoroughly cleaned before each evapo-
ration even though the user before had already cleaned it once. The
boats were heated to a temperature well above that required to

evaporate CdS before anything was placed in them and before the
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glass slides were placed in the bell jar. This precaution degassed
the evaporation area and evaporated any contaminants that might
have been present. After the foils were floated off, they were
allowed to float on the water for several minutes to dissolve and
disperse the trace of Ba.Cl2 present. The targets, including the
frames, were never handled with the fingers because close
observation has shown that perspiration will condense on a cold
target several millimeters from the point of contact with the skin.
The targets were never left in the target chamber when the cold
trap in the target chamber was not cold because it has been observed
that under these conditions the target will pick up traces of diffusion
- pump oil.

The thicknesses of the gold and CdS deposited on the glass
slide were monitored by a Sloan Deposit Thickness Monitor (Model
2a) during the evaporation. This device measures the change in .
frequency of a resonating quartz crystal as a deposit condenses on
its surface. The change in frequency is proportional to the mass of
the deposit. Because the spatial distribution of material coming
from the boat was not isotropic, the thickness monitor did not
receive the same amount of material as the glass slide. Typically
the thicknesses calculated from the thickness monitor differed by
15% from those measured by elastic scattering as described below.
The largest observed difference was 40% which occurred when the
glass slide and the resonating crystal were close to the boat ( 6 cm)
for the evaporation of the CdS containing enriched sulfur.

In order to determine the target thickness more accurately, -
the loss in energy of 10- MeV 3He++ scattered from the target was
measured with the spectrometer and the 16-detector array. It was
assumed that sulfur was still in the form of CdS on the target, which
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was convenient because cadmium has a much larger Rutherford
scattering cross section than does sulfur. With the target turned
to present the gold foil to the incident beam the peak due to
scattering from cadmium was shifted down by the energy lost in
passing twice through the gold. Similarly, with the target turned
to present the CdS to the incident beam, the peak due to scattering
from gold was shifted down by the energy lost in passing twice
through the CdS (see Figure 8). The target thicknesses were
calculated with the aid of the stopping power curves of Demirlioglu
and Whaling (1962) and the results are given in Table IV.

3. Supplementary Data

The calibration constant of the spectrometer for detector
8 in the array with the 1. 84 mm (measured perpendicular to the
mean orbit) detector slits was determined in the same way as
described in Section II. A. 5 for the single detector. The array
preamplifier and amplifier were not used but rather the detector
was connected to a Tennelec preamplifier and a double delay line
amplifier as shown in Figure 6. The spectrum is shown in Figure 9
and the peak frequency was 27703 = 1 ke¢/sec. The result was
ksoc = 0,0113819 = 0. 0000012 MeV/(Mc/sec)z.

At a given magnetic field setting, McNally (1966) showed
that the ratio of the momentum corresponding to any one detector
to the momentum corresponding to detector 8 is a constant,
independent of the magnetic field. Equivalently, a frequency can
be associated with each detector, and the ratios of these frequencies
have the same values as the ratios of momenta. Table II lists the
frequency ratios as measured by McNally (1966) and used in this
analysis. To calculate the frequency associated with detector x,
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it is only necessary to multiply the frequency for detector 8 by the
ratio for detector x .

The procedure described by McNally (1966) was used to
measure the yield factors. A beam of 12.0 MeV 3He++ particles
was scattered from a clean sheet of tantalum of thickness 0. 127 mm.
The spectrometer was set at 1500, and the same slit settings used
for the reaction spectra described in Section II. B. 4. (see Table I,

column d) were used here for 6z 5 66, 69, and ér

s, sp’ rs, sp’ c, sp°
A region of the spectrum well below the maximum energy of the
elastically scattered 3He++ particles was scanned with detector 8
and the spectrum is shown in Figure 10 (open circles). The straight
line is an approximation to this spectrum. Then the region was
observed with the array (solid circles). Dividing the yields
observed by the array into the yields given by the line at the
frequencies corresponding to the detectors in the array gives the
yield factors listed in Table II, column a. To calculate the
corrected yield for detector x, it is only necessary to multiply
the yield recorded in detector x by yield factor x. In effect, the
frequency factors and yield factors transfiorm the data to a single

detector spectrum.

4, 32S(gHe, a)31S Spectra Collection Details

A beam of from 0.1 to 0.3 pA of 12 MeV SHe™ particles
bombarded the target. The beam analyzing magnet was cycled (as
described in Section IL A. 3) at the beginning of the data collection.
The slit settings and detector foil used are given in Table I, column
d. With 20 volts biasonthe detectors the alpha particles and deuterons
were completely stopped in the depleted region whereas the protons

were not and produced smaller pulses than the deuterons. Because
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the detectors were separated by 5.79 mm as measured perpendicular
to the central orbit, four (or five) steps of the magnetic field corre-
sponding to a displacement of approximately 1.4 (or 1. 2) mm of the
spectrum relative to the detectors were made for each of the

regions of the spectrum. As a check the ends of adjacent regions
were overlapped. The data were read out on the Nuclear Data
Optikon (Model ND307).

5. Reduction of Data to Spectra

The 16 alpha particle groups were summed with a desk
calculator, and then these sums were punched on cards along with the
frequency of detector 8. Near the end of this work, 100 runs with
little background could be processed in 8 hours. From these data
along with the frequency factors and yield factors the program
given in Appendix C calculated the frequency and corrected yield
for each detector and plotted the resulting spectra, which are
shown in Figure 11,

An attempt to read the data directly into the CIT IBM
7094 computer through a data link for immediate analysis was
abandoned because graphical output could not be obtained immedi-
ately. Typically there was a 30 minute wait for a plot. The system
was inconvenieht to use because the ranges of channels to sum had
to be fed into the computer remote console and because approxi-
mately ten switches had to be set each time data were read into the
computer. More serious difficulties were the fact that the computer
sometimes lost the data and the fact that the computer did not
operate 24 hours a day. A CRT with a light pen, a data storage
facility such as a maghetic tape unit, and full-time computer

service would expedite the analysis of spectrometer data.
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6. Discussion of Spectra

The contributions to the resolution of peak (9) in Figure
11(b), which is typical of all of the peaks shown in Figure 11, are
listed in Table V. This list includes all of the factors that
determine the thick target profile as well as variations in the energy
loss in the target and the straggle. If the resolution function for
each of these contributions were known, then they could be convoluted
to obtain the total resolution function. The observed resolution is
31 keV (FWHM) for peak (9) in Figure 11(b).

The peaks in Figure 11 were first identified by a non-
relativistic kinematics program. The input consisted of the incident
beam energy, the thicknesses of the CdS and gold, the spectrometer
irequencies of a group at two or more angles, the corresponding
spectrometer angles, and the corresponding angles between the
beam and the normal to the target. The program calculated the
energies of the emerging alphas from the spectrometer frequencies,
and then corrected these energies and the energy of the incident
beam for the target thickness in a manner similar to that used in
the program described in Appendix A. The resulting alpha particle
energies at two or more angles and the beam energy were used to
calculate the mass of the target nucleus and the Q-value. The mass
was typically determined to +1 AMU and neffer worsethan £3 AMU.

The identifications given by the non-relativistic program
were checked by calculating the spectrometer frequencies with a
relativistically correct program. For 318 the mass of the ground
state was taken from Section II. A. 6 and the excitation energies
were taken from IL B.7. For other nuclei the compilations of
Lauritsen and Ajzenberg-Selove (1962) and Endt and van der Leun

(1962) were used. Since some levels were seen at only two angles,
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the spectra were carefully checked for groups from the target nuclei
12C, 130, 16O, 288i, 338, and 34‘S. Peaks from 12C are labeled in
Figure 11. The identification of the peaks from 16O was facilitated
by some spectra taken by David Hensley with a 16O target under
similar conditions. Note in particular the strong peak from the

6. 18 MeV level in 150 at £ = 30100 in Figure 11(b) for example. The
identification of the peaks from 348 was facilitated by some spectra
taken by Dr. J. Dubois with a 348 target under similar conditions.
No groups were observed from 130, 2881, or 338. As a further
check on these identifications the yields in the natural spectra and

in the enriched spectra were compared.

7. Calculations of Excitation Energies and Q-values

For each spectrum shown in Figure 11 the program
described in Appendix A was used to calculate the excitation
energies and Q-values for levels in 318. A final excitation energy
was calculated by averaging the excitation energies calculated
from selected peaks. The criteria for selection were that the
peaks be symmetric and not confused by a large background. The
results are shown in Tables VI and IX.

The excitation energies and Q-values for the reaction
34S(3He, cc)338 were also calculatec:l3 Zrith 1:hés3 program after setting

M2 and M4 equal to the masses of ~ S and " S, respectively. The

results are listed in Table VIL

8. Results

The last two columns of Table VI compare the present

results for 318 with those reported by Ajzenberg-Selove and Wiza
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(1966). The correspondence between the levels is based more on
the relative excitation energies and strengths than on the absolute
excitation energies. The third excited state was located at an
excitation energy of 3.075 + . 010 MeV in the present experiment
but was not reported by Ajzenberg-Selove and Wiza (1966). A group
which is tentatively attributed to a weakly populated level at an
excitation energy of (5.026 = ,018) MeV in 318 was found in the
present experiment but was not reported by Ajzenberg-Selove and
Wiza (1966). Levels forming closely spaced doublet which were
not resolved by Ajzenberg-Selove and Wiza (1966) were found at
excitation energies of 5.407 + ., 010 and 5. 440 + . 010, 6.540 =, 012
and (6.593 £ .015), (6.711 + .013) and 6. 743 + .013, and 7. 161 =
.011 and 7. 199 £ . 013 MeV in the present experiment.

The strong group seen at elab = 15° by Ajzenberg-Selove
and Wiza (1966) and attributed to a level in ©~S at an excitation
energy of 6.896 £ . 025 was alsc seen in the present experiment
(at £ = 30100 in Figures 11(b) and (c)) but attributed to a strong
group from the 6. 180 MeV level in 15O. The "'group' seen at
810 = 15° and 45° by Ajzenberg-Selove and Wiza (1966) and attri-
buted by them to a level in 3lS at an excitation energy of 7,522 £
. 020 MeV, was also attributed to 15O in the present experiment.
At elab = 15° this "group' was attributed to the 6. 792 MeV level
in 150 and at elab = 45° to the 6. 180 MeV level. The group seen
at 8y = 15° by Aj;fnberg-Selove and Wiza (1966) and attributed by
them to a level in " ~S at an excitation energy of 7.60 + ., 030 MeV
was attributed to the 6. 860 MeV level in 15O in the present experi-
ment. No evidence was seen in the present experiment for levels
at 6.99 £ .030 and 7.66 + . 030 MeV,
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The last two columns of Table VII compare the present
results for Sy with those reported by Endt and Paris (1958). The
good agreement of the excitation energies for the 3. 83 MeV level
is a check on the ground state Q-value for the reaction 32S(3He, a)31S
(see Section II. A. 6) because the group from the 3. 83 MeV level in
33S is close to the group from the ground state of 318 (see Figure 11).

C. Angular Distributions of 318 States

1. Imtroduction

The purpose of the work described in this section was to
measure the angular distributions from the reaction 32S(3He,4‘IﬂIe)31S.
The experimental distributions were fitted with the angular distri-
butions computed from direct reaction theory to determine the angular
momentum JLn of the neutron extracted from thé target nucleus. J-
dependence was used to make tentative spin assignments for some

levels in 318.

2. Experimental Procedure

A target of 97 = 29 ug/ cm2 of CdS containing enriched
sulfur (98. 1% 328, 0.1% °%s, 1.5% 3%s, and 0. 1% 3%s) on 289 « 87
ug/ cm2 gold foil was used for all of the distributions except those
for levels 3, 4, and 6 for which a target of 289 = 87 ug/cm2 of
Sb283 containing natural sulfur on 289 + 87 ug/cmz‘of gold was used,
because CdS had not been tried when these distributions were
measured, Evaporation was not a problem with a beam of no more
than 0.3 pA of 12,0 MeV 3He++ on the CdS target and no more than

0.1 uA on the Sb?_.S3 target. Because of the severe elastic scattering
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from the gold, an attempt to monitor the elastic scattering from
the sulfur with a solid state counter in the target chamber was
unsuccessful., Instead, equal amounts of charge as measured by
the Eldorado Electronics (Model C1-110) current integrator were
allowed to strike the target at each angle, and the measurement
at 20° was repeated several times during the measurement of a
distribution to check for target deterioration. In the one case
where a change was noted, the measurements were repeated.
The alpha particles were detected with the 16 detector array.

The slit settings and detector foil thickness listed in
Table I, column £, were used for all of the distributions except
those from levels 3, 4, and 6. For these three, which were
measured nine months earlier, the slit settings and detector foil
thickness listed in Table I, column g, were used. The energy
resolution (typically 35 keV) was comparable to that shown in
Figure 11 except for levels 3, 4, and 6 which was not as good
(typically 50 keV). |

The same yield factors used for the spectra from the
reaction 32S(3He, a)3ls described in Section IL B., and listed in
Table II, column a, were used for all of the distributions except
those from levels 3, 4, and 6. For these three, another set
measured by the procedure described in Section II. B. 3 and given
in Table II, column b, was used.

Angular distributions for levels in one span of the array
were measured simultaneously. Other spectra collection details

are similar to those described in Section II, B. 4.
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3. Analysis of Experimental Data

The data were reduced to spectra by the procedure
described in Section IL. B. 5. Suppose N is the number of particles
striking the focal plane, f is the frequency, and Y is the number of
counts in a peak. Then it was assumed that

Y = J‘ H df m-—l— (area of peak)
df i

peak

where Af is the collector slit width. The area was estimated by
drawing a triangle through the experimental points as shown in
Figure 11, The resulting yields were corrected for target angle,
converted to center-of-mass yields, and normalized so that the
maximum value was unity. The center-of-mass distributions were
then plotted (Figures 13-26) along with the DWBA distributions (see
Section IL C. 4 below).

4, DWBA Distributions

For these célculations it was assumed that the reaction
mechanism was simple pick-up. The zero-range approximation
was used and spin-orbit coupling was neglected.

The optical model parameters used here for the reaction
oc)gls were those used by Blau et al.(1965) for the reaction

Sp and are given as Set I in Table X. Woods-Saxon

BZS (3He,
SO (3 e, )
shapes were used for the real and imaginary parts of the optical

potential
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Ur) = - = - i =g
e” + 1 e” + 1
_E=R , . r-R'
a T
R = ()3 R = )3

The “He parameters were found by Blau et al.(1965) by fitting the

elastic seattoring of “He by 2°K at E, =9.00 MeV with the

He ;
search code HUNTER. The alpha parameters were derived by

Blau et al.(1965) from an optical model analysis by Bassel et al.
(1962) of measurements of elastic scattering of 18 MeV alpha
particles from 40,y by Seidlitz et al.(1958). Variations of the

oc)3IS by up to 50% caused

parameters for the reaction 32S(SHe,
only small variations in the predicted distributions, and the
distributions were never shifted by more than 3° in the range
boMm = 0° to 40°, No case was found where the distribution for
one Ln—value and one set of parameters could be confused with
the distribution for another %n- value and a different set of
parameters. Because of these findings, and because it is well
known that these parameters are insensitive to the mass and
energy, (Hodgson, 1963a) it was assumed that the parameters
used for the 39K(3He, oc)38
32S(SHe, a)318 reaction.
Another set of parameters, labeled Set II in Table X,

K reaction were appropriate for the

was obtained by interpolating the values of Hodgson (1963b) for
nuclei in this mass region. The predicted distributions are very
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similar to those with Set I parameters,
The parameters labeled Set III in Table X were used by

Fou and Zurmuhle (1966) for the reaction 32S(3He, a)318 atE; =15.0
MeV. These parameters were obtained from the analysis of eIf:stic
scattering of 3He from 4EOCa at 15 MeV and elastic scattering of
alphas from 4OCa at 24 MeV. The predicted distributions are very
similar to those for Set I and again the distributions are very in-
sensitive to variations in these parameters.

The distributions for these three sets of parameters were
calculated with the code TSALLY which uses the zero-range approxi-
mation and was written by Bassel, Drisko, and Satchler (1962). This
is not a search code and only calculates the distributions for given
sets of input parameters. The distributions calculated by TSALLY
were manually punched on cards and then normalized and plotted
along with the experimental distributions by the computer. Figure 12
shows a typical comparison of the angular distributions predicted by
Sets I, I, and III. Attempts to improve the fits by varying the
parameters met with little success, and it was decided to use Set I

parameters for all of the levels. Figures 13 - 26 show the results.

5. Discussion

Figure 13 shows the angular distribution for 31S(G. S.)
which must have ¢_ = 0 because for this state J" = 1/2" (Endt and
van der Leun, 1962). The second peak is larger relative to the
first peak than the theory predicts but the edge of the forward peak
is correctly positioned. The theoretical distributions for 6, = 0, 1,
2, 3, and 4 are shown. These distributions are similar for different

excitation energies.
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The angular distributions for 31S(Zl. 25) and 31S(2. 23)
were not measured because they had already been measured by
Fou and Zurmuhle (1966).

Figure 14 shows the angular distribution for 31S(?). 08).
The theoretical distribution for &n = 0 fits the data best. The
second peak is larger relative to the first peak than the theory
predicts, just as it was for the ground state. Level 318(3. 08) is
assigned ¢ = 0 and therefore J" = 1/27,

Flgure 15 shows the angular distribution for 18(3. 29).
The theoretical distribution for {, = 2 fits the data quite well. Fou
and Zurmuhle (1966) found a J- dependence in %, = 2 angular distri-
butions from the reaction 42 S( He, ) S They found that the main
peak in the 'F’n = 2 angular distribution to the 3/ 27 level at an
excitation energy of 1. 25 MeV was shifted to a more forward angle
by a few degrees relative to the forward peak for the 5/ 2" level at
2. 23 MeV (see Section III, C, for the spin assignments). Glashausser
and Rickey (1967) observed a similar J-dependent shift for these
same levels in the reaction 32S(p, d)sls, and they discuss other
reactions which show that J-dependence in neutron pickup reactions
is a widely occurring phenomenon. In the present experiment the
angular distribution for 318(3. 44) (discussed below) which has
J = 3/2 (see Section IIL C. for the spin assignment) falls between
the theoretical distributions for 4’, = 1 and 2 (see Figure 16).
Because of J-dependence level S(6) is assigned L, = (2) and

= (3/2") (parentheses mean the assignment is tentative) and level
, S\u. 29) which falls cloger to the theoretical distribution for f&n =
is assigned £ = 2 and J" = (5/2)+.

No attempt was made to obtain the angular distribution

[\

for 31S(3 35) because this weak group was not well resolved from

the strong S(3. 29).
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Figure 16 shows the angular distribution for 31S(3. 44),
As mentioned above, the distribution falls between the theoretical
d1str1but1ons for L = 1 and 2, and because of J-dependence

S(3 44) is as&ugned 1, = (2) and J" = (3/2+).

Figure 17 shows the angular distribution for 318(4. 08).
For 8;,, < 200 318(4. 08) was obscured by 11C(G. S.). The
theoretical distribution for *’n =21is consistent with the measured
distribution, and because the measured distribution is not shifted
forward relative to the theoretical distribution, J = (5/ 2+) is
suggested. Level 318(4. 08) is assigned L = (2) and J" = (5/27).

No attempt was made to obtain the angular distribution
for 318(4 21) because this group was obscured by 1C(G. B )

Figure 18 shows the angular distribution for 318(4. 45).
The gap in the distribution was caused by 11C (G.S.). Level
318(4. 45) is assigned by 3.

Figure 19 shows the angular distribution for 31S(élh. 52).
The gap in the distribution was caused by 11C(Gr. S.). Level
318(4. 52) is assigned b = 2,

Figure 20 shows the angular distribution for 318(4. 58).
The gap in the distribution was caused by 11C (G.S.). No assign-
ment is made for level 318(4. 58) because the fit is poor.

Figure 21 shows the angular distribution for 318(4. T2,
The gap in the distribution was caused by 11 (G.S.). Level
318(4. 72) is assigned Ay = 2, (3). The fact that the experimental
distribution is shifted to a greater angle than the theoretical distri-
bution is attributed to J-dependence, and J = (5/2) is assigned to
this level.

Figure 22 shows the angular distribution for 318(4. 87).

For this level and all higher levels discussed below, the point at
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ec M- 6or/was obscured by elastic scattering of 3He++ particles.
The minimum at 6 oM S 28° is best fitted by the theoretical distri- .
bution for g & 1, but since a point was not obtained near enough
to bcMm = 0° to confirm the predicted decrease in do/dQ there, this
level is assigned 4 = (1).

Figure 23 shows the angular distribution for 318(4. 97).
The minimum at 6 cM - 28° is best fitted by the theoretical distri-
bution for .= 1, and therefore this level is assigned .= 1.

No attempt was made to obtain the angular distribution
of 31S(5.'03) because this group was not resolved from 318(4. 97).

. Figure 24 shows the angular distribution for 31S(5. 15).

This level is assigned {'n = 0 and therefore J" = 17 2",

Figure 25 shows the angular distribution for > -8(5. 30).
The lack of structure suggests that this level is not populated by .
a pick-up reaction, and no assignment is made.

No attempt was made to obtain the angular distribution
for 31S(5. 41) and al

Figure 26 shows the angular distribution for S S(5. 52).

S(5. 44) because these groups were not resolved.

No assignment is made.

6. Results

Table XI summarizes the results of this and previous
work. The present assignment of *’n = 3 to 318(4. 45) disagrees with
the assignment of 1, = Z_to this level by Fou and Zurn;tlxhle (19686).
However, there is a 7/2 level in the mirror nucleus ~ P at 4. 43
MeV excitation energy (Harris et al., 1964). Furthermore, Fou
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.and Zurmuhle'(1966) did not resolve the 4. 45 MeV level from the
4,52 MeV level which has Ln = 2, 81
The assignment of 1, = 2 to " 7S(3. 29) disagrees with
the assignment of dry = 1 to this level by Kavaloski (1963) but
agrees with Fou and Zurmuhle (1966) and Glashausser and Rickey
(1967).
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4

m. 32s(3He, *Hey)3's ANGULAR CORRELATIONS

A. Introduction

This section describes the application of a correlation
technique called Method II by Litherland and Ferguson (1961) to
the reaction 32S(?’He, %

mation about the spin, parity, and mixing ratio for levels in the

Hey)318. This method, which gives infor-

residual nucleus, was first mentioned by Newton (1952), but its
power was not widely recognized until Litherland and Ferguson
(1961) again pointed it out. One of the first applications that
illustrated its power was a study of the reaction 16O (3He, py)18F
by Poletti and Warburton (1965). Following this study, numerous
other studies employing this technique were published.

What is new in the present application is a refinement in the
experimental technique. Most previous applications have used an
annular solid-state detector at 180° and studied only the well
separated low-lying states of the residual nucleus. For high-
lying levels information about the spin, parities, and mixing ratios
has usually been obtained by resonance experiments. The present
technique serves well in the intermediate region. Because the
levels are closely spaced, high resolution is needed for either
the particles or the gammas. The former was chosen. A magnetic
spectrometer was placed at o° to detect the particles, and the
gammas in coincidence were detected with a NaI(TI) crystal. The
main disadvantage is the small solid angle of the spectrometer.
This disadvantage can be overcome with an array of detectors in
the focal plane of spectrometer and with an array of NaI(T1)

crystals, but this was not done in the present experiment. Similar
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experiments employing magnetic spectrometers are in progress at
Chalk River and MIT.

B.. Theory

The formulas which will be discussed here are similar to
those given by Poletti and Warburton (1865). Derivations of them
will not be given (see Ferguson, 1965).

The essential feature of Method II is that it limits the gamma
rays which are observed to those from aligned states with a small

number of magnetic substates populated. Consider the reaction:

Spins : Ja Jb JC Jd d _E:
L,L!
Orbital Angular L L e

Momentum

:lt\\rﬂlzllriréeetxl‘c Quantum Ma Mab Mb Mc MC d M d

Since the beam direction is the z axis, Mab = 0, Suppose c is

detected at 0° (or 180%). Then for these particles M4 =0. By

conservation of angular momentum

and therefore
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If the gamma rays from the decay of d are detected in coin-
cidence with the particles c¢ observed at 0° (or 1800) and if the
beam and target are unpolarized, then the angular distribution of

the gamma rays can be expressed by

W(e) =) a P (cos 8) =) p (T)F (I )QP, (cose) (1)
k k

where 0 is the angle between the direction of the gamma-ray detector
and the axis of alignment. The Pk(cos 8) are Legendre polynomials
and k takes on even values from 0 to 2J q The Q are the standard
attenuation coefficients for the gamma-ray detector the pk(J ) are
statistical tensors which describe the alignment of the state d, and
the Fk(J 4 e) depend specifically on the gamma-ray transition.

In more detail, the statistical tensors are given by

JCAEN ZO 0T g M)P(M) (2)
d_

where P(M d) is the normalized population parameter for the magnetic

substate M q and

(J

M|k 0)

dd

5 (3)
g~ g™ U
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The Fk(J dJe) are given by the following if no more than two

multipolarities L and L' = L + 1 are involved in the gamma-ray

transition.
1 o 1 2 1Tt
.5 ] m Fk(LLJdJe)— (=) 2xF(LL JdJe)+x Fk(L L JdJe) @
kV'd e 1 2
+ X -
where
Je"J -1 1/2
Fk(LL'JeJd) = (-) [(2L—1—1)(2L'+1)(2Jd+1)] (L1L-1]k 0)
X W(JdeLL',.kJe) ’ (5)

In formula (5),W(J dJ dLL‘,kJe) is the Racah coefficient, and the
mixing parameter x is given by x = (e||L+1||d)/{e||L||d). The
exponent o is 0 for an ML, EL + 1 mixture, and 1 for an EL,
ML + 1 mixture. In the following analysis, it was assumed initially
that o = 0 regardless of the suspected nature of the transition.

For comparison with experiment it is more convenient to

rewrite formula (1) in the form

wee) = L JOIE ) o, MYFUGT QP (cos 9] (6)
d= k : :
even

where pk(J dM d) is given by formula (3), and I(M d) is the un-

normalized population parameter, that is,
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P(M) = -l (7)
I Y (ga s Ty + 2100 ) ' |
Md' >0

Formula (6) clearly shows that W(6) is linear in I(M ) and nonlmear
in x. The best fit to the data corresponds to the lowest value of Q

Where Q is given by

Y(6.) - W(s.)
e o 1 (8)
1

i
5=

where E(ei) is the uncertainty in the gamma-ray yield Y(6 i) at 6,

and n is the number of degrees of freedom.

In the reaction 328(3He, 4tHey)?’ls, M, = +1/2, and formula
(6) becomes
W(e) = 1(1/2)2 o Ty 1/2)F, (3 T )Q, P, (cos 8) . - (9)

k

Only the two parameters I(1/2) and x must be fitted.

C. Correlations in the Reaction 32S(3He, 4Hey)3ls

1. Excitation Functions

To maximize the yield of alphas at 0° in the correlation

and branching ratio measurements it was necessary to measure
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rough excitation functions for the groups of interest. These

excitation functions were measured at 6 = 10° with the array,

and the various slit settings are given 'nia'?able I, column e. The
target consisted of ZnS containing natural sulfur on a 2500 X Ni
foil. |
Figure 27 shows the results. Measurements were made

at every 200 keV from 8 to 12. 2 MeV. The arrows indicate the
beam energies selected for the correlation and branching ratio
measurements., For 31S(Z) the correlation and branching ratio
were measured before the excitation function was measured, and

the beam energies were not optimum.

2. Experimental Setup for the Correlations

A schematic diagram of the setup is shown in Figure 28.
The alpha particles were detected in the magnetic spectrometer at
0° with a silicon surface barrier detector. The detector was masked
by a slit (1. 27 cm wide for S1S(1. 25), S18(2. 23), and >1s(3.08) and
.635 cm wide for S1S(3.29), SIS(3.35), and S1S(3.44)) and covered
with an aluminum foil which presented a thickness 1.7 mg/ cm2 to
the particles passing through the spectrometer. For the correlations
of the levels at 3. 29 and 3. 35 MeV excitation, the beam was caught
in a cup of diameter 0. 635 cm placed at a distance of 25 cm from
the target. The half-angle subtended by this cup was 0.7 2°, The
outer aperture was a hole of 1. 676 cm diameter also placed at a
distance of 25 cm from the target. The half-angle subtended by this
aperture was 1. 850. For the correlations of the other levels an
older, dirtier beam catcher which produced more gamma-ray back-
ground was used because completion of the newer beam catcher was

unexpectedly delayed on three occasions by other experiments
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immediately before scheduled runs. The cup in the old system was
48 cm from the target and subtended a half-angle of 1. 1°. The
entrance slits to the spectrometer defined the outer aperture and
subtended a half-angle of 2, 0°. The correlation from the 2,23
MeV level was measured with both systems and the results agreed
within the experimental uncertainties.

The gamma rays were detected in a 12, 70 cm diameter
x 10.16 cm long Nal(Tl1) crystal which could be moved from 90° to
150°,

was 13.7 cm. This spacing could easily be reproduced by means

The distance from the target to the front face of the crystal

of a spacer between the crystal and the outside of the target
chamber. The crystal was supported on a wooden table clamped
to a target chamber support. The angles were set by means of
lines drawn on this table.

A diagram of the electronics is shown in Figure 29. The
internal lower level discriminator gate in the RIDL 400-channel
analyzer was disconnected from the input and the gating pulses
from the diodes were fed to this gate rather than to the coincidence
gate supplied by the company. This modification suggested by Dr.
R. W, Kavanagh greatly reduced the dead time in the analyzer
when there was a high count rate at the input. The two diodes
prevented cross-talk between the two coincidence units (RIDL
32-3). The high voltage stabilizer sampled the counting rates in
two windows--one on each side of a peak-- and adjusted the high
voltage to keep these two counting rates equal. The rest of the
circuit is standard.

Due to the complexity of the setup and the fact that most
of the equipment was used for other experiments, it was difficult

to set up the experiment quickly enough so that there was enough
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time remaining in the 24-hour run to measure the correlation. A
standard arrangement for everything used in this experiment was
developed, and special length cables reserved for this experiment
were made for connecting the electronics. Careful scheduling of
the day for the run was necessary in order that all of the required
equipment be available, In spite of this diligence, on several days
the correlation was not completed even though the beam was
available most of the day.

After the equipment was assembled, the next step was
to set the gains and the single channel analyzer (S.C. A.) windows.
The gain for the gamma rays was set by lowering the coincidence
level in one of the coincidence units so that it triggered on singles.
The gain could then be adjusted so that the spectrum was spread
over the desired number of channels. The gain for the alpha
particles was set so the pulses reaching the S.C. A. were between
5 and 10 volts because this was the best operating region for the
S.C.A. The gamma-ray S. C. A. was used in the integral mode
and set to discriminate against low energy gamma rays. Raising
this discriminator decreased the number of randoms. The S.C. A.
window for the particles was set on the alpha particles after
identifying them with the usual techniques of placing foils in front
of the detector and changing the bias. This procedure was
complicated by the fact that there were some 3He particles
scattered around the spectrometer, but their energy was always
lower than the energy of the alphas. The magnetic field was
varied to find the setting at which the peak was centered on the
slit in front of the detector.

The next step was to set the various pulse widths and

delays. Groce (1963) gives the formula
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t(nanoseconds) = 202, 0 /A/E

for the time required for a particle to travel the distance from the
target along the mean orbit to the detector, where A is the atomic
weight and E is the energy in MeV. The times for the extreme
outer and inner orbits are approximately 10% longer and shorter,
respectively, For an alpha with E = 14 MeV, t = 108 + 11 ns.
Because of this time spread, because of the walk in the S.C. A, 's,
and because it was difficult to set the rather coarse delay controls
accurately, a resolving time of 27 = 120 ns was used, that is, the
widths of the logic pulses to the coincidence circuit were 60 ns. To
set the appropriate delays for these logic pulses, a measurement
of the counting rate versus delay was made and the delay with the
maximum counting rate was selected for the ""reals' channel. An
additional 2 us was added to the '""randoms' channel. The delay on
the linear gamma-ray pulses was set by calculating the required
delay from the other delays in the circuit and then checked by
observing whether every coincidence was stored in the RIDL 400-

channel analyzer.

3. Spectra

315(1. 25)

Figure 30 shows the gamma-ray spectrum at 6_ = 120°

from the decay of the level at 1. 25 MeV excitation energy in 318.

The gamma-~ray S.C. A. was set so that pulses were stored only

above channel 34. In Figure 30 the randoms spectrum multiplied
number of reals

“number of randoms
ratio was measured by feeding uncorrelated pulses into both channels

has already been subtracted. This

by the ratio
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and counting the number of coincidences in both the real and random
channels. This ratio was approximately one for the spectra from
“all of the levels. In the spectra from the 1. 25 MeV level, the
randoms spectrum typically contained one-third as many counts
as the reals spectrum with most of the counts in channels below
the photopeak. The resolution (FWHM) of the photopeak was 10%
or 130 keV. The gamma-ray singles rate was approximately 50K
per sec and the alpha particles singles rate was approximately 75
per sec. A gamma ray was detected in coincidence with about 2%
of the alpha particles detected. Each angle required about three
hours with a beam of 0. 15 yA of 11. 2 MeV 3He++.
Figure 31 shows the angular correlation of the gamma
rays in the photopeak normalized to the number of alpha particles

detected. The error bars represent the statistical uncertainties.

315(2. 23)

Figure 32 shows the gamma-ray spectrum at 8§ = 135°

from the decay of the level at 2. 23 MeV excitation energy in 318.
The randoms spectrum which have already been subtracted in
Figure 32 contained approximately one-third as many counts as

the real spectrum with most of the counts in channels below the
photopeak., The resolution (FWHM) of the photopeak was 8% or 180
keV. The gamma-ray singles rate was approximately 42K per sec
and the alpha particles singles rate was approximately 80 counts
per sec. A gamma ray was detected in coincidence with about 2. 6%
of the alphas. Each angle required about three hours with a beam
of 0,18 uA of 8.5 MeV 3He++. The gamma-ray energy calibration

was established with gamma-ray sources.
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Figure 33 shows the angular correlation of the gamma
rays in the photopeak normalized to the number of alpha particles

detected. The error bars represent the statistical uncertainties.

31g(3. 08)

Figure 34 shows the sum of the gamma-ray spectra at
all angles from the decay of the level at 3. 08 MeV excitation energy
in 318. The random spectra which have already been subtracted in
Figure 34 contained approximately one-third as many counts as the
reals spectra with most of the counts in channels below the photo-
peak., The resolution (FWHM) of the photopeak was 6% or 190 keV,
The gamma-ray singles rate was approximately 50K per sec and
the alpha particle singles rate was approximately 6 counts per sec.
A gamma ray was detected in coincidence with about 3. 2% of the
alphas detected. Each angle required about four hours with a beam
of 0. 2 LA of 8.4 MeV 3He++. The gamma-ray energy calibration
was established with gamma-ray sources.

Figure 35 shows the angular correlation of the gamma
rays in the photopeak normalized to the number of alpha particles

detected. The error bars represent the statistical uncertainties.

315(3. 29)

Figure 36 shows the gamma-ray spectrum from the decay
of the level at 3. 29 MeV excitation energy in 318 at eY = 900. The
random spectrum which has already been subtracted in Figure 36
contained approximately one-fifth as many counts as the reals

spectra with most of the counts in channels below channel 60. The
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gamma-ray singles rate was approximately 65K per sec and the
alpha particle singles rate was approximately 1 count per sec.
A gamma ray was detected in coincidence with about 5. 3% of the
alpha particles detected. Each angle required about six hours
with a beam of 75 nA of the 12, 0 MeV ?

energy calibration was established with gamma-ray sources.

++ ’
He . The gamma-ray

Figure 37 shows the angular correlation of the photopeak
of the 2. 04 MeV gamma ray. The error bars represent the

statistical uncertainties.

315(3. 35)

Figure 38 shows the sum of the gamma-ray spectra at
all angles from the decay of the level at 3. 35 MeV excitation energy
in 318. The random spectra which have already been subtracted in
Figure 38 contained approximately one-fifth as many counts as the
reals spectra with most of the counts in chainnels below channel 30.
The gamma-ray singles rate was approximately 60K per sec and the
alpha particles singles rate was approximately 0.5 counts per sec.
A gamma ray was detected in coincidence with about 4. 5% of the
alphas detected. Each angle required about four hours with a beam
of 80 nA of 9,0 MeV 3He++. The gamma-ray energy calibration was
established with gamma-ray sources.

Figure 39 shows the angular correlation of the photopeak
of the 2,11 MeV gamma ray. The error bars represent the

statistical uncertainties.
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315(3. 44)

Figure 40 shows the sum of the gamma-ray spectra at
all angles from the decay of the level at 3. 44 MeV excitation energy
in 318. The random specira which have already been subtracted
in Figure 40 contained approximately one-third as many counts as
the reals spectra with most of the counts in channels below channel
80. The gamma-ray singles rate was approximately 50K per sec and
the alpha particle singles rate was approximately 3 counts per sec.
A gamma ray was detected in coincidence with about 3. 1% of the
alphas detected. Each angle required about five hours with a beam
of 70 nA of 12.2 MeV “He™

was established with gamma-ray sources.

The gamma-ray energy calibration
Figure 41 shows the angular correlation of the photopeak
~ of the 3.44 MeV gamma ray. The error bars represent the

statistical uncertainties.

4. Analysis of the Data

The attenuation factors Qk in Formula. (6), Section III. B.,

were calculated with the formulas

o
_k
Qk-J
o
5 =9 [ singd B (cos 8)(1 - o~ TX(B) )
. rrj' sin B dB kcos e

0]

where
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B = angle with respect to the crystal axis

X(g)=  the distance through the crystal

T = gamma attenuation coefficient
(from Grodstein, 1957).

(See Figure 42 for the notation as given by Rose (1953)).

These results are given in Table XIL

With ¢ = 0 in Formula (4), Section IIL B, , Qz was
minimized with respect to I(1/2) for all possible combinations of
J q and Je and a discrete set of values for x. Then for each
combination of J d and Je a plot was made of these minima versus
arctan x as shown in Figure 43 for example. The dips in these
plots correspond to possible solutions. The probability that a
given dip is the correct one can be found by referring to X2 -
probability tables (see Nijgh et al.,1959). The 0. 1% confidence
limit is shown and only points on these curves which lie below this
limit are assumed to be possible solutions.

The values of the mixing ratio x and its error at the
minimum were found with an adaptation of a procedure given by
Smith (1964) for the analysis of triple correlations. Let X, be the

value of the mixing ratio near a minimum., Let
Xy = X9 - d

+d

Re = X5
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_where d is much less than the width (FWHM) of the dip. Then to a

good approximation the center of the dip is Xo + AxX where

A = Qz(xl) - Qz(x3)
B = Q%(x) + Q¥(xp) - 20%(x,)
furthermore, Q2 at the minimum vis

2
Qz(xz) - 'jg}E °

This process was iterated and found to converge very rapidly. The

uncertainty in the mixing ratio is given by

) 24
9% B(H-P-1)

number of angles

where H

o

number of magnetic substates with m, > 0.

The program for these calculations is given in Appendix D.

v
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315(1. 25)

Level 31S(1. 25) decays only to the 1/2" ground state (see
Section III. C. 5) and therefore only Jz =1/ 2% must be considered.
The coincidence requirement limits the possible lifetime of the level
318(1. 25) to ‘TY < 1 us and therefore I‘Yz 7 x 10" 10 ev. This limit
on I‘Y limits the possible values of J d which must be considered in
the analysis. The general surveys by Wilkinson (1960) and Skorka
et il.(1966) of the measured transition strengths in light nuclei give
some guide to the maximum transition strengths for various values

of J a For electric transitions, which are usually stronger than

magnetic transitions, the limits on I"Y for various values of J q are:
J d Transition Py(ev)
1/2 El < 15
3/2 El < 1072
5/2 E2 < 107%
7/2 E3 < 1079
9/2 E4 < 10717

Since for this level I‘Y >7x 10 10 ev , only values of Jd < 7/2 must
be considered.

Figure 43 shows the minimum of Q2 with respect to I1(1/2)
as a function of arctan x for all allowed combinations of J d and J e
All of these curves were calculated with o = 0 in Formula (4),
Section III, B, Only J d
values. Fou and Zurmuhle (1966) found {’n = 2 for this level and

= 3/2 gives a fit and x is restricted to two
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therefore the parity is positive and the gamma-ray transition is an
M1, E2 mixture which is consistent with ¢ = 0. The results are
given in Table XII. The fit to the correlation data is shown in

Figure 31.

3152, 23)
Level 31S(2. 23) decays only to the 1/27 ground state (see
Section I, C, 5) and therefore only JZ = 1/ 2% must be considered.

The limits on I‘Y for various values of J d are:

J d Transition I‘Y(ev)
1/2 E1 < 1073
3/2 E1 < 107%
5/2 . E2 < 1072
/2 E3 < 1077
9/2 E4 < 10714
Since the coincidence requires I‘Y >17x 10 £ ev , only values of

J4= 7/2 must be considered. .

Figure 44 shows the minimum of Q" with respect to I{(1/2)
as a function of arctan x for all allowed combinations of J d and Je'
All of these curves were calculated with o= 0 in Formula (4),
Section II. B. Only J, = 5/2 gives a fit and x is restricted to two
values. Fou and Zurmuhle (1966) found b ® 2 for this level and
therefore the parity is positive and the gamma-ray transition is an

E2, M3 mixture which is inconsistent with o = 0. To correct this,
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it is only necessary to change the signs of the mixing ratios calcu-
lated from Figure 44. Thus, the values are x= -,053 +,036 and
-2.411 £ . 243. The results are given in Table XII. The fit to the

correlation data is shown in Figure 33,

315(3. 08)

Level 31S(3. 08) decays only to the 1/ o ground state (see
Section III, C. 5) and therefore only JZ =1/ 2% must be considered.

The limits on I‘Y for various values of Jd are:
J d Transition I‘#(ev)
1/2 E1 < 107!
3/2 E1 < 1071
5/2 E2 < 1072
7/2 B3 < 1078
9/2 E4 W

10

Since the coincidence requires I‘Y >7x 10 7 ev , only values of

J

q= 7/2 must be considered.

Figure 45 shows the minimum of Q2 with respect to

1(1/2) as a function of arctan x for all allowed combinations of

Jd and Je' All of these curves were calculated with o = 0 in

Formula (4), Section III, B, Both Jq= 1/2 and Jd = 3/2 give fits.

It was found that Ln = 0 for this level (see Section IL C.) and therefore

J7 =1/2%. The results are given in Table XII. The fit to the

d
correlation data is shown in Figure 35.



50

315(s. 29)

Level 31S(3. 29) decays to both the 3/27 level at 1. 25
MeV and the 5/27 level at 2. 23 MeV (see Section II. C.5). For
the transition to the 3/2" level at 1. 25 MeV, J, =3/2". The

limits on I‘Y for this transition are:

J d Transition I‘Y(ev)
1/2 El < 1071
3/2 E1 < 107}
5/2 El < 107t
7/2 E2 < 2
9/2 E3 < 1078
11/2 E4 2 1
Since the coincidence requires l‘Yz Tx 10 e ev , only values of

J qs 9/2 must be considered. ,
Figure 46 shows the minimum of Q~ with respect to
I(1/2) as a function of arctan x for all allowed combinations of
Ia
Formula (4), Section I, B, Both J a= 3/2and J q= 5/2 give fits,
but J 4 * 5/2 is favored. It was found that i & 2 for this level

(see Section IIL C.) and therefore the parity is positive and the

and Je. All of these curves were calculated with o = 0 in

gamma~ray transition is an M1, E2 mixture which is consistent
with o = 0 for both Jg = 3/2+ and Jg = 5/2+. The results are given
in Table XII. The fits to the correlation data are shown in Figure
31.
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For the transition to the 5/ 2" level at 2. 23 MeV the
statistical uncertainties in the data were so large that nothing
useful was found from the correlation analysis.

For both the cascade through the 3/ 9™ level at 1. 25
MeV and the cascade through the 5/ 2" level at 2. 23 MeV, an
extension of the analysis was made to analyze the angular
correlation of the second gamma-ray transition. The parameters
in these cases were very insensitive to the present data, and

nothing useful was found.

315(3, 35)

Level 318(3. 35) decays only to the 3/2 level at 1. 25
MeV (see Section IIL C. 5) and therefore only Jz = 87 2" must be

considered. The limits on I‘Y for various values of J d are:

Jd Transition Py(ev)

1/2 E1 < 107!
3/2 Bl < 107!
5/2 E1 < 107t
/2 E2 < 1073
9/2 E3 < 1077
11/2 E4 < 107+

10

Since the coincidence requires I‘Y >7x10 " ev , only values

of J, < 9/2 must be considered.

d
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Figure 47 shows the minimum of Q2 with respect to
1(1/2) as a function of arctan x for all allowed combinations of
Jd and Je. All of these curves were calculated with o = 0 in
Formula (4), Section III. B, Fits were obtained for J4= TL2,
3/2, 9/2, and 5/2 in the order of preference. Since there is
only a 1% probability that Jq = 9/2 is a fit and only a 0. 3%
probability that J q® 5/2 is a fit, these two values are not
considered further., The parity is assumed positive because
the parities of all of the levels in the analog 31P up to 4. 3 MeV
excitation energy are positive (see Section IV, A). For Jg = T/ 2+,
the gamma-ray transition is an E2, M3 mixture which is
inconsistent with 0 = 0. To correct this it is only necessary
to change the signs of the mixing ratios calculated from Figure
47, Thus, the values are x = -,467 £ .521 and -2, 204 + 2, 920
for Jg =7/2%, For Jg =3/ 2+, the gamma-ray transition is an
M1, E2 mixture which is consistent with ¢ = 0 and no correction
is necessary. The results are given in Table XII., The fits to
the correlation data are shown in Figure 39,

The second gamma-ray transition of the cascade
through the 3/ 2" level at 1. 25 MeV was analyzed, but again the

parameters were insensitive and nothing useful was found.

315(3. 44)

Level 31S(3. 44) decays to the 1/ g ground state and
to either the 3/2" level at 1. 25 MeV or the 5/2" level at 2. 23
MeV or both (see Section II.C. 5). For the decay to the ground
state, Jg = 1/2", The limits on I‘Y for various values of J are:
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J d Transition I‘Y (ev)
-1

1/2 El < 10

3/2 . E1 < 107t

5/2 E1 < 1072

7/2 E2 < 1076

9/2 E3 < 10713

10

Since the coincidence requires I‘Y >7x 107" ev , only values of

J, < 7/2 must be considered.

¢ Figure 48 shows the minimum of Q2 with respect to
1(1/2) as a function of arctan x for all allowed combinations of
Ia
Formula (4), Section III. B, Only the curve for J q= 3/2 fits, It

was found that L, = (2) for this level (see Section IL C) and therefore

and Je. All of these curves were calculated with o = 0 in

the parity is tentatively positive and the gamma-ray transition is
tentatively an M1, E2 mixture which is consistent with o = 0. The
results are given in Table XII. The fit to the correlation data is

shown in Figure 41.
The photopeak yields were also fitted with a series of

Legendre polynomials

Z ' akaPk(cos 0)

k even
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where k < 2J . for simple decay or k < min (ZJd, 2Je) for the

d
second gamma ray in a cascade. The uncertainties were
assigned in the standard manner as described in Nijgh et al.
(1959). The normalized coefficients, that is ak/ a, and their

uncertainties are given in Table XII.

5. Branching Ratios

‘To measure branéhing ratios, the lucite target chamber
top was replaced with an aluminum cup covered with tantalum into
which a 10. 16 cm x 10. 16 cm NalI(T1) crystal could be inserted
(see Figure 49). This allowed the front face to be placed at 3,556
cm from the center of the beam spot and thus increased the
efficiency. It was necessary to make separate runs for the
branching ratios because there was not enough electronic equipmént
available to measure the branching ratios and the correlations
simultaneously. In some cases, runs with the aluminum cup were
not taken and only the correlation spectra were used to determine
the branching ratios. Except for the aluminum cup the setup was

the same as that used for the correlation measurements.

315(2. 23)

The gamma-ray decay spectrum taken with the aluminum
cup of the level at an excitation energy of 2. 23 MeV in 31S is shown
in Figure 50(a). Figure 50(c) shows a standard gamma-ray line
shape obtained by observing the reaction 12C(3He, p)14N to the
level at 2. 311 MeV excitation in 1‘lN and observing the gamma rays

from the decay of this level in coincidence with the protons. Figure
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50(b) shows a line shape for a 1. 25 MeV gamma ray obtained by
observing the reaction 328(3He, a)318 to the level at 1. 25 MeV
excitation energy in 318 and observing the gamma rays from the
decay of this level in coincidence with the alphas.

To calculate a branching ratio limit to the state at 1. 25
it was assumed that the line shape for a 2. 23 MeV gamma ray Waé
well approximated by the line shape for the 2.311 MeV gamma
ray. The gain and normalization of the 2,31 MeV line shape
spectrum were adjusted with the computer so that the 2. 31 MeV
photopeak matched the 2. 23. Then various amounts of the 1. 25
MeV line shape with appropriate gain were added to the 2. 31 line
shape until the composite just exceeded the statistical uncertainties
in the region of the 1. 25 MeV photopeak in the spectrum from the
decay of the 2. 23 MeV level. In this mixture if Y(9o°)1_ 25 photopeak
is the number of counts in the 1, 25 MeV gamma-ray peak and
is the number of counts in the 2. 31 MeV

o)
¥(90 )'2. 23 photopeak
gamma-ray peak, then

o] 2.23
Nl. 25 o ¥(90 )1.25 photopeak PF2.23 Jo
N = o PF 1.25
2.23  Y(90 )2.23.photopeak 1.25 Jo
(aoz. 23 % a22. 23 QZZ. 23 Pz(cos 900)) o
10
1.25 1.28 . 1.25 o
(ao + 2, Q, Pz(cos 90 ))min

where
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N1 25 = number of events in which the 2. 23 MeV level
cascaded through the 1. 25 MeV level and an «

was detected.

N2 93 = number of events in which the 2. 23 MeV level
decayed directly to the ground state and an o

was detected.

PFy 55 = photofraction for a 2, 23 MeV gamma ray (from
Weitkamp, 1963).

PEy 95 = photofraction for a 1.25 MeV gamma ray (from
Weitkamp, 1963).

Joz' o total efficiency for a 2. 23 MeV gamma ray.

Jol‘ = total efficiency for a 1. 25 MeV gamma ray.

(aoz’ 23+. .) = relative angular correlation yield (ao = 1)
of 2, 23 MeV gamma ray for the parameters
found with the X2 analysis.

1,25 e '
(a.o +:..) = minimum with respect to X9 93 4 1. 95 of

the relative angular correlation yield (ao = 1)

for the 1.25 MeV gamma ray in the cascade.

N
This formula yields Nl’ i < .029 and therefore
2,23
N1.25
Big, 23
branching to 1. 25 MeV level = ——N———— < 3%,
: 1.25
1+
2.23

to ground state > 97%. (See Figure 53.)



57

31S(3. 08)

The anélysis of branching of the decay of the 3.08 MeV
level was very similar. The line shape of a 3. 08 MeV gamma
ray was obtained by observing the gamma rays from thé decay
of 11B(3He, p)lsc (3.09). The 2.311 MeV line shape was used as
an approximation to the line shape of a 2. 23 MeV gamma ray in
the 3.08 = 2, 23 = 0 cascade. The 1.25 MeV line shape was used
for the 1, 25 MeV gamma ray in the 3.09 - 1. 25 = 0 cascade.

Using a formula similar to Formula (10) above yields

No.23

.09
N3 08

IA

Ny 95

N3 08

.15

IA

and therefore

branching to 2, 23 level < 8%
to 1. 25 level <. 18%
to ground state > 85% .

3153, 29)

The branching ratios for the decay of the 3. 29 MeV
level were extracted from the correlation spectra because no
spectrum with the aluminum cup was taken. To calculate a

limit on a possible branch to the ground state the counts in
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channels 170 through 180 corresponding to the photopeak of a 3. 29
gamma ray were summed at each angle. The yields were
normalized to the number of particles detected in coincidence.
The resulting correlation was fitted with an expansion in Legendre

polynomials.

Z aLkPk(cos 6)

k even

where k < 4 because the spin of the 3. 29 level was found to be
5/ 2* (see Section I, C. 4). Similarly, the angular correlation
of the 2.04 MeV gamma ray after subtracting the contribution
from the 2. 23 MeV gamma ray, emitted in the cascade of the
3.29 to 1,25 MeV level was fitted with an expansion in Legendre
polynomials. Then

2.04 3.29

F2. 04 Jo ao

3.29 _ 2.04
a
o

N3.29 _ %

No.oa FF3 a9 3

where

N3 29 = number of events in which the 3. 29 MeV level

decays directly to the ground state and an «

was detected.

N2 04 - number of events in which the 3. 29 MeV level

cascades through the 1. 25 MeV level and an «

was detected.
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PF, , = photofraction for a 2. 04 MeV gamma ray (from
Weitkamp, 1963).

PF3 99. = photofraction for a 3. 29 MeV gamma ray (from
Weitkamp, 1963).
2. 04 -
J o = total efficiency for a 2. 04 MeV gamma ray.
3.29 - |
J - = total efficiency for a 3. 29 MeV gamma ray.
This gives

N
N

3.29
2,04

< .184.

Similar analyses were done to obtain branching ratios
for branches to the level at 3. 08 MeV and the level at 2. 23.
These gave

N
N3.08 P
2. 04
N
23 = 326% 049,
2. 04

These results were combined to give



A

oy
[\
R

branching to ground state

to 1. 25 MeV level 7573

1l

to 2. 23 MeV level

I
Do
(92}

]
IS5

to 3.08 MeV level < 15% .

315(3. 35)

Figure 51 shows the gamma-ray spectrum for the decay
of the level at 3. 35 MeV excitation obtained with the aluminum cup.

The analysis was similar to that for 31S(2. 23). The results were

branching to ground state < 6%
to 1.25 MeV level > 78%
to 2.23 MeV level < 21%

to 3. 08 MeV level < 6% .

31g(3. 44)

The branching ratios for the decay of the level at 3. 44
MeV were extracted from the correlation spectra because no
spectrum was taken with the aluminum cup. The analysis was

similar to that for the level at 3. 29. The results were

branching to ground state = 461&
to 1. 25 MeV level +3
= 54 4 %
to 2. 23 MeV level

to 3,08 MeV level < 29 .
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IV. DISCUSSION OF 318 LEVELS

A. Comparison with 31P

Figure 52 shows the energy level diagrams for 318 and 31P.

All of the information on 318 was determined in the present experi-
ment except the %n—values for the levels at 1. 25, 2. 23 and 7. 04
(see Section II, C. 6). The information on 31P published since the
compilation by Endt and van der Leun (1962) was completed comes
from studies of the reactions 30Si(p, Y)31P (Harris and Seagondollar,
1962; Harris and Seagondollar, 1963; Harris and Hennecke, 1964;
van Rinsvelt and Smith, 1964; Harris and Breitenbecher, 1966;
van Rinsvelt and Endt, 1966; Willmes and Harris, 1967), and
30Si(d, n)31P (Cujec et al., 1965; Davies et al., 1965). Figure 53
shows the gamma-ray decay SChemes and Table XIII compares the
mixing ratios. A comparison of the signs of the mixing ratios for
318 and 31P is meaningless because different phase conventions
were used for the mixing ratios in SiP. These phase conventions
are given in the references cited in the footnotes to Table XIII,

The levels at 1. 25, 2. 23, and 3. 08 MeV in 318 have,
respectively; the same spin, parity, and decay scheme as the
levels at 1. 25, 2,23, and 3.13 MeV in 31P. These levels are
assumed to be isobaric analogs.

For the 5/2+ level at 3. 29 MeV in 31P, the only possibilities
for an analog arc the 5/27 (3/2)" level at 3. 29 McV and the (7/2,
3/2) level at 3.35 MeV in 318. The decay scheme of the 3. 29 MeV
level in 3113 matches the decay scheme of the 3. 29 MeV level in
318 but does not match the decay scheme of the 3. 35 MeV level.
Therefore the 3. 29 MeV level in 31P is assumed to be the isobaric

analog of the 3. 29 MeV level in 318.
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For the 7/2" level at 3. 41 MeV in S'P the only possible
analog is the (7/2, 3/2) level at 3.35 MeV in 318 because this
is the only level in this excitation region which can be fitted with
J.=7/2. Furthermore, the decay schemes match.

For the 3/ 2" level at 3.51 vMeV in 31P the only remaining
possibility is the 3/2(+) level in 318 at 3.44 MeV. Again the
decay schemes match.

For the higher levels one can only speculate on which levels
are analogs on the basis of the present information. If the order
of levels is the same in 31P and 318, then one might propose the

following analogs.

31, 31g
4.19 MeV, 5/2" 4,08 MeV, (5/2")
4.26 ., B/E° 4.21
4. 43 . 4.46 , 4=
4.59 , 5/27 4,52 , 4=
4.63 , 3/2 4,58
4,178 , 5/2, (1/2)  4.72 , 1. =2, (3)
5.01 . B2 4, 87 g T, @
5.12 4, 97 , b,=1
5, 25 , (1/2) 5. 15 . 178

The only inconsistency is the lack of an analog for the (5.03) MeV
level in 318. This is not unexpected since the experiments with the
reaction 3OSi(d, n)31P may not have resolved this level and the
experiments with the reaction 30Si(p, y)slP may not have populated

it,



63

B. Comparison with Models

The low-lying 1/2+ level and '7/2+ level in 31P and 318

predicted by Broude et al. (1958) and Glaudemans et al. (1964)
(see Figure 2) and mentioned in the Introduction (Section L A.)
have been located. In 31P van Rinsvelt and Endt (1964) located
the 1/ 2" level at 3. 13 MeV excitation and van Rinsvelt and Smith
(1964) located the '7/2+ level at 3. 41 MeV excitation. In 315 the
1/2+ level has been located in the present experiment at 3. 08
MeV excitation and the 7/2" tentatively at 3. 35 MeV.

The Nilsson model calculation by Broude et al. (1958) was
based on the incorrect assignment of J = 3/2"L to the level at
3. 13 MeV excitation in 31P. Broude et al. (1958) assumed that
the level was the second member of a rotational band based on
Nilsson orbit number 9 (1/2+, ground state; 3/2+, 3.13 MeV;
5/27, 2.23 MeV) while the other low-1ying levels were obtained
by coupling two bands based on orbits 8 and 11. Subsequently,

. BE2(0 - 2. 23 MeV)
Kossanyi-Demay et al. = (1965) found that BE2(0 S 3. 13 MieV) ™ 9

from inelastic electron scattering which disagrees with the expected
value of 3/2 for levels of the same band. Also van Rinsvelt and
Endt (1964) assigned 37 = 1/27 to the 8, 13 MeV level in °1P by
means of a polarization measurement, and the analog at 3. 08 MeV
in 318 was assigned J7 = 1/2+ in the present experiment. On the
basis of the information for 31P, Bishop et al. (1965) identified

the 3. 13 MeV level with Nilsson orbit number 11 and repeated the
calculations. Couplings between the three rotational bands based

on the Nilsson orbits 8, 9, and 11 were allowed. A range of values
for the parameters u, #, and n (standard notation) were chosen from

considerations of neighboring nuclei. Figure 54, column 1, shows
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the results for u = 0. 167, »=0,05, and n =-3. There is a
serious disagreement with experiment, and similar disagreements
were obtained for other choices of these parameters. No computed
electromagnetic properties were reported. Bishop et al. (1965)
concluded that it was rather difficult to explain the level scheme of

3]‘P with the Nilsson model.

Kamavataram (1966) generalized the Nilsson model for 31P
to take into account three nucleons outside of a 2881 core. The
ground state of 31P has two neutrons and a proton in Nilsson orbit
9. For the low-lying 1/27, 3/2%, and 5/2" excited states,
Kamavataram considered the excitation of one of these three
nucleons into higher Nilsson orbits of positive parity and the
different possible parent states of the other two nucleons in con-
structing properly anti-symmetrized T = 1/2 wave functions.
Kamavataram (1966) tabulated the configurations of three particle
states of 31P. The Hamiltonian consisted of a collective part and
a part which took into account two-body residual interaction (see
Brink and Kerman, 1959). The parameters were selected from a
consideration of neighboring nuclei. Calculating the matrix elements
of this Hamiltonian with the wave functions described above and
diagonalizing yielded the results shown in Figure 54, column 2.
Here n =-2 and u = 0. 3 and the residual interaction is 0.5 MeV.
No computed electromagnetic properties were reported. This more
complicated model is in better agreement with experiment than the
simple Nilsson model is, but it fails to predict a low-1lying 7/ -
level.

Chi and Davidson (1963) proposed a modification of the Nilsson
model in which the extra nucleon was coupled to an asymmetric core

rather than the usual symmetric core. The Hamiltonian consisted of
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two parts: H_, the Hamiltonian for a rotating core of fixed shape

)
with quadrupﬁe moments of inertia, and HP’ the Hamiltonian for
the single particle moving in an asymmetric oscillator potential
with £ - S and 2 . terms. The energy eigenvalues were obtained

by an exact diagonalization of this Hamiltonian using an appropriate
core-particle basis. The model was applied throughout the 2s-1d
shell, and for all nuclei for which there was sufficient experimental
information, the three model parameters (P, a core strength
parameter, and the usual g and v parameters) were determined.
For 5P, P =0.180, g = 0,205, and y = 31.0%and the predicted
energy levels are shown in Figure 54, column 3. This model also
is in better agreement with experiment than the simple Nilsson
model is, but it fails to predict a 1/ ot level other than the ground
state below 5 MeV., The computed mean life of the 1. 27 MeV state
in 31P is 11.1 ps which disagrees with the value of 0.5 ps
measured by Levesque et al. (1962).

Glaudemans et al. (1984) assumed an inert 2881 core and
performed a shell-model calculation for the nucleons outside of
this core. Fifteen interaction energies and two binding energies of
281/2 and 1d3/2

least-squares fit to 50 well established levels in the nuclei from

2981 to 40Ca. From the best values of the 17 parameters thereby

nucleons to a 28Si core were determined by a

obtained, the energies and wave functions of 377 levels in this
mass region were calculated. The results for A = 31 are shown

in Figure 54, column 4. The agreement with experiment is fairly
good except that the 5/2+ level at 2, 23 MeV is not reproduced.

The authors concluded, therefore, that it probably arises from
excitation of the 2881 core. Wiechers and Brussaard (1965), using

the wave functions obtained with this model, calculated the level
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widths for M1 transitions to the ground state of SIP from the 1. 27
and 3. 13 MeV levels and to the ground state of 318 from the 1. 25
MeV level. For the 1,27 MeV level in 31P the calculated width
r(M1) = 0, 0460 x 10_3 ev is too small compared to the experimental
width T(M1) = 2.8 x 107° ev, (Booth and Wright, 1962). For the
2.23 MeV level in Slp the calculated width T(M1) = 86. 0 x 1073 ev
is in good agreement with the experimental width I'(M1) ~ 60.0 x
1073 ev, (Booth and Wright, 1962). For the 1.25 MeV level in o108
the calculated width I'(M1) = 0. 0589 x 10~3 ev has not been checked
experimentally.

Thankappan (1962) proposed a model for SIP in which the odd
proton was coupled to a vibrating 30Si core. Core vibration modes
through three phonons were included., The first excited state of
BOSi at 2, 24 MeV was interpreted as the first excited state of the
core, which gives #w = 2,24 MeV. Two other parameters of the
model, namely, the separation energy A of the single particle states
Zsl /2 and ld3 /2 and the constant ¢ indicating the strength of the
coupling of the odd particle to the collective oscillation of the core,
were considered as free parameters and adjusted to obtain the best
agreement of the calculated and the observed energy levels. The
level spectrum, shown in Figure 54, column 5, is in fairly good
agreement with experiment. A fourth parameter k was introduced
in the calculations of the electromagnetic transition probabilities.
For k = 10 MeV, Thankappan calculated that the second 3/ 2™ level
in 3113 which was thought to be the 3. 13 MeV level, decays in the
ratios 55; 18; 27 to the 0, 1.27, and 2. 23 MeV levels, respectively.
However, experimentally the 3. 13 MeV level decays by at least 99%
to the ground state (van Rinsvelt and Endt, 1966). Subsequent to

these calculations, it was shown, as mentioned above, that the
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3.13 MeV level has J" = 1/2", and therefore the second 3/2" level
in 311D should be identified with the 3.51 MeV level. The experi-
ment branching ratios from the 3. 51 MeV level to the 0, 1.27, and
2.23 levels are 64: 20: 16, respectively (Harris and Breitenbecher,
1966) in good agreement with the calculated ratios. The calculated
mixing ratios for these transitions are also in good agreement with
| ~ experiment, For k = 10 MeV, Thankappan calculated that the 5/ 2"
level at 2. 23 in 3lP decays in the ratios 47: 53 to the 0 and 1. 27
MeV levels, respectively. However, experimentally the 2. 23 MeV
level decays by at least 97% to the ground state (Endt and van der
Leun, 1962). For k = 10 MeV the mixing ratio for the decay of the
1.27 MeV level is x = 7. 8 which diSagrees w—ith the experimental
value of 0. 28 (van Rinsvelt and Smith, 1964).

Crawley (1965) proposed a model for 31P in which a 251/2
hole was coupled to 328 core excitations. The dashed lines in
Figure 54 indicate the proposed coupling scheme. This was based
on the inelastic scattering of 17.5 MeV protons from 31P and 328,
Strongly excited levels with similar angular distributions were
assumed to correspond. This model incorporates the 7/2" level
at 4.43 MeV and predicts a 5/2 level at 5. 66 MeV. The model
also predicts a 5/2% and 9/27 for levels at 4. 78 and 5. 34 MeV,
respectively. Subsequently Cujec et al. . (1965) found J = 1/2+ |
for the 5. 25 MeV level which is probably the 5. 34 MeV level of
Crawley. No electromagnetic properties were reported for this
model. This model had been proposed earlier by Clegg and Foley
(1961) but there Was not enough experimental information available
at that time for meanihgful conclusions.

Of the several models summarized here Thankappan's model

with the vibrating core seems to give the best fit to experiment.



68

The well established rotational structure near A = 25 (see
Litherland et al., 1958) gives way to a vibrational structure near
A =30, Many more measurements are needed to test this. In
particular, if 3081 and its analog 30S have a vibrational structure,
there should be an approximately degenerate O+, 2+, 4* triplet
near 4 MeV excitation. There are three levels in 3OSi at 3. 51,
3.77, and 3.79 MeV. For the 3.51 MeV level J" = 2", but for

]

the 3. 77 and 3. 79 MeV levels, values for J" have not been deter-
mined. In 3OS two levels have been located at 3. 43 and 3. 71 MeV
excitation (McMurray et al., 1967) but values for J" for these

levels have not been determined.
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v. 3233me, a)%%c1

A. Excitation Energies of Levels in 3301

1. Introduction

This section describes the re_sults from the deuteron
spectra from the reaction 32S(3He, d)33Cl which were obtained
as a by-product of the alpha particle spectra from the reaction
32S(3He, a)318 described in Section IL B. In addition, some
information obtained by extensions of the deuteron spectra to
higher excitation energies in 3301 is presented.

It was useful to analyze the deuteron spectra because,

of the reactions listed by Endt and van der Leun (1962).

1) 325(p, v)33c1 Q= 2.285
2) 323, p1)%%s 2,285
3) 325(q,n)33c1 . 060
2) 33300, n)%%c1 ~6. 358
5) 1p(He,n)*3c1 3. 430
6) 325(3He, 0)%%c1 -3, 208
7) 325, 1)33c1 ~17.528
8) 33s5(%He,p)%%c1 -5.593
9) 35c1(p,1)33c1 " _15.663
10) 38ar(p, 0)*3c1  _4.355
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reaction 8) is the most suitable for locating low-lying levels in
33Cl. In previous studies of reaction 1) (see Endt and van der
Leun, 1962) not all of the low-lying levels predicted from the
mirror nucleus 338 were populated. Reaction 2) does not populate
low-lying levels. Reactions 3), 4), and 5) emit neutrons.
Reactions 7) and 9) have large negative Q-values and reaction 8)
is not suitable because it is difficult to distinguish between low-
energy tritons and 3He+ particles in the spectrometer. Reaction
10) is also suitable, and a study of the reaction is described in
Section VI,

The description is divided as follows: Section 2
describes the deuteron spectra from the reaction 32S(3He, d)3301
obtained as a by- product of the alpha particle spectra from the
reaction 32S(3He, a)3ls. Sections 2 and 3 describe, respectively,
single detector spectra and four detéctor array spectra corre-
sponding to higher excitations in 33C1.

The single detector, and later a four detector array,
was used when it was discovered that the sixteen detector was

temporarily unusable for deuterons of energy _<_v 5 MeV.

2. Sixteen Detector Array Spectra

(i) Experimental details

Since the deuteron spectré from the reaction
328(3He, d)33CI were taken simultaneously with the alpha spectra
from the reaction 32S(?’He, a)sls described in Section IL B., the
experimental details were identical. With a bias of 20 volts on

| the detectors the pulses from the protons were smaller than those



71

from the deuterons. The same program described in Appendix C
p

was used to reduce the data to spectra.

(ii) Discussion of spectra

The deuteron spectra are shown in Figure 55. As
before, the peaks were first identified by a non-relativistic
kinematics program which calculated the mass of the target
nucleus and the Q-value of the reaction from the frequencies
at two or more angles after correcting for the target thickness.
Masses were typically determined to £1 AMU. Then a relati-
vistically correct program was used to check the identification.
Since some levels were seen at only two angles, the specira were
carefully checked for levels from the expected contaminants 120,
13C, 16O, 2881, 338, and 348. Peaks from the reaction 12¢ (3He,
3N and *®oPne, )"
cations of the peaks from the reaction 348(31{6, d)SSCl were

F are labeled in Figure 55. The identifi-

facilitated by some spectra of this reaction taken by Dr. J. Dubois
under similar conditions with 348 targets. No levels from 130,
2881, or 333 were observed. As a further check on these identifi-
cations the yields from natural and enriched targets were compared.
" Levels (2) and (7) are only weakly populated in this
reaction. Level (2), most readily seen in Figure 50(e), was
tentatively located in these spectra by calculating its position
from its excitation energy measured in the reaction 36Ar(p, q)33C1
(see Section VI) and by comparing the natural and enriched target
spectra at 45°. The identification was made more difficult by the
fact that one or more peaks from the reaction 348(3He, d)35C1 were

not resolved from level (2).
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The known doublet (Endt and van der Leun, 1962)
at 2. 848 - 2, 856 MeV excitation energy was not resolved and no
attempt has been made to determine the relative intensities of
these levels. The contributions to the resolution of a typical peak
in the spectra shown in Figure 55 are listed in Table XIV, and the
observed resolution was 10 keV (FWHM).

(iii) Calculations of excitation energies

The excitation energies and Q-values for levels in
33Cl were calculated with the program described in Appendix A
after suitable modification to account for the fact that deuterons
and not alpha particles were being emitted, Table XV lists the
results for the excitation energies for the spectra shown in Figure
55. As before, to obtain final excitation energies, an average of
the excitation energies calculated from selected peaks was taken
and the results are shown. Q-values for the ground state of 33Cl
~are given in Table XVI

Q-values for the reaction 34S(SHTe, d)35C1 were also
calculated with this program and then combined with QC—S =,8764 =
. 0030 (Maples et al., 1966) to find the excitation energies which

are listed in Table XVIIL

(iv) Results

Table XV compares the present results for 3001
with those reported previously. The present experiment obtained
accurate excitation energies for levels (2) and (3) and located levels

(4) and (7). For the ground state, the present experiment found
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QGS = -3,217«+ 5

Using this value and the 1964 Mass Table (Mattauch

et al., 1965) for the mass excesses

ey ~26012.7 0.9 keV

A 14931.34 + .21

D 13135.91 + .13
yields

33¢1 -21000. =5

This is to be compared with the mass excess quoted for 33(31 in the
1964 Mass Table;

-21014 + 12

Table XVII compares the present results for 35C1
with those reported previously. The Q-value for the ground state
of 35C1 is known to + 3 keV (Maples et al., 1966) and the excitation
energies of the levels in 35(31 at 4.058 and 4. 174 MeV are known
to £ 5 keV (Endt and van der Leun, 1962). The good agreement of
the excitation energies found in the present experiment for these
levels with the excitation energies given by Endf and van der Leun
(1962) is a check on the ground state Q-value for the reaction

32S(3He, d)3301 and a further check on the ground state Q-value
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.
for the reaction 3ZS(BHe, oc)S*S, because all of these groups occur

at approximately the same frequency (see Figures 11 and 55).

3. Single Detector Spectra

(i) Experimental details

The target consisted of 579 + 174 ug/cm2 of SbZS3

on 1255 + 377 ugm/cm2 of gold. The beam of 0.2 pA of 12,0 MeV
3oy ++

He ' was incident on the SbZS3 side. The normal to the target
always bisected the angle between the beam direction and the
spectrometer. Previous experience with this kind of target showed
that with this beam current, the target depletion was slow (< 5% in
six hours). This target was used rather than a CdS target because
it was the thickest available at the time of these measurements. A
high yield was needed to compensate for the low efficiency of the
single detector.

The pulses from the silicon surface barrier
detector were fed to a Tennelec (Model 100A) preamplifier and

‘then into the internal amplifier of a RIDL 400-channel analyzer.
The spectra were read out on punch tape and then read back into
another RIDL 400-channel analyzer, which was equipped with a
device for integrating peaks. One run could be analyzed while
the next run was in progress. Background subtractions, dead
time corrections, and plotting were done manually during the
experiment.

The same calibrations used for the measurement of
the ground state Q-value of the reaction 328(3}1 )318 (Section IL A.
5) was used for the beam analyzing magnet (k = ,0199062 =
. 0000633 MeV/(Mc/sec) ) and for the spectromeber (k =,0113934

+ . 0000013 MeV/(Mc/sec)?).
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The slit settings are given in Table I, column h,

(ii) Discussion of spectra

Figure 56 shows the deuteron spectra at 20° and
450. The gaps in the spectra correspond to regions of severe
elastic scattering from the gold foil. The observed resolution of
83 keV (FW) is due mainly to the target thickness and the collector
slit width. The alpha particle spectra and proton spectra obtained
simultaneously were of little interest because of the poor
resolutions and the high level densities.

The peaks were again first tentatively identified
from the shifts with angle. Levels (5) and (6) were expected from
the sixteen counter array spectra (see Section V., A, 2) and from
previous work (see Endt and van der Leun, 1962). The level from

13N(2. 367) was uniquely identified from its kinematic shift. The

identification of the 3501(7. 58) was confirmed by a deuteron

spectrum from the reaction 34S(:))He, d)35Cl taken under similar
conditions by Dr. J. Dubois which showed that this level is strongly
populated, Level (9) was attributed to 33C1 on the basis of its
kinematic shift and intensity. The spectra of J. Dubois do not

show the region containing this level.

(iii) Calculation of excitation energies

The Q-values at 20° and 45° for levels (5) + (6) and
(9) were calculated with a modified version of the program given in
Appendix A. For each group Q-values at the two angles were
averaged and then combined with QGS = -3,217 + 5 (see Section
V. A. 2) to find the excitation energies. The results are given in

Table XV.
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The Q-value to the level in 35C]t was also calcu-
lated with a suitably modified version of the program given in
Appendix A, Again the Q-values at the two angles were averaged
and then combined with QGS = .8764 + .0030 (Maples et al., 19686)
to find the excitation energy. These results are also given in

Table XVIIL,

(iv) Results

Table XV compares these results for 33C1 to the
previously reporied results. The agreement for the level at 4. 12
MeV excitation energy is quite good. The level at 3.986 + 12
which has been seen in the reaction 32S(p, y)BBCI (Lonsjo, 1962;
and Prosser and Gordon, 1967) was not seen here,

The level in 35C1 at 7. 559 MeV excitation energy
is probably the level reported at 7. 559 from the reaction 34S(;),Y)S”‘:'CI
(see Table XVII).

4. TFour Detector Spectra

(i) Experimental details

The target consisted of 97 £ 29 ug/cm2 of CdS
containing sulfur enriched to 98. 1% 328 on 287 + 86 ug/cmz of
gold, The beam of 0.2 pA of 12,0 MeV 3He++ was incident on
the CdS side. The target was oriented so that the angle between
the incident particles and the target normal was equal to the angle

between the emerging particles and the target normal.
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Four adjacent detector (9 through 12) in the 18
detector were used. The others were masked off. The pulses
from each counter were fed into a Tennelec (Model 100A) pre-
amplifier, then to a RIDL single delay line amplifier (Model
RIDL 30-23), and then into the routing system of a RIDL 400-
channel analyzer. There was little dead time (typically < 5%)
with this system. The peaks were integrated with the integrating
device on the analyzer, and then read out on punch paper tape for
a permanent record. Background subtractions, dead time
corrections, and ploiting was done manually.

The same calibrations used for the spectra from
the reaction 36Ar(p, a)SBCI (see Section VL C. } were used for the
peam analyzing maguet (k, = . 0199062 + . 0000033 MeV/(Mc/sec)?)
and for the spectrometer (kS= . 0113844 + ,0000013 MeV/(Mc/sec)z).

The slit settings are given in Table I, column i.

(ii) Discussion of spectra

Only the regions about the peaks found in the single
detector spectra were re-investigated with the four detector array.
This re-investigation was made because narrower detector slits
8 were feasible with the four detector array than with the
sinéie detector and therefore better resolution could be obtained.
The peaks were again identified from the shifts with angle, and the

results confirm the single detector results.

(iii) Calculation of excitation energies

The Q-values and excitation energies for the levels

in 3301 and 35Cl observed in these spectra were calculated in the
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same way as were those for the single detector spectra and the

results are given in Tables XV and XVIIL.

(iv) Results

The results are compared with other measurements
in Tables XV and XVIL

B. Angular Distributions of 33Cl States

1. Introcduction

This section describes the results from the deuteron
angular distributions from the reaction 32S;(31°.‘Ze, d)33C1 which were
obtained as a by-product of the alpha particle distributions from
the reaction 328(3He, a)318 described in Section I, C. Only the
distributions from the levels at 0, 2. 35, and 2, 69 MeV excitation
in 3301 were obtained as by-products. The distributions from the
2, 35- and 2. 69-MeV levels were interesting because the spins and
parities for these levels were not known. It was hoped that
comparisons with theoretical predictions would determine «';p—values
for these levels. Measurements of the distributions from the levels
at 0,81, 2.85, 2.86 and 4. 12 MeV excitation were not made because
the spins and parities of these levels were known. Measurements of
the distributions from the levels at 1. 98 and 2. 98 MeV were not
made because these levels were so weakly populated that measure-
ments of their distributions would have required an excessive amount
of machine time. An extensive study of the reaction 32S(p, y)SSCl in

progress at the University of Kansas with higher proton energies
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than used previously should yield the spins, parities, mixing
oy

ratios, and branching ratios for the low-lying levels in ““CI.

£

2. Experimental Details

Because these deuteron angular distributions were

i
[

measured simultaneously with the alpha particle angular distri-
butions, the experimental conditions were identical to those
described in Section II, C. 2. Exactly the same procedure described

in Section IL C. 3 was used to analyze these distributions.

3. DWBA Predictions

For these calculations it was assumed that the reaction
mechanism was simple stripping. The zero-range approximation

was used and spin-orbit coupling was neglected.

[@V]

€ )

The three sets of optical model parameters for the "He
particles described in Section II, C. 4 and listed in Table XVIII
were also tried for this reaction. Again the predicted distribution
for each set were very similar and the Set I parameters of Table
XVIII were selected.,

The optical model parameters used for the deuterons

T
k4

(o
D

or

iy

were those found by Perey and Perey (1963) at Cak Ridge
elastic scattering of deuterons from aluminum at 11, 8 MeV and
are given as Set IV in Table XVIII. The shape of the potential is

given by
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A . d 1
Ur) = - + iW! - (— )
X1 dx % & 1
. r=R . o =R
a Y
B = rO(M)1/3 R’ =r0'(M)1/3. .

The distributions were again calculated with the code
TSALLY. The same procedure described in Section II C. 4 was
used to plot the results. Attempts to improve the fits by varying
the parameters met with little success.

4, Discussion

Figure 57 shows four points on the angular distribution

for 33Cl(G. S.) which must have Lp = 2 because for this state

J7 = 3/ 2+. The theoretical prediction for &p = 2 is consistent

' with the data.
Figure 58 shows the angular distribution for °C1(2. 35).

The points at 8y, = 6° and 11° were obscured by 17F(. 500).
Since 33Cl(.‘Z. 35) is unbound by approximately 60 keV and since
the TSALLY code is not suitable for unbound levels, it was
assumed that the level was bound by 100 keV. Varying this
binding energy by less than 1 MeV had little effect, a result in
agreement with Goosman's observation (1967) for a similar case
in the reaction 36Ar(sHe, d)37K. Level 33C1(2. 35) is assigned

t, = (2) which implies J7 = (3/2%) or (5/27).
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Figure 59 shows the angular distribution for “°CI1(Z. 68).
This level was also assumed bound by 100 keV. The theoretical
distributions for 4 D > 2 fail to dip as much as the experimental

. s O P
distribution near GCM = 07, The theoretical distribution for 4 =3

2
agrees best with the experimental distributions, but no assignment
is made.

5. Results

Table XIX summarizes the results of this and previous
work., The values listed in columns b and ¢ are for the reaction
32 33 . T . .
S(d,n)""Cl. Column d gives the known values of J or the values

of J7 implied by these f&p—values.
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VL Ar(p,a

1. Introduction

Since an initial analysis of the data from the reaction
32,3 33 : A " g R
S("He, d)""Cl failed to locate the second excited state in “°C1
- " ) 33 13 .
predicted from the mirror nucleus °°S the second most suitable

C(‘)So

reaction 36Ar(p, Cl (Q = -4. 355) was studied with the magnetic

spectrometer to find this level as described in this section.

2. Target

A diagram of the gas cell used in this experiment is
shown in Figure 60. This cell was designed by Dr. D. R. Goosman.
The beam was first collimated by the slits (1. 016 mm (FW)) in both
the horizontal and vertical directions immediately in front of the
target chamber. Following this, the beam was collimated by a
hole 4.8 mm in diameter in a sheet of tantalum of 0, 38 mm
thickness at a distance of 3. 8 mm in front of foil A, This second
collimator, which was attached to the gas cell but electrically
insulated from it, was aligned by moving the gas cell to find a
minimum in the beam striking the collimator. An optical alignment
procedure using the target chamber protractors gave the same
result to better than 30'.

The first exit aperture was 1.59 mm (FW) in the 6
direction by 3.81 mm (FW) in the 6 direction. At the center of
the target it subtended 3. 73° (FW) in the 6 direction and 8. 95°
(FW) in the ¢ direction. The second exit aperture was 1.59 mm
(FW) (= 2. 43°) in the 8 direction by 4. 57 mm (FW) (= 7. 01°) in the
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¢ direction. By placing the spectrometer at 0° it was also possible
to align these apertures with the beam by measuring the beam
striking them. Again this setting agreed with a setting made with
the target chamber protractors.

Because the reaction was observed only at 200, 480, and
600, the beam entered through foil A and the a particles emerged
through foil C as shown. Foil A was a 5060 2 nickel foil. Both
were supplied by the Chromium Corporation of America.. They
were glued to the stainless steel walls with epoxy.

The target gas obtained from Monsanto Research
Corporation by Dr. David Goosman contained 99, 94% 36Ar and
. 08% 38Ar. The cell was pumped for 24 hours before it was filled

with argon to a pressure of 14. 0 cm of mercury.

3. Supplementary Data

The calibration constant for detector eight in the array
with the 3. 18 mm detector slits was determined in the same way
as the constant for the single detector was determined as described
in Section II, A. 5. Again the elecironics shown in Figure 6 were
used. The result was k__ = 0, 0113844 = 0, 0000013 MeV/ (Mc/sec)2,
(£ = 27700 = 1 ke/sec).

The yield factors were again measured with the procedure
described by McNally (1966). The same slit seitings used for the
alpha spectra from the reaction 36Ar(p, a)33C1 described in Section
VI. 5 were used for the slits immediately in iront of the target
chamber (vertical, 1,02 mm (FW); horizontal, 1.02 mm (FW)), the
angular acceptance slits of the spectrometer (6 = 20 (FW), ¢ = 6. 60
(FW)), and the detector slits (61‘C e 3.18 mm (FW)). The exit

2



apertures were not used in the measurements of the yield factors,
and furthermore the elastic scattering was from a sheet of tantalum
rather than from a column of gas. However, since only peak
positions and not absolute yields were required from the spectra,
these two differences were unimportant., Table II, column c, lists
the yield factors.

4. 3Car(p,a)>3c1 Spectra Collection Details

A beam of 0.2 pA of 12,011 + ,014 MeV (fa = 24643 kc/sec)
protons bombarded the target. Neither the beam analyzing magnet
nor the magnetic spectrometer were cycled because low accuracy
was expacted because of the energy losses in the gas cell. The slit
settings not associated with the gas cell and detector foil thickness
are given in Table I, column j. An electron suppressor upstream
from the target was placed at -300 v, and the gas cell and the
Faraday cup were placed at +300v relative to the chamber walls,
With 55 volts bias, most of the detectors completely stopped the
alphas and the protons. In those cases where the protons were not
stopped, the data were not analyzed., At 20° two steps of the
magnetic field corresponding to a displacement of approximately
2. 90 mm of the spectrum relative to the detectors were made for
each of the regions of the spectrum., As a check the ends of
adjacent regions were overlapped. At 40° and 60° only one setting
of the magnetic field was made in each region because of a lack of
machine time. The data were read out on the Nuclear Data Optikon
(Model ND 307), and reduced to spectra in exactly the same way as

described in Section II, B. 5.
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5. Discussion of Spectra

Figure 61 shows the spectra. Only a small range
excitation (< 3 MeV) was scanned because of the unfavorable Q-
value (Q = -4. 355). The peaks here from levels in 33"81 at 0

. 810, and 2. 351 MeV excitation (see Section V. A) and from

13, N(G. S.) (Ajzenberg-Selove and Lauritsen, 1959) were identified
irom their positions predicted by a relativistic kinematics program
after appropriate corrections for the various energy losses., Level
number (2) was identified by its kinematic shift with angle. Chacks
were made for contributions from the reactions 12(3 (p, a}gB,

4. 1 4 2
10,0 %8, N, )tlc, and N, 3ue)2c

6. Calculation of Excitation Energy

The spectra shown in Figure 61 were used to calculate
the excitation of level (2) in 3301. Table XX gives the various
energy losses for a typical peak. Since only a nominal value of
10000 }_? for the thickness of the exit foil was available and since
the alpha particles lost approximately 400 keV in this foil, it was
necessary to determine the thickness more accurately. At each
angle the stopping power curves of Demiolioglu an i Wt x-anng
the excitation energies in SSCI from the reaction S( He, d) 'Ci

(see Section V), and the mass excesses for 3301 (see Section Vj},
36

Ar, protons, and alpha particles (Mattauch etal., 1865) wereusedt
calculate the exit foil thickness for each peak except those from
level (2). The average of the resulting exit foil thickness at each

O 1 e 5 Rl
angle (typically 11400 A) was used to calculate the excitation energy

S;,.‘

of level (2). The excitations at the three angles were then averagsc
toobtainthe final excitation energy of 1.999+,.020 MeV for level (2 17°Cl.

o
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VIL. DISCUSSION OF °5Cl STATES

A. Comparison with 338

3"2 3‘?
“S and °°CL.

. . : 3 33 .
The information summarized here for ~ S was taken from the

Figure 62 shows the isobaric level diagram for

compilation of Endt and van der Leun (1962) as well as from more
recent work by Becker et a1.(1966), O'Dell et al.(1966), and Moss
(1987) (see Appendix G). The information for 33C1 was taken from
Endt and van der Leun (1962) and the present work.

The levels in 33(}1 at 0, . 810, 1,978,and 2. 351 MeV corre-
spond quite well in excitation energies to the levels in 338 at 0,
. 841, 1,965, and 2. 313 MeV, respectively, Furthermore, if it
is assumed that the reactions 32S(d, p)338 and 325(31{8, d)SSCl are
simple stripping reactions, then the relative reduced widths to
cbrresponding levels should be similar, Table XXI gives the
values of (2J + 1) en2 - quoted by Endt and van der Leun (1962)
for the reaction 328((1, p)33S, and the relative intensities at
0 Tak = 45° of the deuteron groups corresponding to the levels in
33C1. TFor the first four levels these two quantities are quali-
tatively similar, In particular, the level at 2.0 MeV excitation
is weakly populated in both. It is highly probable that these levels
are isobaric analogs.

On the basis of the present information one can only speculate

on the correspondences of the next four higher lying levels in 338

33

and ““Cl. We suggest the following correspondences:
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33 33

S C1
2.869 MeV, ¢ =2 2.848 MeV, 5/2"
2. 937 , /27 2,686 -
2. 970 2. 980
3.224 , 3/2° 2. 856 , 32

These correspondences are consistent with the values of (2J + 1)
enz and the intensitigz given in Table XXI. In paggicular, the
level at 2. 970 MeV in ~ S and the level at 2. 980 in " "Cl are weakly
populated. As pointed out in Section V. B. 5, the theoretical angular
distribution for 4+ = 3 agreed best with the experimental distri-
bution for 3301(2. 686). However, the agreement was not good

enough to make an assignment.

B. Comparison with Theory

A refinemént of the Nilsson Model for 338 and 3301 has been

discussed by Bishop (1959). He assumed that the 3/ -3 ground state
and the 5/2 ¥ level at 2.0 MeV formed the first two members of a
K = 3/2 band. Then the formula

2
& T

| >

J K ®x”™

?

[J(@+1) - 2K2 + 6K’(1/2')21(—)J+(1/2)(J+1/2)]

2

(see Preston, 1962) gives %—I-= +396 keV and predicts a 7/2% level
at 4.8 MeV. He further assumed that the 1/2" level at 0. 8 and the

3/2+ level at ~ 2. 3 MeV formed the first two members of a K= 1/2
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2

7
_Zf::
the formula gives a = 0. 30 and predicts a 5/2" level at 3. 74 (see

band. I it is assumed that 396 keV for this band also, then
Figure 63, column 1). Experimentally if one assumed the isobaric
correspondence suggested in Section VIIL A, , then the second 5/ o
level is at 2. 848 MeV in 3301. The location of the first ’7/2+ level
is not known.

The results for 3301 of the shell model calculation by
Glaudemans et al1.(1964) which was described in Section IV. B.
are shown in Figure 63, column 2. I the isobaric correspondence
suggested in Section VIL, A, is again assumed, then the predicted
sequence 3/2+, 1/2+, 5/2"

However, the excitation energies do not agree very well with

, and 3/2" agrees with experiment.

experiment. The second 5/ 2" level is predicted to lie at 3.8 MeV
which is well above the second experimentally observed 5/2+ at
2,848 MeV in S°Cl. This model predicts 2 7/2" level at 2.9 MeV
which suggests the possible identification of this level with the
experimentally observed level at 2, 980 MeV in 33Cl. The fact
that the wave function given by Glaudemans et al.(1964) for the
first 5/ 2" state does not look like the wave function for the ground
state of 328 plus a proton could explain the weak population of this
level in the stripping reaction 328(3He, d)3301.

A similar shell model calculation for odd-parity levels of
nuclei in the region 33 < A < 41 has been done by Erné (1966).
An inert 32S core was assumed and one nucleon was considered
to be in the 1f,.1./2

Values for the twelve two-particle interaction energies and the

shell while the others were in the ld3 /2 shell,

s . 32 T 1s " y—
binding energies to the = S core of 1c13/2 and 117/2 nucleons were
determined by a least-squares fit of the computed energies to the

energies of sixty states in the region 33 < A < 41 with known spin
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and isospins. Then from these fourteen parameters, the energies
and wave functions of 240 states in this region were calculated.
For A =33 only a 7/2  level at 2. 94 MeV is predicted. This is
shown in Figure 63, column 3. Experimentally there is a 7/2°
level in 338 at 2. 937 MeV. The suggested analog in 33Cl ocecurs
at 2,686 MeV (see Section VIL A). The good agreement of the
predicted excitation with the observed excitation in 338 is not
surprising since this 7/ 2" level in 335 was one of the levels fitted.
The 3/2 level at 2. 856 in >°C1 is not predicted.
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APPENDIX A: PROGRAM FOR CALCULATING THE Q-VALUES

AND EXCITATION ENERGIES OF LEVELS IN °'s

The Q-value for the ground state is given by the

relativistically correct formula

_ 2
Qg = My + My = My - {[M; + My + B g = My - By
2 2 1/2
" Pigs " Psas  *2%PigsPsas cos§,}
where
»P 2 - B (E, o + 2M,)
1GS 1GS “"'1GS 1
p. 2. g (E, o + 2M,)
3GS 3GS ““3GS 3
Ml’ MZ’ M3 = nuclear masses not including the electron
masses
E1 cs’ E3 aGs ~ kinetic energies after corrections for the
target thickness
E .. = (1 XGSQO)[(1\/124-21\/1 Tl o I Y
1GS +R90 1 p 1 “171GS 1
- (1+ Copgpms) \(;/AVO :chg ’Z12 eCDS(iA_/IB Eige -
CDS “€°% %in 1
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(The beam is assumed incident on the side with the CdS.)

XGSQO = position of the beam in the beam analyzing magnet slits,

normally O,

RQO = radius of the orbit in the beam analyzing magnet.
Mp = mass of the proton.
K1 = calibration constant of the beam analyzing magnet.
F1 GS = beam analyzing magnet frequency.
. g . . 3 ,
CCDSHES = fractional error in the stopping power for "He particles
in CdS, normally 0.
C AVO = Avogadro constant.
WCDS = atomic weight of Cds. .
TTGT = thickness of CdS in a direction normal to the target.

ein = THIN = angle between the beam and the normal to the target.

€eps = stopping power of CdS for protons, a function of energy.
Esgs = 1+ CracTor * YasTar {rnag? + 2Mpz32
(1 + Rpyaae)®sasFacy K:;o)FsGsz]l/2 - My}
Caovp TRACK . 2 My o

' +(1+C ) 7z ( )
Eyas = Bags AVHEY W, ~ Gos6__ 23 °AU' M, “3GS



Esgs = B3as

CFacTOR

YGSTGT

Rpksas

2

3GS

k]

3GS
30

AUHE4

AU
TBACK

+(1+C
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Cavo Trgr 2 M

) Lo ek pE
CDSHE4 WCDS 2 cos eout 3 "AU 3

3GS)

magnification of the spectrometer times AE/E per

unit length perpendicular to the mean orbit.
vertical position of the beam spot, normally 0.
fractional error in the ratio K3 GS/ K30, normally 0,

calibration "constant' for the spectrometer, a

funiction of F3 GS and KSO'

magnetic spectrometer frequency.

calibration "constant' for the spectrometer at a
frequency corresponding to the energy of the alpha
particles (8785.0 + 0.8 keV (Wapstra,1964)) from

a 212 source.

Po
fractional error in the stopping power for alpha

particles in Au, normally 0.
atomic weight of gold.
thickness of gold in a direction normal to the target.

THOUT = angle between the emerging particles and

the normal to the target.

stopping power of gold for protons, a function of

energy.

fractional error in the stopping power for alpha

particles in gold, normally 0.
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The Q-value for the N-th excited state is given by a similar
set of equations and definitions with "GS8'" replaced by "N,

The excitation energy for the N-th excited state is given by

EX = Qgs - U
To calculate the error in a Q-value, errors are assigned
to the arguments of Q which have a significant error. Let Q be a

function of the arguments X, and suppose the error in X, is Axi.

Then the error in Q due to this error in xi is

AQ1=Q(X1,X2... Xi+AXi...)- Q(xl,xz... Xi...)

and the total error in Q due to all of the Xi is

) 5
MRpoar, = VEOQ)T .

i

Table VIII gives the values of the arguments, their errors,
and the errors introduced in Q for two typical cases.

The error in the excitation energy is calculated in a similar
way. Since the ground state and the N-th excited state are not
observed simultaneously, there are separate arguments for the
ground state and the N-th excited state in some cases. This is the
reason for the subscripts "GS'" and "N'" above. Table VIII also
gives the errorsi introduced in the excitation energy for the same
two cases.

The input for this program consists of the following cards:
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Argument Error
Card 1 ®l, ERR(1)
Card 2 FIGS, EKK(2)
3 XGS90 3
4 TTGT 4
5 CDSHE3
6 CDSHE4
7 AUHE4
8 THIN
9 THOUT
10 FIN
11 XN90 .
12 K30 .
13 EK3GS
14 EK3N
15 F3GS
16 YGSTGT
17 TBACK
18 YNTGT
19 TH3 ’
g 20 F3N 20
blank card

Card 20 may be repeated indefinitely to analyze other levels

observed under identical conditions.
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If the conditions are not identical, a blank card is placed
after the last card in this first group which has F3N and ERR(20)
and cards 1 through 20 are repeated. This procedure may also
be repeated indefinitely.

A listing of the program is given below.



$SIBFTC

c
C
C

$IRFTC

a¥aRaNatal

19
2n

30

40
45

60

70

8n

DAT DFCK

DATA FOR S32(HF3,HE4)YS31, CDS

BLOCK DATA
COMMON/TEX /MY sM2 9M39M49 21922923924 s NPARTLSNPART3NMATL sNMAT2

DOUBLE PRECISION MI1sMZsM3¢M4

DATA M1 oM2 M3 3M44Z1572923+24+sNPART1SNPART3sNMAT1 NMATZ/
280843433D0929773e1073D09372743147D0928848e650D0092¢9166926316035
bLele2/

END

MEX NDFCK

MAIN PROGRAM
PROGRAM FOR THE ERRORS IN THE EXCITATION ENERGIES AND Q—-VALUES
OF LEVELS IN 531

DIMENSION X({20)3ERRX{20)sSERREX(20)sERRQGS(20)sERRQN(20)sA(20)
REAL K1sK30sK3GSeK3N

DOUBLE PRECISION M1+M2sM34M4,QGS QN

EQUIVALENCE (K1sX{1)}

COMMON/TEX/M1 M2 4M33M& 5219229239724 sNPART1SNPART32NMATL sNMAT2
COMMON /ARG /K1sF1GSsXGS90s TTGT s COSHE3 »CDSHES4 s AUHE 4 s THIN s THOUT S F1N»
XNONsKB3O0sFK3GSHEKBNsF3GSsYGSTGT s TBACKs YNTGT s TH3 s F3N9sQGS»QNSEX
READ(5520) (X{I)sERRX(I)sI=1519)

FORMAT(2F1040)
DATA(A(T)9I1=1919)/2HK1s4HF1GSs5HXGS90s4HTTGT s 6HCDSHE3 s 6HCDSHE 4 »
SHAUHE4 s 4HTHIN ¢ SHTHOUT s 3HF 1IN 9 46HXNSO s 3BHK3095HEK3GS s 4HEK3N s 4HF 3GS s
EHYGSTGT » 5HTRACK ¢ SHYNTGT 9 3HTH3/

WRITE(6+30)

FORMAT (1H1)

WRITE(6540) (A{I)sX(I)sERRX(I)sI=1419)

FORMAT (A6 94X 92F1548)

READ(5520)F3NsERRX(20)

IF(F3N.EQeDOs) GO TO 10

INSERT RLANK CARD IF ANYTHING BUT F3N CHANGES

CALL QFX

EXO=EX

QGS50=QGS

QANO=QN

DO 60 I=1,20

XAI)=X{T)+ERRX(I)

CALL QEX

SERREX(I)=EX~EXO

ERRQGS(1)=QGS-QGSO

ERRQN(I)=QN=~QNO

X{I)=X(1)=ERRX(])

CONTINUE

SUMEX =0,

SUMQAGS=0.

SUMON=0,

DO 70 1=1,20

SUMEX=SUMEX+ (SERREX (I} ) * (SERREX (1))
SUMQGS=SUMOGS+({ERRQGS{ 1) )Y * (ERRQGS(I))

SUMQN=SUMQN+ (ERRQN(I))#(ERRQN(I})

CONTINUE

TEX=SQRT(SUMEX)

TQGS=5QRT ( SUMQGS)

" TQN=SQRT{SUMQN)

WRITE(64+80)
FORMAT(1H1 +66X936HERRORS IN EX INTRODUCED BY ERRORS IN)
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WRITE(6590) FAINSERRX(20),EX0s (SERREX{I)9I=1420)»TEX

FORMAT (1HON 32X »3HF3N»4X s 6HERRF3N 35X s 2HEX s 13X 9 2HK 1 s 7TXs4HF1GS 96X s
5HXGSON 35X s 4HTTGT »5X s 6HCDSHE 394X s 6HCDSHE4 25X s SHAUHE4 25X s 4HTHIN »
6X s 5SHTHOUT 36X s3HFIN/1X9F7e335F9e49sF10e6655X210F106/1H09234Xs
HHXNOO 37X s 3HK30 96X s SHEK3GS 95X s 4HEK3N 96X s 4HF3GS25X s 6HYGSTGT 55X s
S5HTBACK s5X 9 5SHYNTGT 56X s 3HTH3 s 7X s 3HF3N/32X910F106/1H0935Xs3HTEX/
32XsF10e6///)

WRITE(65100)

FORMAT(1HN 66X »37THERRORS IN QGS INTRODUCED BY ERRORS IN)
WRITE(69110) F3N,ERRX(20)5QGS0O»(FRRQGS(1)»1=1520)sTQGS

FORMAT (1HN 32X s 3HF3N 34X s 6HERRF3N 34X s 3HQRGS» 13X s 2HK1 9 TX94HF 1GS 56X s
S5HXGSON 45X s 4HTTGT 95X s 6HCDSHE 334X s 6HCDSHEL 95X s SHAUHES 95X s 4HTHIN »
6X 9 SHTHOUT 96X 93HFIN/1X9F7639F9e49F10e6395X910F1066/1H0934X
L4HXNON 37X 3 3HK3 056X s 5HEK3GS 35X s 4HEK3N»6X 3 4HF3GS 55X s 6HYGSTGT 35X 5
SHTRACK 25X 9 5SHYNTGT 96X 9 3HTH3 9 7Xs3HF3N/22Xs10F10.6/1H0»35X34HTQGS/
32XsF10eb/77)

WRITE(6+120)

FORMAT(1HO 366X s36HERRORS IN QN INTRODUCED BY ERRORS IN)
WRITE(69130) F3N,ERRX(20)sQNOs (ERRQN(I)»I=1520)5TQN

FORMAT (1HN 32X s BHF3N s4X s 6HERRF3N 95X 92HQAN 913X 9 2HK1 s 7TX s 4HF1GS 66X s
5HXGS90 95X s 4HTTGT 95X s 6HCDSHE 354X s 6HCDSHES4 95X s SHAUHEG 35X s 4HTHIN
6X 9 SHTHOUT 96X s 3HFIN/1XsF7a35F9e4,5F10e6695X510F106/1H0534X
LHXNON 37X 9 3HK3 096X 9 SHEK3GS 95X s 4HEK3N 96X 9 4HF3GS 95X s 6HYGSTGT 95X »
SHTRACK »5X s SHYNTGT 96X 9 3HTH3 97X »3HF3N/32X»10F10e6/1H0»35X»3HTQN/
32XsF10e&/ /7))

GO TN 45

END

QEX DECK

SUBROUTINE QEX

K1=CALIBRATION CONSTANT FOR 90 DEGREE ANALYZER IN MEV*(SEC/MC)%*%2
F16S=INCIDENT BEAM FREQUENCY FOR GROUND STATE PEAK IN MC/SEC
XGS9N0=BEAM POSITION IN 90 DEGREE ANALYZER SLITS IN MILS FOR GSe
ENTRANCE AND EXIT SLITS ARE ASSUMED EQUALe. + OR = SLIT
SETTING ARE TREATED AS ERRORS. ERROR CALCULATED=1/2 MAX
POSSIBLE ERROR.
TTGT=TARGFT THICKNFSS 1IN MICROGRAMS/(CM)*%2, BEAM IS ASSUMED
INCIDFNT ON TARGET SIDE.
CDSHE3=FRACTIONAL ERROR IN THE STOPPING POWER FOR HE3 IN THE
TARGET MATERIALs NORMALLY 0O
CDSHE4=FRACTIONAL ERROR IN THE STOPPING POWER FOR HE4 IN THE
TARGET MATERIALs NORMALLY O
AUHE4=FRACTIONAL ERROR IN THE STOPPING POWER FOR HE4 IN THE
\ BACKING
FIN=FREQUENCY FOR NTH EXCITED STATE IN MC/SEC
XNQO=BFEAM POSITION IN 90 DEGREE ANALYZER SLITS IN MILS FOR NTH
FXCITED STATFe
K30=CALIBRATION CONSTANT FOR MAGNETIC SPECTROMETER IN MEV*(SEC/
MC)*%2 AT THE ALPHA SOURCE ENERGY 8.785 MEV
K3GS=CALIRRATION CONSTANT FOR MAGNETIC SPECTROMETER IN MEV*(SEC/
MC)*%2 AT F3GS
F3GS=MAGNETIC SPECTROMETER FREQUENCY FOR GROUND STATE PEAK IN
MC/SEC
YGSTGT=BEAM POSITION IN VERTICAL TGT SLITS IN MILS FOR GS.
ERROR CALCULATED =1/2 MAXIMUM POSSIBLE ERROR.
YNTGT=BEAM POSITION IN VERTICAL TGT SLITS IN MILS FOR NTH EXCITED
STATEe ERROR CALCULATED = 1/2 MAXIMUM POSSIBLE ERROR
TRACK=RACKTING THICKNFSS IN MICROGRAMS/(CM)*%2
FAN=MAGNETIC SPECTROMETER FREQUENCY FOR NTH EXCITED STATE PEAK IN
MC/SFC
TH3=SPECTROMETER ANGLE IN DEGREES
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K3N=CALIBRATION CONSTANT FOR MAGNETIC SPECTROMETER IN MEV#*(SEC/
MCy*%2 AT F3N

'THIN=ANGLF BETWEEN NORMAL TO TARGET AND INCIDENT BEAM IN DEGREES

Y

THOUT=ANGLE BETWEEN NORMAL TO TARGET AND EMERGENT PARTICLES IN
DEGREES

REAL K1sK30sK3GSsK3N

DOUBLE PRECISION M1,MZ23M3,M4

DOUBLE PRECISION E1PGSsE1PNsDE1IGSsDEINSDE2GSsDE2NsDE3GS»DE3Ns
E1GSsEINsF3PPGSHIE3PGSsE3PPNSE3PNE3GSsE3N>EMLHSETGSHETNsP1SQGS s
P1SQNsCOSTHsP1GSsPINeP3GSsP3N,WsWWsXGSsXNsQGS»QNeP3SQGS s P3SAN
COMMON/TEX /M1 M2 sM3 ML 321522523924 sNPARTI>NPART3NMATL sNMAT2
COMMON/ARG/K13F1GS5XGS90 s TTGT ,COSHE3 »CDSHE4 s AUHE4 s THIN s THOUT s F1IN»
XMON 9 K30 sEK3GSsEKBNF3GSsYGSTGTes TBACKs YNTGT s TH3 s F3NsQGS»QNEX
DATA RADsR/5742957795934000e/

Mts ARE NUCLEAR MASSES NOT INCLUDING ELECTRON MASSES
E1PGS=DSORT(M1#M1+2.%938.256%21%21%K1*F1GS*F1GS)-M1
E1PN=DSQRT(M1%M1+2.%938,256%21%Z1%K1*FIN*F1IN)-M1
TKNSS1=TTGT/(2e%COS(THIN/RADY))
DF1GS=(1e+CDSHE3)*ENLOSS(NPART1IsEIPGSsNMATI s TKNSS19143)
DEIN=(1e+CDSHE3)*ENLOSS(NPARTLsE1IPNsNMATLI»TKNSS1514+3)
E1GS=F1PGS*(1++XGS9N/R)Y=-DE1GS

EIN=E1ON*¥(1+XN9N/R)=DEIN

K3GS=(1e+FK3GS)*CK3(F3GS»K30)

K3N=(1e+EK3N)*¥CK3(F3NsK30)
E3PPGS=(1+4+FACTOR*YGSTGT ) ¥ (DSQRT (M3*¥M3+2e%9384256%23%Z3*¥K3GS*
F3GS*F3GS)=-M3)
E3PPN=(1e+FACTOR®YNTGT) ¥ (DSQRT(M3*¥M3+2.%938,256%23%23*K3N*
F3N*#F3N)-M3)

TKNSS3=TBACK/COS(THOUT/RAD)

DE3GS={1e+AUHE4) *ENLOSS(NPART3»E3PPGSsNMAT25TKNSS35153)
DE3N=(1e+AUHEL)*ENLOSS(NPART3,E3PPNsNMAT2 s TKNSS35143)
E3PGS=E3PPGS+DE3GS

E3PN=FE3PPN+DE3N

TKNSSZ2=TTGT/(2*COS{THOUT/RAD))
DE2GS=({1e+CDSHE4)*ENLOSS(NPART3sE3PGSsNMAT1sTKNSS25153)
DE2N=(1¢+CDSHE4) *ENLOSS(NPART3yE3PNsNMAT1»TKNSS25143)
FACTOR=484/(125.%360e%2,)

E3GS=E3PGS+DE2GS

E3N=E3PN+DE2N

EM4=M1+M2-M3

ETGS=M1+M2+E1GS

ETN=M1+M2+E1N

P1SQGS=E1GS*(E1GS+2.0D0O*M1)

P1SQN=E1IN#*(E1N+2.,0D0*M1)

P3SQGS=E3GS* (E3GS+2.0D0*M3)

P3SQN=E3N* (E3N+2,0D0O*M3)

COSTH=DCOS({TH3 /RAD)

P1GS=DSQRT(P15QGS)

PIN=DSQRT (P1SQN)

P3GS=DSQRT (P3SQGS)

P3N=DSQRT (P3SQN)

W=ETGS=-M3-E3GS

WW=ETN-M3~-E3N

XGS=W¥W~-P1SQGS~P35Q0GS+2+0DO*¥COSTH*P1GS*P3GS
AN=WW*¥WW-P1SON-P3SQN+2+, 0DO*COSTH*P1IN¥P 3N

QGS=FM4=DSQRT(XGS)

QN=EM&=DSQRT (XN)

EX=QGS=~ON

RETURN

END
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$IBFTC LOS DECK
FUNCTION ENLOSS(NPART>ENERGY »NMAT s TKNESSoNUTSTKsNUTSES)

THIS PROGRAM CALCULATES THE ENERGY LOSS OF PARTICLES IN CDS OR AU
NPART=PARTICLE OPTION NUMBER

1=PROTON

2=DEUTERON

3=TRITON

4L=HELIUM 4

5=HELIUM 3

NMAT=MATERIAL OPTION NUMBER
1=CDS
2=AU

TKNESS=THICKNESS

NUTSTK=THICKNESS UNITS OPTION NUMBER
1=MICROGRAMS /CM¥* %2

2=MILLIGRAMS /CM*%2

3=CM

4=ANGSTROMS

5=MILS

6=INCHES

NUTSES=ENERGY LOSS UNITS OPTION NUMBER
1=EV
2=KEV .
3=MEV

annNnnNNnoaNOHANNANNANANHANNHNOANAANNTNANNAN

DIMENSION ATWT(2)sRHO(2) sUEV(3)
DATA AVO/.602252E 24/
DATA (ATWT(I)91=152)/72e2451964967/
DATA (RHO(TI)91=152)/4e82+1963/
DATA (UEV(I)sI1=193)/1leselE=02+e1E~05/
A=AVO/ATWT (NMAT)
GO TO (10520+30540+50960)s NUTSTK
10 B=0.1E-05%TKNESS
GO TO 70
20 B=0.1E-02%TKNESS
GO TO 70
30 B=RHO(NMAT)*TKNESS
GO TO 70
40 B=0e1E~O7#*RHO(NMAT)*#TKNESS
GO TO 70
50 B=0e254E-02%RHO(NMAT)#*TKNESS
GO 70O 70
60 B=2.54%RHO(NMAT) *TKNESS
70 GO TO (110+120913051405150)s NPART
110 EP=ENFRGY
ZSQ=1e
GO TO 160
120 EP=ENERGY/2.
25Q=1e
GO TO 160
130 EP=ENERGY/3e
ZS50=1e
GO TO 160
140 EP=ENERGY/4e
25Q=4e
GO TO 160
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150 EP=ENERGY /3.
ZSQ=4 e
160 GO TO (210+220)s NMAT
210 C=2SQ*ECDS(EP)
GO TO 230
220 C=ZSQ*EAU(FP)
230 D=UEVI(NUTSES)
ENLOSS=A*R*¥C*D
RETURN
END
$IRFTC CECDS DFCK
FUNCTION ECDS(EP)
DIMENSION F(29)+DEL(29)
DATA F/2261519e8517e891662951%469913693913410912e¢38511674912¢389
1 90789827 9761996¢4095¢81395e349469394¢5894e2994e0493e8353e65353e480
2 343293617 936049209352e83524.72/
DATA DEL/=0623003906430e639063390e1430e1150608390e0752e8231e¢0990043»
1 0.29.0.20.0.12’0.06,0-06;(‘.06,0.04,0-04,0o03,0.01 00.01 ,0001’0002’
2 060290,019=0e019=0601/
IF(FPelLTeNe3) GO TO 44
IF(FPeGTelsO) GO TO 27
PO 26 1=1,9
TRY = "L1*¥FLOAT(I+2)
IF(EP.LT«TRY) GO TO 32
26 CONTINUE
27 IF(EPsGE«5.0) GO TO 29
DO 30 I=10,18
TRY = 0.5%FLOAT(I-8)
IF(EP+LT«TRY) GO TO 33
30 CONTINUF
32 BOT = 0,1
X0 = 0«1*FLOAT(I+1)
GO TO 28
29 DO 31 I=19,29
TRY = 0,5%FLOAT(I-8)
IF(EPeLT«TRY) GO TO 33
31 CONTINUE
33 BOT = 045
X0 = 05%¥FLOAT(I-9)
28 P = (EP=-XO0)/BOT
E2 = =P#(P=1e)*(P=24)/64
F2 = =(1e=P)¥P#(P+1e)/6e
FCDS= (le—=P)¥F(I=1) + P#F(I) + E2%DEL(I=-1) + F2*#DEL(I)
FCDS = ECDS*1,0E-15 :
RETURN
44 ECDS = 22.1%*1.0E-15
RETURN
END
$SIBFTC CEAU DECK
FUNCTION EAU(EPR)
DIMENSION F(29)sDEL(29)
DATA F/36e39532e¢4929¢5927e1325e1923e592201920¢9519e699520¢9517.0
1 314675136269 12612951161631063599¢6799¢0998e¢589861397e7357e375
2 7a0436475560503662856e07958895471/
DATA DEL/=16391e030e530649064900230629002306294e¢751e66206863506305
1 0189061590613 5061050e0730eN63060590004906039060490e04306035Ce010»
2 0s0290,02490602/
IF(EPeLTe0e3) GO TO 44
IF(EPeGTele0) GO TO 27
DO 26 I=1,9
TRY = Col1*#FLOAT(I+2)
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IF(EP.LTWTRY) GO TO 32
CONTINUE

IF(EP.GF.5.0) GO TO 29
DO 30 1=10,18

TRY = 0o5%FLOAT(I-8)
IF(EP.LT.TRY) GO TO 33
CONTINUF

BOT = 0,1

X0 = 0.1*FLOAT(I+1)

GO TO 28

PO 31 1=19,29

TRY = 0.5%FLOAT(I-8)
IF(EP.LT-TRY) GO TO 33
CONTINUE

BOT = 0,5

X0 = 0.5%FLOAT(I1-9)

P = (EP=-X0)/BOT
~P#*(P=14)%(P=24)/64
—(1e=P)%P*(P+14)/6s
FAU = (1e=P)*F(I=1) + P*F(I) + E2*DFL(I-1) + F2%DEL(I)
EAU = EAU*1.0E=-15 ,
RETURN

EAU = 3643%1.0E-15
RETURN

FND

SIBFTC CK3 DECK

NN Nn

100

200

300

400

FUNCTION CK3(FsCK30)

CK3 AS A FUNCTION OF FREQUENCY IN MC/SEC
THE FUNCTION INTERPOLATES OR EXTRAPOLATES THE EXPERIMENTAL POINTS

DIMENSION XX (16)sYY(16)sXXP(3)sYYP(3)

DATA XX/I‘F.OO16.0v1800’2000’220002400,2600!28-0’30-0!3200034-0’
3660938e094060942e094400/

DATA YY/1e0N002551e0000050999755¢99950569993845e99945,.99969
1.0000251¢0006351e001309140020451¢002915160037651.004789100590
1.,00700/ :
DO 100 I=1s14

I1=1

IF(XX(I)eGEeF) GO TO 200

CONTINUE

KMIN=14

GO TO 300

KMIN=T1-1

IF(KMINeLF.0) KMIN=]

KMAX=KMIN+2

DO 400 J=KMINsKMAX

N=J-KMIN+1

XXP(NY=XX{J)

YYP(N)=YY(J)

CONTINUE

N=2

CK3=CK3O0*ATTKEN(XXPsYYPsFsN)

RETURN

END

SIRLDR*MGHAIT
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APPENDIX B. PROGRAM FOR ¢ )
Effective

Let
6 = THETA = the spectrometer angle (track reading).
A6 = DTHT ' = the half angle of the spectrometer
aperature in the 6 direction.
Ap = DPHI = the half angle of the spectrometer
aperature in the ¢ direction.
Figure 64 shows the notation.
Then

eeffective =TEFF

1 n = Tan A¢p & = Tan A6
= 1 Tan A6 Tan Ag

n=-Tan Ap '§ = -Tan Ab

. . 2 2.1/2
Tan—l(((sm 8 +EcosB) +n)

cos 6 - Esin 6 ) d&dn

The program listed below calculates this integral from
THETA = TMIN to THETA = TMAX in steps of DTHT. In all of
the present work NSTEPS = 51.
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$SIBFTC TEF DECK

(]

C COMPUTES THETA EFFECTIVE
(of

DIMENSION T1(101),72(101)
6 READ(S5+101)TMINSDELT s TMAXsDTHT sDPHIsNSTEPS
101 FORMAT(5F10e0+¢15)

NOTATION
TMIN = THETA MIN
DELT = STEP FOR THETA
TMAX = THETA MAX
DTHT = DELTA THETA

DPHI = DELTA PHI
NSTEPS = NUMBER OF TABULATED VALUES FOR INTEGRAND
INTEGRATION WILL BE DONE BY SIMPSONS RULE

NONOHODNANNANN

WRITE(69200)DTHT »DPHISNSTEPS
200 FORMAT(35H1THETA EFFECTIVE FOR DELTA THETA = F4e2s
1 l4Hs DELTA PHI = F&e2s /
?46HOTHE NUMBER OF POINTS TAKEN FOR INTEGRATION = 15, /
3 1HO 15X SHTHETA 3X 9HTHETA EFF )
TOTHT = TAN{(DTHT/57295779)
TAN(DPHI/57.295779)
4o *TDTHT*TDPHI
DXT = 2%TDTHT/FLOAT(NSTEPS=~1)
DETA = 2.%TDPHI/FLOAT(NSTEPS-1)
NN = (NSTEPS-1)/2 -1
THETA = TMIN
5 TRAD = THETA/57.295779
CT = COS(TRAD)
ST = SIN(TRAD)
FTA = =TDPHI
DO 1 1 = 1sNSTEPS
X1 = =TDTHT
DO 2 J = 1sNSTEPS
ARG = SQRT{(STHXI*CT)*(ST+XI#CT)+ETA*ETA)/(CT~XI*ST)
T1(J) = ATAN(ARG)
IF(TI(J) el Te0e)T1(U)= T1(J) + 341415927
2 X1 = XI + DXI
SUM = 0.
DO 3 J = 1sNN
3 SUM = SUM + 4e%T1(2%J) + 2.¥T1(2%J+1)
T2(1) = DXI/3e¥(SUM+TL1(1)+4#T1L(NSTEPS~1)+T1(NSTEPS))
1 ETA = ETA + DETA
SUM = 0.
DO 4 J = 1sNN
4  SUM = SUM 4 Le#T2(2%J) + 2%T2(2%J+1)
TEFFR =DETA/3e%(SUM+T2(1)4+4+%T2(NSTEPS~1)+T2(NSTEPS))
TEFF = TEFFR¥57,295779 :
TEFF = TEFF/DENOM
WRITE(69201)THETASTEFF
201 FORMAT(1IH 10X F10e0sF1244)
THETA = THETA + DELT
IF(THETASLE.TMAX)GO TO 5
GO TO 6
END

o -
mo
Z 7
oI
=z -
nn
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APPENDIX C. ARRAY DATA REDUCTION PROGRAM

For each run the frequencies for the detectors are calcu-
lated from the frequency for detector eight. The sixteen sums
corresponding to the yields in the sixteen detectors are multiplied
by the sixteen yield factors. The resulting corrected yields are
then plotted against frequency. Other runs may be plotted on the
same sheet(s) of graph paper.

The input consists of the following cards:

Card 1 DD
Card 2 NPLOTS, YMAX
Card 3 (XMN(I), I=1, NPLOTS)
Card 4 (XMX(I), I=1, NPLOTS)
Card 5 RUN, F8
Card 6 SUM
Card 7 RUN, F8
Card 8 SUM
Blank Card
where
DD = title of < 12 characters

NPLOTS = number of sheets of graph paper
YMAX = number of counts at the top edge of the graph

paper



XMN

XMX

RUN

8
SUM

105

array of frequencies at the left edge of the
NPLOTS sheets of graph paper.

array of frequencies at the right edge of
the NPLOTS sheets of graph paper.
arbitrary run number

frequency of detector 8

array of 16 sums corresponding to the

yields in the 16 detectors.

Cards 5 and 6 contain the data for one run. Cards for

other runs which are to be plotted on the same sheet(s) of graph

paper are placed after card 6 as illustrated by cards 7 and 8. A

blank card must be placed after the last run for this plot. This

sequence of cards may be repeated indefinitely.

A listing of the program is given below.
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$SIBFTC CMD DFCK

c
C
C

NnNNnNANAN

12
500

102

103

200

204

ARRAY DATA REDUCTION

DIMENSION DD(12)sINN(3)
INTEGER RUN»ABCD

DATA INN /1H(»s 6H s 6HF10.0) /

DIMENSION CORR(16)sFREQ(16)9X(1000)»Y(1000)+Z(1000)»E(1000)
DIMENSION TIT1(2)
DATA TIT1/9HFREQUENCY/
DATA TIT2/5HYTELD/

DIMENSTION XMN(8)sXMX{8)sSUM(16)

NOTATION
X IS AN ARRAY OF FREQUENCIES
Y 1S AN ARRAY OF SUMS FROM THE 16 COUNTER ARRAY
E IS AN ARRAY OF FREQUENCIES TO BE PLOTTED
Z 1S AN ARRAY OF SUMS TO BE PLOTTED

DATA(FREQ(I)9I=1916)/e¢9814949.984165¢986899.989619099230»
099494 46997499 1491e0025791600502916007495160098451e60122251e01453
1016925101912/
DATA(CORRI(1)91=1916)7/e87951¢0189295092e95490694695e99591033510005
161249140059 1610931616091e17191e232516254916279/
CONTINUE
READ(5,500)DD
FORMAT (12A6)

READ(545102)NPLOTS s YMAX
FORMAT(124F10.0)

INN{2) = ABCD(NPLOTS) N

READ(S5+INN)(XMN{TI)sI=1sNPLOTS)

READ(S5 s INN) (XMX(T)sI=1sNPLOTS)

WRITE(69210) (XMN(TI)sXMX(I)sI=1sNPLOTS)
FORMAT (1HO2F1040)

L =0
RFAD(55100)YRUNFS8
FORMAT(I24F10.0)

IF(F84FQe0e)GO TO 4

WRITE(6+201)RUN,F8
FORMAT (SH1RUN I24 7Hy F8 = F10.0 /
1HO 16X 4HFREQ 7X 8HCORR SUM 12X 3HSUM )

L =L + 16

READ(5+103)SUM
FORMAT (16F540)

DO 1 U = 1416

F = F8*FREQ(J)

S = SUM(J)I*CORR(J)

N = (L=16) + J

X(N) = F

Y(N) = §

WRITE(65200)JsX(N)sY(N)sSUM(J)

FORMAT(1H I10sF10e39F1543sF15,3)
CONTINUE

GO TO 3
CONTINUE

WRITE(6+204)

FORMAT(1H1)
DO 10 J = 1,NPLOTS
XMIN = XMN(J)
XMAX = XMX({J)
K = 0
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DO 11 T = 1N
ITF(X({T)elLTeXMINJORX(I)eGTaXMAX)GO TO 11
K = K + 1
F(K) = X(1I)
2(KY = Y(I)
11 CONTINUE
WRITE(6+203)JeXMINsXMAX s YMAX K
203 FORMAT(6HOPLOT I1ls 9Hs XMIN = F6.0s 9Hs XMAX = Fb6e0s
1 9Hy YMAX = FbeOsy 2Hs 13s 7H POINTS )
CALL LABEL{0e050e050e09sYMAX$10.05103TIT25551)
CALL LAREL(Ne03s0aNsXMINSXMAX$3515e0415sTIT15990)
CALL XYPLT(KsEsZ s XMINsXMAX 906 s YMAXsDDs1s3)
10 CONTINUE
GO TO 12
END
$SIBLOR*MLLLBL
S IBLDR*MLLXYP
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APPENDIX D, PROGRAM FOR THE ANALYSIS OF PARTICLE-
GAMMA CORRELATIONS

The analysis is carried out in the manner described in
Sections IIL. B and IIL C. 4. Only one gamma ray is considered,
but only a simple modification is necessary to analyze any member
of a gamma-ray cascade (see Appendix E and Poletti and Warburton,
1965). The program can handle one or two non-negative magnetic
substates, that is Md =0; 1/2; 0, 1; or 1/2, 3/2. Admixtures of
the first magnetic substate which is not allowed may be added to
observe a possible effect from the finite size of the particle
detector. These admixtures are specified as a fraction of the
population of the last allowed magnetic substate. Then Formula
(9) of Section III, B. becomes
W(s) = . ) s OI(MdM’Z pr T MPF, (04T )Q P, (cos 8)]

dMAX = d~ k even

+ (ADM) x I(M dMAX)[Z oI Mypraxe + DF 047 )Q Py (cos 8)]
k

where M is the maximum allowed magnetic substate and ADM

dMAX
is the admixture of the magnetic substate M AMAX T 1.

The input consists of the following:

Card 1 Q(5)
Card 2 K, AKX
Card 3 L, B(L)

Card 4 H, P
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Card 5 THT(H)
Card 6 Y(H)
Card 7 ERR(H)
Card 8 MAXADM, ADM(MAXADWM)
where
Q(5) = attenuation coefficients QO’ Qz, Q 4 Q6’ QS
K = number of values of the spin of the initial
state (K< 6)
A(K) = spins of the initial state
L = number of values of the spin of the final
state (L < 6)
B(L) = gpins of the final state
H = number of angles
> = number of non-negative magnetic substates
allowed
THT(H) = angles
Y(H) = yields
ERR(H) = uncertainties in the yields
MAXADM = number of values for the admixture ADM.,
(MAXADM < 3)
ADM(MADADM) = admixtures

A listing of the program is given below.



IRFTC

NONA

[SVRLN

20

30

40

g

50

NN la¥a}

100

120
130
140

150

NN

210

205

110

PGC DFCK
PARTICLE~GAMMA CORRELATION ANALYSIS

DIMENSION A(6)9B(6)sPHI(37)+sQSQR(373)sPPR(37:352)sPHIMIN(693)
EPMIN(693) sEPMAX (693) s XMIN(653)9ERRX(693)2sCHISQ(693) >
PPMINR(69352)9sDXR(693) sPHISTP(653911)9QSQSTP(653511)sXTRIAL(6)
NMIN(3)sDUMMY (2)

COMMON/LSQ/PsHe ITHT sKMAX s THT(16) sKADMs ALPHASAPsADM(3)3I35Q(5)9BP s
SIGMA s X s ATANX sKARGsKCALCSERR(16)9sY(16)sPP(2)+sQSQsNDEG

INTEGER P3sH»SIGMA

READ(5+10)Q

FORMAT (SF10e3)

READ(5920) Ke(A(T)sI=1,K)

READ(5920) Le(B(I)sI=1lsl)

FORMAT (12493X96F562)

READ(5+30)HsP

H=NUMBER OF ANGLES) HelLEo8

P=NUBER OF MAGNETIC SUBSTATESs PelLEe2

FORMAT (212)

READ(5¢40) (THT(I)sI=leH)

FORMAT(8F10463)

READ(5440) (Y(I)sI=1sH)

READ(55940) (ERP(I)sI=1sH)

RFAD(5450) MAXADM, (ADM(1)sI=1sMAXADM)

MAXADM,LE+3

FORMAT(12+3X96F562)

SIGMA=0

IN THE REMAINDER OF THIS PROGRAM, SIGMA HAS BEEN ASSUMED TO

BE ARBITRARYe.

NDEG=H=-P~-1

THIS SECTION PRINTS OUT INPUT

WRITE(6+100)HsPsNDEG

FORMAT(5HIH = I2s4Xs4HP = [2+4Xs7HNDEG = I2)
WRITE(65110)

FORMAT(//1H0 59X 926HQ0 Q2 Q4 Q6 Q8)
WRITE(65120)Q

FORMAT(8X95F643)

WRITE{(6+130) (THT(I)sI=1sH)

FORMAT(//9HOANGLES 8F1342/9X98F13+2/9Xs8F13.2)
WRITE(6+140) (Y(I)sI=1eH)

FORMAT(//9HOYIELDS B8F13¢6/9X98F1346/9X98F1346)
WRITE(6+9150) (ERR(I}sI=1sH)

FORMAT(//9HOERRORS B8F13¢6/9X9s8F13e6/9X+8F1346)

THIS SECTION BEGINS THE CALCULATIONS

PHI(1)==90,

DO 210 1=2,37
PHI(I)=PHI(I=1)+5,.
ITHT=0

DO 760 I1=1sK
AP=A(I1)

DO 760 12=1»sL
TWOA=2 o *AP
IAP=TWOA/2.
FLIAP=1AP
IF(FLIAP¥2,-TWOA)20542069205
KMAX=TWOA=-1.
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206

207

230
240
250

255

256
257

260

265
270

280
290

300

310

121

ALPHA=,5

GO TO 207
KMAX=TWOA
ALPHA=,0

KCALC=0

BP=8(12)

DO 520 I13=19sMAXADM
KARG=2

KADM=0

GO TO (2304250) P
DO 240 14=1437
ATANX=PHI(14)

CALL QSPP
QSQR(I14,13)=Q5Q
PPR(T491351)=PP (1)
GO TO 265
IF(AP=1.0)2559256+256
P=1

GO TO 257

P=2

DO 260 14=1,37
ATANX=PHI(14)

CALL QSPP
QSOR(14+13)=QSQ
PPR{TI451I341)=PP(1)
PPR(1441342)=PP(2)

FINDS MINIMA OF QSQ-S AS A FUNCTION OF X

IF(AP=16)5209270+270

IXMIN=1

KSTART=1

IF{QSQR(1+13)eGTal5e) GO TO 340
IF(QSQR(1,13)=-QSQR(2+13))280+340+340
ATANX==89.9 §
CALL QSPP
IF(QSQ-QSQR(1+13))290+300+300
XTRIAL(IXMIN)=ATAN(-8949/574295779)
IXMIN=2

GO TO 340

PHIMIN(1+s13)==90.

FIRST INDEX=MINIMUM INDEX

SECOND INDEX=ADM INDEX
EPMIN(1+1I3)=0.

EPMAX(1513)=0.

AMIN(1413)=0,.

ERRX(1+13)=0.
CHISQ(1+13)=QSQAR(1+13)

DO 310 17=1,sP
PPMINR(1+s13+17)=PPR(1913,17)

FIRST INDEX OF PPMINR=MINIMUM INDEX
SECOND INDEX OF PPMINR=ADM INDEX
THIRD INDEX=POPULATION PARAMETER INDEX
DXR(1913)=0.

DO 330 I=1511

RI1=1-1

PHISTP(1913s1)=~89¢9+e5%RI1

FIRST INDFX=MINIMUM INDEX

SECOND INDFX=ADM INDEX

THIRD INDFX=STEP INDFX
ATANX=PHISTP(1913s1)
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370
380

390

400

420

430
440

450

460
470
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CALL QSPP

QSQSTP(1+1391)=0SQ

IXMIN=2

KSTART=2

DO 360 15=2436
IF(QSQR(I5513)eGTe15e) GO TO 360
IF(QSQR(I5913)eLTeQSQR(I5=1913)«ANDQSQR(I5413)eLT«QSQR(I5+1s
13)) GO TO 350

GO TO 360
XTRIAL(IXMIN)=TAN(PHI(I5)/57+295779)
IXMIN=IXMIN+1

CONTINUE

IF(QSQR(37+13)eGTe156) GO TO 430
IF{QSQR(37s13)=QSQR(364+13)) 37094309430
ATANX=89.9

CALL QsPP

IF{QSQ=QSQR(37+I3)) 38043904390
XTRIAL(IXMIN)=ATAN(89¢9/574295779)
IXMIN=IXMIN+1

GO TO 430

PHIMIN(IXMINSI3)=90.
EPMIN(IXMINsI3)=0.
EPMAX(IXMINsI3)=0.
XMIN(IXMINSI3)=0.
ERRX(IXMINsI3)=0.
CHISQ(IXMINSsI3)=QSQR(37+13)

DO 400 17=1,sP
PPMINR(IXMINSI3sI7)=PPR(37+13,17)
DXR{IXMINsI3)=0.

DO 420 I=1,11

RI1l=1-1
PHISTP{IXMINsI39e1)=84e9+e5%R1I1
ATANX=PHISTP(IXMINsI3»1)

CALL QsPP

QSOSTP(IXMINSI3,1)=0SQ
KSTOP=IXMIN~1

IXMIN=IXMIN+1

GO TO 440

KSTOP=IXMIN=-1

NMIN(I3)=IXMIN=1
IF{KSTART«GT«KSTOP) GO TO 520
WILL OCCUR WITH ONLY A MINIMUM AT =90 OR +90
OR NO MINIMUM

DO 515 I18=KSTARTsKSTOP

KARG=1

X2=XTRTIAL(18)

DX'O.

DO 490 1=1,10

X2=X2+DX

DP=ABS(X2) /100
IF(DP=401)450+450+460

D=401

GO TO 470

D=DP

X1=X2~D

X3=X2+D

X=X1

CALL QSPP

QX1=QS0

X=X2

CALL QsPP
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490
500

510

515
520

220
600

610

620
630

635
640
650
660
661

665
666

668

667

669
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Qx2=QsQ

X=X3

CALL QSPP

ax3=Qs5Q

AE=QX1-QX3

BE=QX1+0X3~-2.%QX2

DX=AE*D/ (2 «*BE)

IF(ABS(X2)elLTee001) GO TO 490
PFRC=ARS(DX/X2)

IF(PERC«LT«e001) GO TO 500

CONTINUE

XMIN{(I8s13)=X2+DX
ERRX(I8913)=SQRT (2. *D*%2/(BE*¥FLOAT(H-P=1)))
CHISQ(I8513)=QX2-AE*%2/(84+%BE)
PHIMIN(I8,I13)=ATAN(XMIN(I8sI13))%57.295779
EPMIN(I8,13)=ATAN(XMIN(I8sI3)-ERRX(18513))%57.295779
EPMAX(18s13)=ATAN(XMIN(I8sI3)+ERRX(18+13))%574295779
DXR(18+13)=DX

DO 510 17=14P

PPMINR(18413,17)=PP(17)
PSMIN=ATAN(XMIN(I18513))%57,295779=245
IF(PSMINeLTe~8949) PSMIN==89,9
IF(PSMINeGTe84e9) PSMIN=84,9

KARG=2

DO 515 I=1,11

RIl1=I-1

PHISTP(I8+1351)=PSMIN+RI1%*¢5
ATANX=PHISTP(I84+s13,1)

CALL QsPP

QSQSTP(18,13,1)=QSQ

CONTINUE

CONTINUE

THIS SFCTION WRITES THE OUTPUT

WRITE(69220) A(I1),B(I2)

FORMAT (5H1A = F44193Xes4HB = Fé4el)

WRITE(65600) (ADM(I)sI=1sMAXADM)

FORMAT (12HOADMIXTURE =913X9sF10e3+3C0XsF10e33530X9sF10e3)
WRITE(64+610)

FORMAT (4HOPHI 916X 93HQSQ s 7TXs4HP (1) 96X 94HP(2)916X9s3HQASQs7Xs4HP (1)
6X9s4HP(2)916Xs3HASQs TX»4HP (1) 96X s4HP(2) /7))

GO TO (62N,640) P

DO 630 I=1+37

WRITE(63635) PHI(I)s (QSQR(I1sJ)sPPR(IsJs1l)sJ=1sMAXADM) -
GO TO 661

FORMAT(1H sF4e0910X92F1063320X32F1063920X92F1063)

DO 650 1=1437

WRITE(69660)PHI(I)s (QSQR(19J)sPPR(T9Jsl)sPPR(IsJs2)9J=1sMAXADM)
FORMAT(1H sF4e0910Xs3F10e3910X9»3F10e3910X93F10e3)

DO 750 13=1sMAXADM

IF(AP=16)6659669+669

WRITE(6+666) ADM(I3)

FORMAT(16HOFOR ADMIXTURE =4F643)

WRITF(6+668)

FORMAT(1HO 914X s4HP (1) 06X s4HP(2))

WRITE(6+66T7) (PPR{1sI3s1)sI=1,P)

FORMAT (11X +2F1063)

GO TO 750

NMINP=NMIN(I3)

IF(NMINP=0) 7504750+670
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WRITE(6+671) ADM(I3)

FORMAT(16HOFOR ADMIXTURE =»F6e3518H MINIMA OCCUR AT)
DO 745 18=1¢NMINP

WRITE(6+680)

FORMAT (1HN 310X 94X s 6HPHIMIN 35X 9 SHEPMIN 35X s SHEPMAX 98X s 4HXMIN 3 16X s
4HERRX 915X 9 SHCHISQ 917X s 3HDXR)

WRITE(6+690) PHIMIN(IBs I3)+EPMIN(IBI3) yEPMAX(I8sI3) s XMIN(IB»I3) >
ERRX(I8513)sCHISQ(I89I3)sDXR(IBs13)

FORMAT(IH +10X93F10e294E2048)

WRITE(65700)

FORMAT(1HO»14Xs4HP (1) s6Xs4HP(2))

DO 702 K=1,4P

DUMMY (K)=PPMINR(I8s13sK)

CONTINUE

WRITE(6+710) (DUMMY(K)sK=1sP)

FORMAT(11Xs2F1043)

WRITE(6+720)

FORMAT(1HO 97X s 6HPHISTP 94X s 6HQSQSTP)

DO 730 1=1,11

WRITE(6s740) PHISTP(1851351)sQSQSTP(IB8s1351)
FORMAT(TXsF7e393XsFB8ae3)

CONTINUE

CONTINUE

CONTINUE

GO TO 5

END

QPP DECK

A SUBROUTINE FOR QSQ AND PP
THIS SUBROUTINE USES THE FOLLOWING PROGRAMS
RKsFAK

SURROUT INF QSPP

COMMON/LSQ/P sHe ITHT sKMAX s THT (16 ) sKADMs ALPHASAP s ADM(3)913+Q(5)sBPs

SIGMA 9 X 9y ATANX s KARGsKCALCHERR{16) sY(16) 3PP (2)3sQSQsNDEG

DIMENSION PLR(5416)sRKQADR(592)9sSUMK(16+2)9D(2)sC(252)

REAL NUM(2)

INTEGER PysHs SIGMA

KMAXP=KMAX /2+1

IF(ITHT=0) 35420435

IF ITHTEQe.Os CALCULATES A NEW LEGENDRE POLYNOMIAL ARRAY
AND SETS ITHT=1

IF ITHTeNF«0s USES STORED ARRAY

RNDEG=NDEG

DO 30 J1=1H

COSTHT=COS(THT(J1)/57295779)

DO 30 J2=1,5

J2P=2#(J2~1)

PLR(J29J1)=PL(J2P,COSTHT)

FIRST INDEX = K INDEX

SECOND INDEX = ANGLE INDEX

ITHT=1

GO TO (4045240) 9P

IF(KADM=0) 7050470

IF KADMeEQeCs CALCULATES NEW RKQADR=-S AND SETS KADM=1

IF KADMeNE.Os USES STORED RKQADR-S

ALPHA1=ALPHA+1.

DO 60 Jl1=1sKMAXP

RJU1=2%(J1-1)

RKQADR(J1+#1)=(RHOK(RJ1 s AP»ALPHA)+ADM(I3)*RHOK(RJ1sAPsALPHALl))

1 *Q(J1)
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CONTINUE

FIRST INDFX = K INDEX

SECOND INDEX = PP INDEX

KADM=1

DO 80 Jl=1,H

SUMK(J191)=0s

DO 80 J2=1sKMAXP

AK = 2#(J?2-1)
SUMK(J1s1)=SUMK(J1+1)+RKQADR(J2s1)%F (AKsAPsBPsSIGMAsXsATANX s
KARG s KCALC)*PLR(J2sJ1)

CONTINUE

FIRST INDFX = ANGLE INDEX

SECOND INDEX = PP INDEX

KCALC=1

D(1)=0,

C(1s1)=00

DO 90 Jl=1,H

ERRSQ = ERR(J1I*ERR(J1)
D(1)=D(1)+Y(J1)*SUMK(J1+1)/ERRSQ
Cl191)=C(11)+SUMK(J1s1)%¥SUMK(J1+1)/ERRSQ
CONTINUE

PP(1)=D(1)/C(1s1)
IF(e0001~-C(1s1)) 12051205100

GO TO (1055115)s KARG
WRITE(69110)X9sD(1)sCl1s1)sPP(1)

FORMAT (20HOWARNING FOR X = »F10e432H »913H NUMERATOR =sEl2e4s
15H DENOMINATOR = sE12e498H PP(1) = »F1l2e4)

GO TO 120

WRITE(65116) ATANXsD(1)5C(151)sPP(1)

FORMAT (28HOWARNING FOR ARCTAN X = sF10e4s2H s

13H NUMERATOR = E12.4»15H DENOMINATOR = sE12e498H PP(1l) = sFl2e4)
SUMQSQ=0.

DO 130 Jl=1sH

TERM= (Y (J1)=PP(1)%*SUMK(J1s1))/ERR(J])
SUMQSQ=SUMQSQ+TERM*TERM
QSQ=SUMQSQ/RNDEG

‘GO TO 380

IF (KADM=0)2709250+270

ALPHA1=ALPHA+1.

ALPH22=ALPHA+2,

DO 260 Jl=14+KMAXP

RJ1=2%(J1-1)
RKQADR(J191)=RHOK(RJ1sAPALPHA)*Q(J1)
RKQADR({J1+2)=(RHOK(RJ1s APy ALPHAL1)Y+ADM({I3)*RHOK(RJ19AP»ALPHA2))*
Q(J1)

CONTINUE

FIRST INDEX = K INDEX

SECOND INDEX = PP INDEX

KADM=1

DO 280 Jl=1sH

DO 280 J2=142

SUMK(J19J2)=0e

DO 280 J3=1sKMAXP

AK = 2#(J3-1)

SUMK (J1 9J?2)=SUMK (J19J2)+RKQADR(J3sJ2)%F (AKsAPsBPsSIGMAsX»ATANX s
KARG s KCALCHI*PLR(J3,J1)

CONTINUE

FIRST INDFX = ANGLE INDEX

SFCOND INDEX = PP INDEX

KCALC=1

C(ls1)=0e



320

330

335
340
345
350

355
356

360

370

400
440

445
450

455

456

460

470

540
545

116

C(29+1)=0.

C(142)=0.

C(2+2)=0.

DO 320 Jl=1s2

DO 320 J2=142

DO 320 JU3=1sH
C(leJ?)’((Jl»J2)+§UMK(J%,Jl)*§UMK(J39J2)/(ERR(J3)*ERR(J3))
CONTINUE

D(1)=0,

D(2)=0,.

DO 330 Jl=1yH

ERRSQ=ERR (J1)I*ERR(J1)

D(1)=D(1)+SUMK(J1,11%Y(J1)/ERRSQ
D(2)=D(2)+SUMK{J1+2)%*Y(J1) /ERRSQ

CONTINUE

NUM(1)=D(1)%C(2+2)=D(2)%C(1+2)
NUM(2)=D(2)%C(151)=D(1)%*C(2s1)
DEN=C(191)%C(292)=C(291)%C(142)

PP(1)=NUM(1)/DEN

PP(2)=NUM(2) /DEN

TEST=PP(1)*PP(2)

IF(TEST=04) 40093355335

IF(e0001-DEN)Y36043609340

GO TO (345+355) sKARG

WRITE(65350) XsDENSNUM(1)sPP(1)sNUM(2)sPP(2)

FORMAT { 20HOWARNING FOR X = sF10s432H +97H DEN = sE12e4
10H NUM(1) = 9E12e499H PP(1) = sF12e4910H NUM(2) = 3E12e4y
OH PP(2) = sF12e4)

GO TO 360
WRITE(69356) ATANXSDENsNUM(1)sPP(1)sNUM(2)sPP(2)
FORMAT (28HOWARNING FOR ARCTAN X = sF10e45s2H s97H DEN =

E12e4310H NUM(1) = 5sE12e499H PP(1) = sF12e¢4/10H NUM(2) = sE12e4>
9H PP(2) = sF12.4)

SUMQSQ=0.

DO 370 Jl=1sH
TERM=(Y(J1)=PP(1)*¥SUMK(J1+s1)=PP(2)%SUMK(J1+2))/ERR(JL)
SUMQSQ=SUMQSQ+TERM*TERM

CONTINUE

QSQ=SUMQSQ/RNDEG

GO TO 380

THIS SECTIONS CONSTRAINS PP-S TO BE NON-NEGATIVE
PP2=D(2)/C(252)

IF(eN0N01=C(252))4605460+440

GO TO (445+455) yKARG

WRITE(65450)XsC(2s2)9D(2)5PP2

FORMAT (20HOWARNING FOR X = »F10e43s2H »97H DEN = 3E1244y
10H NUM(1) = 3E12e439H PP(1) = ,F1l2e4)

GO TO 460

WRITE(65456) ATANXsC(2+2)sD(2)sPP2

FORMAT ( 28HOWARNING FOR ARCTAN X = 9sF10e492H s97H DEN =
E12+4910H NUM(1) = 5E12e499H PP(1) = sF12e4)

SUMQO<S1=0.

DO 470 Jl=1sH

TERM=(Y (J1)-PP2#SUMK(J1+2) ) /ERR(J1)
SUMQS1=SUMQS1+TERM®TERM

CONTINUFE

Q51=SUMQS1 /RNDEG

PP1=D(1)/C(1,1)

IF(s0001-C(151)) 56095605540

GO TO (545+555) sKARG

WRITE(6+550) XsC(1s1)sD{1)sPP1
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550 FORMAT(20HOWARNING FOR X = »F10e43%2H 997H DEN = »E1l2e4s
1 10H NUM(1) = sE12e499H PP(1) = sF12e4)
GO TO 560
555 WRITE(6+556) ATANXsC(1ls1)sD(1)sPP1
566 FORMAT(28HOWARNING FOR ARCTAN X = sF10e492H ss7H DEN =

1 E1264910H NUM(1) = 4E12e499H PP(1) = sF12e4)
560 SUMQS2=0.
DO 570 Jl=1sH
TERM=(Y(J1)=PP1*SUMK(J1s1))/ERR(J1)
SUMQRS2=SUMQS2+TERM*TERM
570 CONTINUE
QS2=SUMQS2/RNDEG
IF(QS1-QS2) 600+600,610
600 QSQ=QS1
PP(1)=0.
PP(2)=PP2
GO TO 380
610 QSQ=QS?2
PP(1)=PP1
PP(2)=0e
380 RETURN
END
SIBFTC FAK DECK

A FUNCTION FOR F SUB K OF AsBs AND X OR ATANX
NEW 1/16/67

FUNCTION F(AK»sAsBsSIGMAsXsATANX sKARG»KCALC)

RFAL AK»sAsBs ATANX
INTEGER SIGMASKARGyKCALC

ATANX IN DEGREES

IF KARG=1y X IS USED
IF KARG=2yATANX IS USED

IF KCALC=0y FK=S ARE CALCULATED
IF KCALC=1y STORED FK-S ARE USED

nNnAaNnNANNANANNN [a¥aNale!

DIMFNSION FKR(5+3)
INTEGER SIGMA
ARST=0,
GO TO (10420) +KARG
10 XsQ=X#*X
GO TO 40
20 ABST=ABS{ATANX)
IF(ABST~90e) 30440530
30 X=TAN(ATANX/574295779)
XsQ=X#*X
40 K=AK/2e+1e
IF(KCALC=0) 100,550,100
50 EMAX=A+B
IF(EMAX=1s) 60970570
60 ICASE=1
GO TO 100
70 EL=ABS(B-A)
IF(ELeEQeNe) EL=1e
ELP=EL+1e
IF(ELP=EMAX)90+90580
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FKR(Ks1)=FK(AKsELsFLsBsA)

ICASE=?
GO TO 1

on

PHZ =(=14)#%*STIGMA
FKR(Ks1)=FK{AKsFLIELsBsA)
FXR(K92)=FK(AKsFLS>ELPsBsA)
FKR(K93)=FK(AKsFLPSELPsBsA)

ICASE=3

GO TO (1105120+9130)+1CASE

F=0.

GO TO 160

F=FKR (K
GO 70O 1

o 1)
60

IF(ABST=90.) 150491409150

F=FKR (K
GO TO 1

+3)
60

F=(FKR(Ks1)=PHZ*#2 #¥X%¥FKR(K 92)+XSQ¥FKR({K»3))/(1e+XSQ)

RETURN
END
ADC

DEC

K

A FUNCTION FOR F-K(LsL"sBsA)s ANGe DISTRIBe COEFF.
REFes» FQUATION (6)s LOW LYING LEVELS OF F18s POLETTI AND

WARRURT

ON

PHYS REV 137, B599 (1965)

ALL ARGUMENTS IN FLOATING POINT

FUNCTION FK(KsLoLPosBsA)

REAL KsLsLP

N = R~

A-1.

PHZF =(~14)%%N
RF = SORT((2e¥L+1e)%(2e%LP+14)%(2:%A+14))

N = LP
PHZ =
ROOT =

="
(=1
SQR

) #**N
T(2e%K+1s)

€G =PHZ*ROOT*THREEJ(LylesLPs=1esKs=0s)
N = =A=-A=L-LP

PHZ =

(-1,

) ¥%¥N

W o= PHZ*¥SIXJ(AsAsLsLP»KsB)
FX = PHZF#*RF*CG*W

RFETURN
END

$IRFTC RK

aNNANNNN

6 ¥a¥e)

DECK

A FUNCTION FOR RHO(KsAsALPHA)s STATe TENSOR COEFFICIENTS
EQUATION(3) OF LOW LYING LEVELS OF F18»
WARBURTONs PHYS REV 1374 B599 (1965)

ARGUMENTS FOR THIS FUNCTION MUST BE IN FLOATING POINT

REF «

FUNCTION RHOK(K sAsALPHA)

REAL K

ROOT = SORT{2e%K + 1)
ROOT*THREEJ(AsALPHA$A s =ALPHA sKs =00 )

CGR1 =
ROOT =
cG2 =

NOTE »
RHOK =

RETURN
END

le

ROOT*THREFJ(ASALPHA A 3~ALPHA 3046 3=0e)

POLETTI AND

BECAUSE J1=J2 AND M3=0 THE PHASE IS TAKEN AS +1l.

(2

- DAB(ALPHA+04))¥CG1/CG2
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$IBFTC PLC DECK

c

c LFGFNDRE POLYNOMIALS
c

FUNCTION PL{L+CT)
IF(L)YL1sls2
T PL = 1.
RETURN
2 IF(L=1)393+4
3 PL = CT
RETURN
4 N = 2
PO = 1,0
Pl = (7T
74 AN = N
P2 = ((2eN*%AN=1,N)*#CT*P1=-(AN=1.0)#P0O)/AN
N =N + 1
IF(L=N)5+646
6 PO = P1
P1 = P2
GO 7O 7
5 PL = P2
RETURN
END
$IRFTC KD DFECK
FUNCTION DAB(AsB)
IF(A=R)}1+2s1
?2 DAR = 140
3  RFTURN
1 DAB = 060
GO TO 3
END
$SIRFTC DEL NOLISTsDECK
FUNCTION DELTA(AsBC)

ROTENBFRG ETe ALe PAGE 13 (2.4)

nNANO

FUNCTION DELTA(A4BHC)
S1 = A+ R ~C
M = §1
FS1 = FACT (M)
S2 = A+ C -8B
M = S2
Fs2 = FACT (M)
S3 =B + C - A
M = 53
FS3 = FACT (M)
DFENOM = A+B+C+1.0
M = DENOM
FD = FACT(M)
DFLTA = SQRT((FS1#FS2#FS3)/FD)
RFTURN
END
$IBFTC TOR NOLISTsDECK
C CONTAINS FACTORIALS OF NUMBERS UP TO 33
FUNCTION FACT(L)
IF(L)554+1+50
1 FACT = 1.0
RETURN
50 GO TO(192939495+6379899910511512913914915916517518919920+21922
1 23924925926927928929930931932+33 )sl

DAB
DAB
DAB
DAB
DAB

DAB



FACT =
RETURN
FACT =
RETURN
FACT =
RETURN
FACT =
RETURN
FACT =

. RETURN

10
11

12
13
14
1%
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31

Az

FACT =
RETURN
FACT =
RETURN
FACT =
RETIIRN
FACT =
RETURN
FACT =
RETURN
FACT =
RETURN
FACT =
PETURN
FACT =
PETURN
FACT =
RETURN
FACT =
RETURN
FACT =
RETURN
FACT =
RETURN
FACT =
RETURN
FACT =
RETURN
FACT =
PETURN
FACT =
RETURN
FACT =
RETURN
FACT =
RF TURN
FAaCT =
RETURN
FACT =
RFTURN
FACT =
RFTURN
FACT =
RETURN
FACT =
RETURN
FACT =
RETURN
FACT =
RETURN
FACT =

2.0

6e0

2460

12040
72040
5eN4E+3

4o NR2E+4
3.6788E+5
3.6788E+6
3e9917E+7
4e7900E+8
6e22TE+9
867178E+10
1e3077E+12
2.0923F+13
3e5569E+14
6.4024E+15
1e?165E+17
2.4329F+18
5¢1091F+19
1e1240E+21
2¢5852E+22
6e2045E+23
1e¢5511E+25
4e0329E+26
1eNBBOF+28
3.0489E+29
848418E+30
26525E+32
8.2228E+33

26313F+36

120
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RFTURN
33 FACT = 8.6833F+36
RFTURN
56 WRITE(6+200)
200 FORMAT(29HOFACTORIAL OF NEGATIVE NUMBER /)
STOP
END
$SIRFTC 3US DECK
A FUNCTION FOR THREE J SYMBOLS

ROTENBERG ETe AlLe (le5) PAGE 2 WITH (2.4) FROM PAGE 13
INPUT IS THREFJ(J1sM1sJ25M25J35M3) FLOATING POINT
ROUTINE RFQUIRES FACTORTIAL AND DELTA ROUTINES

[aaVaVNaNaNal

FUNCTION THREEJ(Als Bls A2y B2s A3s B3}
DIMENSION A(3)s B(3)

A(1) = Al
A{2) = A2
A(3) = A3
B(1) = Bl
B(2) = R2
BR(3) = R3

DO 35 1 = 1,3
IF(A(I)eNFe0e)GO TO 36
IF(R(T)eNFe0e)GO TO 36
35 CONTINUE
THREEJ = 1.
RETURN
36 CONTINUE
TEST = B1+B2+B3
IF(TEST)149291
1 THREEJ = 0.0
RETURN
2 S1 = Al + A2 -~ A3
IF(S1)1+12912
12 S2 = Al =A? 4+ A3
IF(S2)1s14914
14 S3 = A2 + A3 - Al
IF(S3)1+15915
15 N = Al -A2 - B3
TRA = ABS(Bl1)=-Al
IF(TBAY505501
50 TBA = ABS(B2)-A2
IF(TRA)5155151
51 TBA = ABS(B3)=-A3
IF(TBAY52+521
52 CONTINUE
PHZ = (=140)%%N
DFL = DELTA(Als A2, A3)
X = 1.0
DO 3 J = 143
S = A(J) + B(J)
M = S
FSs = FACT(M)
X = X # FS§
SM = A(J) - B(J)
M = SM
FSM = FACT (M)
3 X = X*¥FSM
ROOT = SQRT(X)
SUM = 0,0
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AK = OQO
11 DS&1 = AK+A3-A1-R2
IF(DS1)59494
4 M = DS1
FDS1 = FACT(M)
pDs2 = AK + Bl + A3 - A2
IF(DS2)54696
6 M = DS2
FDS?2 = FACT(M)
Ds3 = Al - Bl = AK
. IF(NS3)8s797
7 M = DS3
FPS3 = FACT (M)
DS4 = A1 + A2 = A3 - AK
IF(DS4)8+949
9 M = DS4
FDS4 = FACT(M)
DS5 = A2 + B2 = AK
IF(DS55)84104510
10 M = DS5
FDS5 = FACT(M)
M = AK ‘
FAK = FACT(M)
N = AK
TOP = (=1,0)**N
DENOM = FAK¥FDS1%* FDS2% FDS3% FDS4%* FDSS
SUM = SUM + (TOP/DENOM)
5 AK = AK + 10
GO TO 11
8 THREEJ = PHZ*DEL*ROOT*SUM
RETURN
END
SIRFTC 6JS DECK
A FUNCTION FOR SIX J SYMBOLS 2/25/64
C ROTENBERG FTe AlLe PAGF 13 EQUATION (2.3)
C INPUT STXJ(J19J2sL23L19sU35L3) IN FLOATING POINT
C RFQUIRFS NDFLTA AND FACTORIAL ROUTINES
FUNCTION SIXJ(AsBsCoeDIESF)
TRI1 = A+B-F
IF(TRI1)251»1
2 SIXJ = 0.0
RETURN
1 TRI1 = A-B+E
IF(TRI1)2+343
3 TRI1 = -A+B+E
IF(TRI1)2s494
C FIRST TRIANGULAR TEST COMPLETED
4 TRI2 = D+C~-E
IFITRIZ)I2+545
e TRI2 = D-C+E
IF(TRI2)2+646
6 TRI2 = =D+C+E
IF(TRI2)29797
< SFCOND TRIANGULAR TEST COMPLETED
pr TRI3 = A+C~F
IF(TRI3)2+8+8
8 TRI3=A=C+F
IF{TRIB312+9+9
9 TRI3 = =A+C+F
IF(TRI2)2+10410
o THIRD TRIANGULAR TFST COMPLETED

(g}
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TRI14 = D+R~-F
IF(TRI4)2511s11
TRI4 = D-B+F
IF(TRI4)2412912
TRI4==D+B+F
IFI{TRI4)12+13913
FOURTH TRIANGULAR TEST COMPLETED

DFL1 = DELTA(AsBE)
DFL2 = DELTA(DsCHE)
DFL3 = DELTA(DsBsF)
DFL4 = DELTA(ANCHF)
DELX = DFL1*DEL2#DEL3*DEL4

N = A+R+C+D

PHZ = (=140)%%N

SUM = 0,0

AK = 0,0

S1 = A+B-E~AK
IF(S1)224+16516

M = S1

Fs1 = FACT (M)

S$2 = C+D=-F=AK
IF(S2)22+18418

M = §2

Fs2 = FACT(M)

S3 = A+C~F=AK
IF(S3)22+19919

M = §3

FS3 = FACT (M)

S4 = D+B-F-AK
IF(S4)22+20,20

M = S4

FS4 = FACT (M)

S§5 = —A-D+E+F+AK

CIF(S5)Y17421,21

M = S5

FSs5 = FACT(M)

S6 = —=R-C+E+F+AK
IF(S6)17923+23

M = S6

Fsé6 = FACT (M)

N = AK

SPHZ = (=1.0)%%N

TOP = A+B+C+D+140-AK

M = TOP

FTOP = FACT (M)

TOP = SPHZ#FTOP

M = AK

FAK = FACT(M)

DENOM = FAK#FS1#FS2#FS3*#FS4#FS5%#FS6

SUM = SUM + (TOP/DENOM)
AK = AK + 140

GO TO 24

SIXJ = PHZ*DELX%*SUM
RETURN
END
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APPENDIX E. PROGRAM FOR THE ANGULAR DISTRIBUTIONS
OF GAMMA RAYS FROM ALIGNED STATES

Let a be the spin of an aligned state and let b, ¢,...y, z be
the spins of -succeeding levels populated in a cascade., Then the
angular distribution of the N-th gamma ray in a cascade is given
by (Poletti and Warburton, 1965)

W) =) e @)U @D (o). ..U xy)F (y2)QP (cos 6_)  (E.1.)

k
even

where the sum in Formula E. 1 contains the product of n-1 Uk

coefficients. The various factors are given by

o () = aZO 013, 0) P(ar)

pk(a,a) =(2- 6&0) 822:2 } ggg

U, (Lab) + x2 U, (L'ab)
k k
Uk(ab) = 5

1+x
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_W@bab;, Lk)
W@ bab; LO0)

Uk(Lab)

F, (LLba) - (-)° 2xF, (LL'ba) + szk(L'L'ba)
Fk(ab) = 5 : (E. 2.)

1+x

b-a- 1.7%

F, (LL'ba) = (-) L o1y @L+1) (22+1) ]

x (L1L' - 1|k 0)W)aaLL', kb)

L =max (1, |[b - al)

L'=L+1
where

P(o) is the population parameter for magnetic substate «,
W is a Racah coefficient,

Qk is the N-th attenuation coefficient and

Pk(cos en) is the k-th Legendre polynomial.

The program WOT calculates W(en) for n< 3. The required
coefficients are calculated in subprograms. The input consists of

the following cards:

Card1  H, P, SIGMA, RQ, NPC, NG, NA, NB, NX(1),
NC, NX(2), ND, NX(3), CTOA, ALLOUT

Card(s) 2 Q(H,5)



where

Card(s) 3
Card 4
Card 5
Card 6
Card 7
Card 8
Card 9
Card 10
Card 11

g

SIGMA
RQ

NPC

NG

NA
NB
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PC(NPC, P)

A(NA)

B(NB)

X(NX1)

C(NC)

X(NX2)

D(ND)

X (NX3)

THETA(H) or (COS(THETA(H)))**2

number of angles, < 8 .

number of magnetic substates (P < 3) with
m, = dz C.

o in Formula (E, 2) .

0 if the set of attenuation coefficients Q’k is
the same at all angles. # 0 if the set of
attenuation coefficients Q,k is not the same
at all angles. In this case a set must be read
in for each of the H angles, and Card 2 is
replaced by H cards.

number of sets of the population parameters
P(a) to be read in. If NPC > 1, card 3 is
replaced by NPC cards.

n, the number of the gamma ray in the
cascade.

number of values for spin a .

number of values for spin b .
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NX(1) =  number of values for the mixing ratio x in
the transitions a = b,
If NX(1) = O then the first entry on Card 6
will be read as DPHI. The mixing ratio x
will be set equal to tan PHI and PHI will
be stepped from -90° to 90° in steps of DPHI.

NC = number of values for spin c.

NX(2) =  number of values for the mixing ratio x in
the transition b - c.
If NX(2) = 0, then the first entry on Card 8
will be read as DPHI.

ND = number of values for spin d.

NX(3) = number of values for the mixing ratio x in
the transition ¢ = d. If NX(3) = 0, then the
first entry on Card 10 will be read as DPHIL

CTOA = - 0, entries on Card 11 will be read as THETA.
# 0, entries on Card 11 will be read as
(COS(THETA))**2,

ALLOUT = a print out option. If ALLOUT # 0, all
components of W(N) will be printed out.

Q(H,5) = array of altenuation coelficients, If RQ = 0,
then Q(1, 5) = Q(2,5) = Q(3,5) = ... Q(H,5).

PC(NPC,P) = array of population parameters.

A(NA) =  gspins for state a.

B(NB) =  gpins for state b.

X(NXI) = mixing parameters for the transitiona - b if

'NX(1) #0. DPHI if NX(1) = 0.

C(NC) spins for state c.
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X(NX2) = mixing parameter for the transition b = c,
if NX(2) # 0. DPHI if NX(2) = 0.
D(NX3) =  spins for state d.
X(NX3) = mixing parameter for the transition ¢ - d if
NX(3) # 0. DPHI if NX(3) = 0.
THETA(H) = angles at which the distribution is calculated.

A listing of the program is given below.
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$TRFTC WOT

ANANNAANNANANANNANAADNNANDANNANANNANNNAANNNANANNANNANNAANAANANANNNANNNNNANAN

TO

1F

DI

TO TABRULATE W(THETA) FROM POLETTI AND WARBURTONs LOW LYING
LFVELS OF F18,s PHYS REV 137,B600 (1965)s EQUATION (10)

RE RFAD IN

THF FIRST DATA CARD IS TO CONTAIN THE FOLLOWING 15 INTEGERS
FORMAT(1512)

HsP sSIGMA

RQ IF RQ.NE.0O THE ENTIRE Q ARRAY WILL BE READ IN BY ROWS
NPC THE NUMBER OF ROWS OF THE PC MATRIX TO BE READ IN
NG THE NUMBER OF GAMMA TRANSITIONS l1s 25 OR 3
Na NUMBER OF VALUFS FOR SPIN A (F5.0 LIMIT 16 PER CARD )
IF NA=0 AMINsAMAX WILL BF RFAD IN (2F5.0)
NR NUMBFR OF VALUES FOR SPIN B (F5.0 LIMIT 16 PER CARD )
IF NR=0 BMINsBMAX WILL BF READ IN (2F540)
NX (1) THE NUMBER OF X VALUES FOR A-B
IF NX(1)=0 DPHI WILL BE READ (F10.0)
NC NUMBER OF VALUES FOR SPIN C (F5.0 LIMIT 16 PER CARD )
IF NC=0 CMINsCMAX WILL BE READ IN (2F5e0)
NX(2) X VALUES FOR B-C
IF NX(2)=0 DPHI WILL BE READ IN (F10.0)
ND NUMBER OF VALUES FOR SPIN D (F5.0 LIMIT 16 PER CARD )
IF ND=0 DMINsDMAX WILL BE READ IN (2F540)
NX(3) THE NUMBFR OF X VALUES FOR C-D
TIF NX(3)=0 DPHI WILL BE READ IN (F10.0)
CTOA IF =0 PROGRAM EXPECTS ANGLES IN DEGe TO BE READ IN
IF oNE«N PROGRAM FXPECTS COS(THETA(H))*¥%2
ALLOUT A PRINT QUT OPTIONs IF eNEe O ALL COMPONENTS OF W(N)

WILL BE PRINTED OUT
THE PROGRAM THEN EXPECTS THE FOLLOWING CARDS IF NG = 3

ATTENUATION COEFFICIENTS Q(Hs5) 5 PER CARD F10.0

POPULATION PARAMETERS PC(NPCsP) 3F1060 NPC CARDS

SPINS OF INITIAL STATE A(NA) F5.0 ONE OR MORE ON A CARD
SPINs OF INITIAL STATE B(NB) F5.0 ONE OR MORE ON A CARD
MIXING PARAMETERS FOR A-B X(NX1) F10.0 ONE OR MORE ON A CARD
SPINS OF INITIAL STATE C(NC) F5.0 ONE OR MORE ON A CARD
MIXING PARAMETERS FOR B-C X(NX2) F10.0 ONE OR MORE ON A CARD
SPINS OF INITIAL STATE D(ND) F5.0 ONE OR MORE ON A CARD
MIXING PARAMETERS FOR C=D X(NX3) F10s0 ONE OR MORE ON A CARD
THETA(H) OR COS(THRETA(H))*%*2 F5.0 ONE OR MORE PER CARD

11 VALUES MAXIMUM
IF NG = 2 OMIT SPIN D CARD AND X(NX3) CARD
IF NG=1 OMIT SPIN Cs SPIN Ds X(NX2)s AND X(NX3) CARDS
ALLOUTeNFe0O AND NGeEQe3 OUTPUT WILL BE
K
F(X3) UX2) uixL)y
RHO(KsA)
Q(THETASK)
P(KsCOS(THETA))
FIX3)*U(X2)*#U(X1)*RHO(K»A)
FIX3)¥U(X2)¥U(X1)#RHO(K»A)*Q(NsK)
X3 X2 X1 Wil) W(2) o o W(H)

INTEGER SIGMAP3H,ABCDsRQsCTOASALLOUT

MENSION Q(1195)sXAR(5053)s A(16)s B(16)5C(16)s D(16)s CSQT(11) »
IM1(3)s TN2(3)s W(11)s NX{(3)s PC(20+3)

DIMENSTION ISO(3)sIWO(4) s TW2(5)s TW1I(5)sITHO(6)
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DIMENSION KWO(4)

DATA IN2/1H(s 6H » 6HFS5.0) /
DATA IN1/1H(s6H y6HF10e0Y 7/
DATA ISO / 4H(1H , 6H s 6HF561) /
DATA IWO / 4H{1H » 6H3FT7.454 6H s 6HF10e4) /
DATA IW1l / 4H(1H » 3H14Xs S5HFTebss 6H s 6HF10e4) /
DATA IW2 / 4H(IH s 2HTXs 6H2FTe4ss 6H s 6HF10e4) /
DATA KWO/4H(1H o 3H21X,s 6H s 6HF10e4) /
DATA ITHO /6H(1HO5Xs 6H2HX35X,s 6H2HX25X,s 6H2HX1 » 6H ’

1 6HF1N.?2) /
COMMON/WTHT/ALMIN,KMAX

91 READ(5s 99) Hs Ps SIGMAs RQs NPCs NGs» NAs NBsNX(1)9sNCsNX(2)9sNDys
INX(3) s CTOASALLOUT
99 FORMATI(1512)
KWO(3) = ABCD(H)
ITHO(S) = ARCD(H)
NX1 = NX(1)
NX2 = NXt2)
NX3 = NX(3)
WRITE(6+6523)NX1sNX2sNX3
6523 FORMAT(1HO2X3HNX1 2X3HNX2 2X3HNX3 / 1H 3I5)
IF(RQeFQe0) GO TO 1
PO 2 I=1.H
? READ(55100) (Q(IsJ)sJ=1s5)
100 FORMAT(5F10.0)
GO TO 3
1 READ(59100) (Q{lsJ)s J=1s5)
DO 4 1=2,H
DO 4 JU=1,+5
4 Q(Isd) = Q(1leJ)
3 CONTINUE
DO 5 I = 1sNPC
5 READ(55150)(PC(T19J)sJ=1s3)
150 FORMAT(3F10.0)
6 CONTINUE
IF(NA.EQe0) GO TO 8
IN2(2) = ABCD(NA)
READ(55IN2) (A(I)s I=1sNA)
GO TO 9 '
8 READ(55105) AMINs AMAX
105 FORMAT(2F5.0)
NA = (AMAX-AMIN)+1le
DO 10 I=1,NA
10 A(T) = AMIN + FLOAT(I-1)
9 CONTINUE
IF(NRsEQe.O ) GO TO 11
IN2 = ARCD(NB)
READ(55IN2) (B(I) 5 I= 1,NB)
GO TO 12
11 READ(5+105)BMINsBMAX
NB = (BMAX —-BMIN) + 1.
DO 13 I=14NB
13 B(I) = FLOAT(I-=1) + BMIN
12 CONTINUE
NX1 = NX(1)
IF(NX1EQe0)GO TO 21
IN1 = ARCD(NX1)
READ(S5sIN1) (XAR{Ts1l)s I=1,NX1)
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PROGRAM FXPECTS TANGENTS OF PHI TO BE READ IN

1901 = 0O
GO TO 22
21 READ(54106)DPHI
106 FORMAT(F10.0)}
NX1 = 180+/DPHI + 1.
NX(1) = NX1
1901 = 2
DO 23 I= 1,NX1
23 XAR(Is1) = =90 + FLOAT(I-1)%DPHI
DO 40 I = 1sNX1
IF(1eFQeleOReIeEQ.NX1eANDaTS901eNES0OIGO TO 40
XAR(I1s1) = TAN(XAR(I91)/57e295779)
40 CONTINUE
22 COMTINUE
IF(NGeLE. 1) GO TO 14
1IF(NC+EQ.0) GO TO 15
IN2(2) = ABCD(NC)
READ(5sIN2) (C(I) » I= 1sNCO)
GO TO 16
15 PREAD(5,105)CMINsCMAX
NC = (CMAX=CMIN) + 1.
DO 17 I= 1, NC
17 C(1) = FLOAT(I-1) +CMIN
16 CONTINUE
NX2 = NX{(2)
IF(NX2eEQe0)GO TO 24
IN1 = ABCD(NX1)
READ(®sIN1) (XAR(Is2)s Im1sNX2)
1902 = 0O '
GO TO 25
24 READ(54106)DPHIT
NX2 = 1804/DPHI + 1.
NX(2) = NX2
1902 = 2
DO 26 I= 1sNX2
26 XAR(Is2) = =90s + FLOAT(I-1)%DPH!
DO 41 I = 1sNX2
IF(I1eFQeleOReIeEQeNX2eANDeI902eNEC0O}GO TO 41
XAR(I42) = TAN(XAR(1+2)/57e295779)
41 CONTINUE
2% CONTINUF
IF(NGeLEe 2} GO YO 14
IF(NDeEQe0O) GO TO 18
IN2(2) = ND
READ(5+IN2) (D(I)s I=1sND)
GO TO 140
18 READ(54105)DMINsDMAX
ND = DMAX- DMIN + 1.
DO 20 I= 1,4ND
20 D(1) = FLOAT(I=1) + DMIN
140 CONTINUE
NX3 = NX(3)
IF(NX3eEQeN)IGO TO 27
IN1 = ABCD(NX1)
READ(5sIN1) (XAR(Ts3)s I=1,NX3)
1903 = 0
GO TO 28
27 READ(5,106)DPHI
NX3 = 1804/DPHI + 1.
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NX(3) = NX3
DO 29 I= 14NX3
1902 = 2
29 XAR(1s3) = =90 + FLOAT(I-1)#*DPHI
DO 42 1 = 1sNX3
IF({]eFQeleOReTeEQeNX3eANDI903NEOIGO TO 42
XAR(I43) = TAN{XAR(I93)/574295779)
42 CONTINUE
28 CONTINUF
14 CONTINUE
IF(CTOAEQe0)GO TO 30
READ (5,103) (CSQT(I)s I= 1,H)
103 FORMAT(11F5.0)
GO TO 31
30 IN2 = ABCD(H)
READ(59IN2) (CSQT(I) s I= 1sH)
DO 32 I= 1,H
32 CSQT(I) =(COS({CSQT(I1)/57e295779)%%2)
31 CONTINUE
WRITE(6+200)

200 FORMAT(21H10UTPUT OF INPUT DATA / T7HOSPIN A )
150(2) = ABCD(NA)
WRITE(6s1SO)(A(T)sImlsNA)
WRITE(65201)

201 FORMAT(7HOSPIN B )

150(2) = ABCD(NB)
WRITE(651S0)(B(1)sIx=1sNB)
IF(NG.LE«1)GO TO 51
WRITE(6+203)

203  FORMAT({7HOSPIN C )

150(2) = ABCD{NCQC)

WRITE(651SOY(C(T)sI=14NC)
IF(NG.LE«2)GO TO 51
WRITF(64204)

204  FORMAT(7HOSPIN D )
1s0(2) = ABCD(ND)
WRITE(6+1S0)(D(I)sI=14ND)

51 CONTINUE
WRITE(6+202)

202 FORMAT(13HO THE X ARRAY )
NMAX = NX(1)
DO 80 1 = 1sNG
IF(NX(TI)eGT e NMAXINMAX=NX(T)

50  CONTINUE
IWO(2) = ABCDI(NG)
WRITE(6sITWO) ((XAR(IsJ) s J=19sNG)s I=1sNMAX)
WRITE(65205)

205 FORMAT(21H10UTPUT OF INPUT DATA / /12HOTHE Q ARRAY )
WRITE(65206)({Q(1sJ)9J=195)s1=1,H)

206 FORMAT(1H 5F10e%)

WRITE(65207) .

207 FORMAT(18HOTHE VALUES FOR PC )
WRITE(6+273)((PC(TIsJ)sJ=143)51=1sNPC)

273 FORMAT(1H 3F10e4)

COMPLETES OUTPUT OF INPUT PARAMETERS

1A = 1
61 CONTINUE
AP = A(1A)
WRITE(64210) AP



62

211

64
66

86

65

212

68
69

6526

87
67
70

6525

88
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FORMAT (10H1SPIN A = Fé4e1)
TAP = AP
IF(FLOAT(IAP)«EQeAPYALMIN = 0O
IF(FLOAT(TIAP)eNE«AP)IALMIN = (o5
CTWOA = 2.#AP
IAP = TWOA/Z2e
IF(FLOAT(2%IAP) sEQeTWOAIKMAX = TWOA
IF(FLOAT(2%#IAP) NEe TWOAIKMAX = TWOA=1.
IR =1
CONTINUE
BP = B(IRB)
WRITE(65211) BP
FORMAT(10H SPIN B = Fé4el)
GO TO (63564964) s NG
ICc = 1
CONTINUE
CP = C(IQ)
WRITE(6+212) CP
FORMAT(10H SPIN C = Fé4el)
GO TO (63+62986)9NG
CONTINUE
ID =1
CONTINUE
DP = D(ID)
WRITE(65213) DP
FORMAT(10H SPIN D = Fé4el)
CONTINUE
IPC = 1
CONTINUE
WRITE(6,ITHO) (CSQT(TI)sI=1sH)
GO TO (83+67+68) s NG
IX2 = 1
CONTINUF
WRITE(6+6526)INX3
FORMAT(1HO 5X3HNX3 1X I5)
X3 = XAR(IX3y» 3)
EL = ABS(D-C)
IF(ELeEQeDe)EL = 1.
ELP = EL + 1le
EMAX = CP+DP

K903 = 1
IF(I903.EQs0)YGO TO 87

IF (IX3eFEQel1eOReIX3sFQeNX3) X3 = 1o

IF( IX3eNEoe1leOReIX3aNEeNX3 oANDSELPLELEMAX)IK903=1
% o TX3eFQeleOReIX3eEQeNX3 oANDeELPLELEMAX)IK903=2

IF(ELPoGT e EMAX)K903=13

IX2 = 1
CONTINUE

WRITE(6+6525)INX2

FORMAT {1HO S5X3HNX2 1X 15)
X2 = XAR(IX292)

EMAX = BP+CP

EL = ABS(C-B)
IF(FLeFQe0e)EL = 1.

ELP = EL + 1le

K902 = 1

IF(1902.EQe0)GO TO 88
IF¢ IX2eFQeleOReIX2sEQeNX2)X1=10
IR IX2eNEe1eOReIX2eNEeNX2 oANDeELPeLEEMAX)KI02=1
IF( IX2eEQeleOReIX2eFEQeNX2 oANDSsELPeLELEMAX)KI02=2

IF(ELP+GT«EMAX)K902=3
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83 IX1 = 1
WRITE(6+6523)INX19NX2sNX3
71 CONTINUE
X1 = XAR(IX1»1)
EMAX = AP+BP
EL = ABS(B~-A)
IF(EL.FQeOe)EL = 1
FLP = EL + 1le

K901 = 1
IF{1901EQe0)YGO TO 89
1F( IXl.EQ.I.OR.IX].EQ.NXI)XI = le
IF( IX1eMNEe1leOReIX1eNEoNX1 oANDGELPoLE.EMAX)IK901=1
IF¢ IX1eEQeleOReIX1eEQeNXl oANDGELPoLE.EMAXIK901=2

89 IF(ELP.GT«EMAX)IK901=3
DO 90 KN = 1sH
90 W(KN) = 0.
DO 72 N=1,H
WIN) = 0.0
CT = SQRT(CSQT(N)Y)
K = 0
NK = 1
Tl = 1.
T2 = 1.
T3 = 1le
T4 = 1
TS5 = 1.
73 PK = PL(KsCT)
AK = K
TR = RHO{AK$AP4PsIPCsPC)
TERM = TR¥PK #Q (NyNK)
GO TO (74475976 )sNG
T4 Tl = FIAK9sAP+sBPsSIGMAX19K901)
T4 = T1*TR
TS = TI*TR#¥Q({NyNK)
WIN) = W(N) +T1%#TERM
GO TO 77
75 72 = F(AKsBPsCP»SIGMA$X29K902)
Tl = U(AK»APsBP4X1,K901)
T4 = TI*T2#TR
T5 = T1*T2#TR*¥Q(N,NK)
WIN) = W(N)+TERM®T1%T2
GO TO 77
76 Tl = UCAK»APsBP9X15K901)
T2 = U(AKsBPsCPsX25K902)
T3 = F{AKsCPsDPsSIGMA+X34K903)
T4 = TI*T2#T3#TR
TS = TI*T2*#T3#TR*¥Q(NsNK)
WIN) = W(N)+TERM*T1%#T2%T3
77 IF(ALLOUTEQ.0) GO TO 78
WRITE(6+214 ) Ky T3s T2s Tls TRs QUNsNK)s PKsTés T5
214 FORMAT(1IH 14X 4HK = I192X/ 1H 3F7e4s/1H 14X FTe&s / 1H Ll4XFTels/
1 1H 14X F7eb49/1H 14X FT7ebs / 1H 14X F7e4 )
VRITE(6sKWO) (WIKN) 9 KN=1,4H)
78 CONTINUE
K = K + 2
NK = NK + 1
IF(KeLFeKMAX) GO TO 73

C
C W(N) FOR ONE SET FINISHED
C

72 CONTINUE
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GO TO (79+80981) » NG

79 IWl1(4) = ABCD(H)
WRITE(65sIW1) X1s (WINW)sNW=1sH)
GO TO 82

8N IW2(4) = ABCD(H)
WRITF(6sTW2) X2 X1y (W{NW)sNW=1sH)
GO 70 82
81 IWO(3) = ARCD(H)
WRITE(69IWO) X339 X2 X1s (W(NW) sNW=1sH)
82 CONTINUE
WRITE(696524)INXTsNX29NX3sIX15IX2+IX3
6524 FORMAT(1HO2X3HNX1 2X3HNX2 2X3HNX3 2X3HIX1 2X3HIX2 2X3HIX3 /1H 615
1)
IX1 = Ix1 + 1
IF(IX1eaLF«NX1)GO YO 71
IX2 = Ix2 + 1
IF(IX2eLF«NX2)GO TO 70
IX3 = IX3 + 1
IF({IX3.LFENX3)GO TO 69
IPC = IPC + 1
IF{IPCeLE«NPCIGO TO 7
ID = 1D + 1
IF{IDeLE«ND)IGO TO 65
IC = 1C + 1
IF{ICLE«NC)IGO TO 66
18 = 1B + 1
IF(IB.LENBYIGO TO 62
IA = TA + 1
IF(TACLE«NA)YGO TO 61
GO TO 91
END
SIBFTC UAX DECK
¢
C A FUNCTION FOR U SUB K OF As Bs AND X
C
FUNCTION U(AKsA9sBsX9K90)
XSQ=X*X
EL=ABS(B-A)
IF(Fl «EQeDe) EL=1.
ELP=EL+1.
GO TO (10511512) K90
10 U=(UK(AKsFLsAsB)I+XSQHUK(AKIELPsA4B) )/ {1l+XSQ)
RETURN
11 U=UK(AKELPsA»B)
RETURN
12 UsUK({AKEL sA+B)
RETURN
END
SIBFTC UKL DECK
C
C THE ANGULAR DISTRIBUTION COEFFICIENT UK(LAB)
C .
FUNCTION UK(AKsEL9sAsR)
N = =A=B-A=B
PHZ = (-=1,)%%N
W1l = PHZ#SIXJ(AsBsAsBsELAK)
W2 = PHZ#SIXJ(AsBsAsBsELSOe)
IF(W2.EQe0e1GO TO 1
UK = W1l/wW2
RETURN
WRITE(6+200)

N
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200 FORMAT(37HOTHE FUNCTION UK(KsLsAsB) IS INFINITE )
GO TO 2
END
STBFTC ADC NDECK

A FUNCTION FOR F—=K{LsL'sBsA) » ANG«DISTRIBe. COEFFo
REFes EQUATION (6)sLOW LYING LEVELS OF F18s POLETTI AND
WARBURTONs PHYS REV 137, B599 (1965)

ALL ARGUMENTS IN FLOATING POINT

NN NANN

FUNCTION FK(KsLsLPsBsA)
REAL KsLsLP
N = B=A-1le
PHZF =(=1e)%*%¥N
RF = SORT(({2e#L4+1e)#(2s%¥LP+1o)#(2e%A+1s))
N = LP=-L
PHZ = (-1¢)%%N
ROOT = SQRT(2e%¥K+1ae)
CG =PHZ¥ROOT*THREEJ(LslesLPs=10esKs=0s)
N = =A-A~l =P
PHZ = (=1.)%#N
W = PHZ#*SIXJ(AsAsLsLPsKsB)
FK = PHZF*RF*CG*W
RETURN
END
$IBRFTC FAK DECK
C
c A FUNCTION FOR F SUB K OF Ay Bs AND X
C :
FUNCTION F({AK9A 3By SIGMAX9K90)
INTEGER SIGMA
XSQ = X#*X
EL = ABS(B-A)
IF(ELeEQeOe)EL=10
ELP = EL + 1le
PHZ = (-14)%%SIGMA
GO TO (10511512)+K90
10 F =(FK{AKsELsELy BsA)=PHZ*2 +#X*FK(AKsEL»ELP»BsA) + XSQ¥*
1 FK(AKHIELPIELP3BsA) I/ (1e+XSQ)
RETURN
11 F=FK(AKSELPsELPsBsA)
RFTURN
12 F=FK(AKsELsEL9BsA)
RETURN
END
SIBFTC STR DECK
C
C STATISTICAL TENSOR RHO-K(A)
C
FUNCTION RHO(AKsAsPsIPCsPC)
INTFGER P
DIMENSION PC(20+3)
COMMON/WTHT/ALMIN s KMAX
SUM = Oe
AL = ALMIN
DO 1 I = 14P
SUM = SUM + RHOK(AKsAsAL)*PC(IPCsI)
1 AL = AL + 1le
RHO = SUM
RETURN
END
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$IBFTC RK DECK

C

C A FUNCTION FOR RHO(Ks AsALPHA)s STATe TENSOR COEFFICIENTS
C REFe FQUATIOM(3) OF LOW LYING LEVELS OF F18s POLETTI AND
C WARBURTONs PHYS REV 137, B599 (1965)

c ARGUMFNTS FOR THIS FUNCTION MUST BE IN FLOATING POINT

c

aNalal

FUNCTION RHOK(KsAsALPHA)

REAL K

ROOT = SQRT(2e*K + le)

CGl = ROOT*THREEJ(AsALPHAAs~ALPHASK9=00e)
ROOT = 1.

CG2 = ROOT*THREEJ(AsALPHA9A3~ALPHA$0e 9-0e)

NOTEs BECAUSE Jl1=J2 AND M3=0 THE PHASE IS TAKEN AS +1.
RHOK = (24 = DAB(ALPHA$0,.))%CG1/CG2

RETURN
END

$IBFTC PLC DECK

€
(o
C

LEGENDRE POLYNOMIALS

FUNCTION PL(LCT)
IF(LY1els2
PL = 1.
RFETURN
IF(L=1)39394
PL = CT
RFETURN
N = 2
PO = 1,0
P1 = CT
AN = N
P2 = ((2¢0%AN=1.0)*CT*P1=(AN=1.0)%PO)/AN
N=N+1
IF(L=-N)5+646
PO = P1
P1 = P2
GO TO 7
PL = P2
RETURN
END

$IBFTC KD DECK

2
3
1

FUNCTION DAB(AsB)
IF(A=B)1s2s1

DAB = 1.0
RETURN
DAB = 060
GO TO 3

FND

SIBFTC DEL NOLISTsDECK

NnNNNN

FUNCTION DELTA(AsRsC)
ROTENBFERG ETe ALe PAGE 13 (2.4)

FUNCTION DELTA(A+BsC)
S1 = A+ 8B - C

M = S1

FS1 = FACT(M)

S2 = A+ C-8B
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C

10
11
12
13
14
15
16
17
18
19
20
21

22
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M = S2

F&2 = FACT(M)

53 = B + C - A

M = S3

Fs3 = FACT (M)
DENOM = A+B+C+1.0
M = DENOM

FD = FACT(M)
DELTA = SQRT((FS1%#FS2#FS3)/FD)
RETURN

END

TOR NOLISTsDECK
CONTAINS FACTORIALS OF NUMBERS UP TO 33
FUNCTION FACT(L)

IF({L)5591+50

FACT = 1.0

RETURN

GO TO(192939495969Ts899910911512913914515916517918519920521922
22424925+26927928929930931932933 Yol
FACT = 240
RETURN

FACT = 640
RETURN

FACT = 2440
RETURN

FACT = 12040
RETURN

FACT = 7200
RETURN

FACT = 5e04E+3
RETURN

FACT = 4.032E+4
RETURN

FACT = 346288E+5
RETURN

FACT = 3.6288E+6
RETURN

FACT = 3e9917E+7
RETURN

FACT = 447900E+8
RETURN

FACT = 64227E+9
RETURN

FACT = 87178E+10
RETURN

FACT = 13077E+12
RETURN

FACT = 20923E+13
RETURN

FACT = 365569E+14
RETURN

FACT = 6e64024E+15
RETURN

FACT = 162165E+17
RETURN

FACT = 2.4329E+18
RETURN

FACT = 51091E+19
RETURN

FACT = 141240E+21
RETURN
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23 FACT = 2.5852E+22

RETURN

24 FACT = 6420458423
RETURN

25 FACT = 1.5511E+25
RETURN

26 FACT = 4.0329E+26
RETURN

27 FACT = 1.0889E+28
RETURN

28 FACT = 340489E+29
RETURN

29 FACT = 8.8418E+30
RFTURN

30 FACT = 26525E+32
RETURN

31 FACT = Be42228E+33
RETURN

32 FACT = 246313E+35
RETURN

33 FACT = B+6833E+36
RETURN

55 WRITE(6+200)
200 FORMAT{29HOFACTORIAL OF NEGATIVE NUMBER /)
STOP
END
$TRFTC 3JS " DFCK
A FUNCTION FOR THRFE J SYMBOLS

ROTENBRERG ETe ALe (1e5) PAGE 2 WITH (2.4) FROM PAGE 13
INPUT IS THREEJ(J1sM1sJ25M25J3sM3) FLOATING POINT
ROUTINE REQUIRES FACTORIAL AND DELTA ROUTINES

aNnNnNnnNNN

FUNCTION THREEJ(Al, Bls A2s B2s A3s B3)
DIMENSION A(3)s B(3)

A(l) = Al
At2) = A2
A(3) = A3
R{1) = Bl
B(2) = B2
B{3) = B3

DO 35 1 = 1,3
IF(A(I)eNE«0O«)GO TO 36
IF(B(I)eNEeOs)GO TO 36
35 CONTINUE
THREEJ = 1.
RETURN
36 CONTINUE
TEST = B1+B2+B3
IF(TEST)1s291
1 THREEJ = 0.0
RETURN
2 S1 = Al + A2 - A3
IF(S131+12912
12 S2 = Al -A2 + A3
IF(S2)1s14e14
14 S§3 = A2 + A3 ~ Al
IF(S3)1+15415
15 N = Al =-A2 = B3
TRA = ABS(B1l)~-Al
IF(TBA)S504550s1
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51

52

11

10

TRA = ARS(R2)=-A2
IF(TRA)YS51+511 .

TRA = ABS(B3)-A3
TF(TRA)YS524521

CONTINUE

PHZ = (=1.0)%*¥N

DEL = DELTA(ALls A2y A3)

X = 10

DO 3 J = 1,3

S = A(J) + B(J)

M = S

Fs = FACT(M)

X = X # FS

SM = A(J) - B(J)

M = SM

FSM = FACT (M)

X = X¥*FSM

ROOT = SQRT(X)

SUM = 0.0

AK = 0,0

DS1 = AK+A3-Al1=-B2
IF(DS1)5s494

M = DS1

FDS1 = FACT(M)

DS2 = AK + Bl + A3 - A2
IF(DS2154646

M = DS?2

FDS2 = FACT(M)

Ds3 = Al - Bl = AK
IF(DS3)84797

M = DS3

FDS3 = FACT(M)

DS4 = Al + A2 = A3 -~ AK
IF(DS4)8+999

M = DS4

FDS4 = FACT(M)

DsS5 = A2 + B2 - AK
IF(DS5)8+10,10

M = DSS

FDS5 = FACT(M)

M = AK

FAK = FACT (M)

N = AK

TOP = (=1.0)%*N

DENOM = FAK®*FDS1% FDS2% FDS3% FDS4* FDS5S

SUM = SUM + (TOP/DENOM)
AK = AK + 10

GO TO 11

THREEJ = PHZ#DEL#ROOT*SUM

"RETURN

END

$IBFTC 6JS DECK

(3]

¢
C
C

A FUNCTION FOR SIX J SYMBOLS

INPUT SIXJ(J1l9J25L2sL15J3,5L3)

2/25/64

ROTENBERG FTe ALe PAGE 13 EQUATION (2.3)

IN FLOATING POINT

REQUIRES DELTA AND FACTORIAL ROUTINES

FUNCTION SIXJ(AsBsCeDsEsF)
TRI1 = A+B-E

IF(TRI1)2s191

SIXJ = 0.0

RETURN
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TRI1 = A~R+F
IF(TRI1)2+343
TRI1 = -A+B+E
IF(TRI1I2 y4 04

FIRST TRIANGULAR TEST COMPLETED
TR{2 = D+C~E

IF(TRIZ2)29545
TRI2 = D-C+E

IF(TRI2)2+6+6
TRI2 = =D+C+E

IF(TRIZ2I? T 97

SFCOND TRIANGULAR TFST COMPLETED
TRI3 = A+C~-F

IF(TRI3)2+848
TRI3A=A=C+F

IF{TRI3)2+9+9
TRI3 = =A+C+F

IF(TRI3)2+10510
THIRD TRIANGULAR TEST COMPLETED
TRI&4 = D+B~F

IF(TRI4)2+11911
TRI&4 = D-RB+F

IF(TRI&Y2912912

TRI4=~D+B+F

IF(TRI4&)I2613913
FOURTH TRIANGULAR TEST COMPLETED

DEL1 = DELTA{AsBHE)
DEL2 = DELTA(DCHE)
DEL3 = DELTA(DsByF)
DEL4 = DELTA(A»CHF)

DELX = DEL1*DEL2*DEL3*¥DEL4

N = A+B+C+D

PHZ = (=140)%#%N

SUM = 0.0

AKX = 0,0

1 = A+B~E=AK
IF(S1)224+16416

M = S1

FS1 = FACT (M)

§? = C+D~-E-AK
IF(S2)22+18,18

M = §2

Fs2 = FACT (M)

§3 = A+C-F=AK
IF(S53)22+19919

M = S§3

FS3 = FACT(M)

S4 = D+R—-F-AK
IF(S4)22420420

M = S4

Fs4 = FACT (M)

$5 = =A=D+E+F+AK
IF(S5)17+21+21

M = S5

Fss = FACT(M)

56 = =-B-C+E+F+AK
IF(S6)17423+23

M = S§6

FS6 = FACT (M)

N = AK

SPHZ = (=140)%%N
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TOP = A+B+C+D+1e0~-AK

M = TOP

FTOP = FACT (M)

TOP = SPHZ*FTOP

M = AK

FAK = FACT (M)

DFENOM = FAK¥FS1*#FS2*¥FS3#FS4*FSS5*FS6
SUM = SUM + (TOP/DENOM)
AK = AK + 1.0

GO TO 24

SIXJ = PHZ*¥DELX*SUM
RFTURN

END



143

APPENDIX ¥, ARRAY ELECTRONICS

Because the array electronics as built and maintained by
Mr, L. J. Graham have been modified since McNally (1966)
described them and because a subtlety in the operation of the
electronics has become apparent in the course of this experiment,
a new discussion of the electronics is desirable. For completeness.
some of the things discussed by McNally will be repeated.

Figure 65 shows a block diagram of the present (May, 1967)
system. Each of the sixteen detectors has its own charge sensitive
preamplifier and linear amplifier. The outputs of the sixteen
amplifiers are fed into a summing amplifier which, in turn, is fed
into the F input of the Nuclear Data 160 pulse-height analyzer.

The outputs of the sixteen linear amplifiers are also fed into a
logic section which routes the pulses to the appropriate channels
in the Nuclear Data analyzer. The analyzer is operated in a

16 x 64 mode so that the pulses from each detector are analyzed
into 64 channels.

The charge-sensitive preamplifiers, designed by R. Y.
Cusson, have a conversion gain of 7 mv/MeV. They are contained
in a box mounted on the brass plate on which the array is mounted.
Inside this box the preamplifiers are shielded from each other.
Originally the preamplifiers were contained in the box containing
the other array electronics and mounted in the spectrometer
electronics rack. The detectors were connected to the detectors
by one meter coaxial cables. However, a severe noise problem
caused the adoption of the present system.

The pulse shaping amplifier is an adaptation of the RIDL

31-17 amplifier with a nominal gain of x 10. A toggle switch
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provides two gain settings. In the LO position with the potentio-
meter between the pulse shaping amplifier and the linear amplifier
at maximum, the linear amplifier saturates at 15 MeV. In the

HI position it saturates at 45 MeV.

The linear amplifier is an adaptation from the RIDL 31-12
with a nominal gain of x 10. A helipot at the input controls the
size of the output of the amplifier which saturates at 10 volts.

The routing trigger pair designed by Mr. L. J. Graham
is set so that with the switches on LO and helipots at maximum,
it triggers at approximately 750 keV. The 5 usec pulse produced
goes to a binary encoder. In the four bit code used, detector 1 is
0000, detector 2 is 0001, detector 3 is 0010, and so on. These
four pulses are fed directly into the address scalers of the
Nuclear Data analyzer to route the linear pulses to the proper
group of 64 channels. The analyzer generates a pulse (called
Linear Gate Q_pen) 4 usec after the arrival of a pulse at the F
ADC input. The LGO pulse is fed back to the binary encoder
to suppress further routing pulses during the time the analyzer
is processing a pulse.

A common bias is applied to all of the detectors by means
of a control located on the Nuclear Data analyzer rack.

The overall conversion gain of the array in 700 mv/MeV
with the switches on LO and all of the helipots at maximum. The
noise is less than 50 keV, and the system is limited by the noise
of the silicon surface barrier detectors.

The subtlety that has caused difficulty is the fact that the
address scalers are not reset unless the ADC receives a pulse.
This situation can arise if the Nuclear Data analyzer threshold

is set too high. Even if the threshold control reads zero there
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is still a threshold of approximately 400 mv at the 0-10 volts input.
The effect is to misroute some of the data.

In the present work this difficulty was always avoided by
sétting the routing threshold above the linear pulse threshold for
every detector. The threshold control on the analyzer was always
set as low as possible (usually 000) without significant dead time
(< 2%). The routing threshold is controlled by the 16 switches
and helipots. The linear threshold is controlled by the 16 switches
and helipots, the helipot at the F ADC input, and the analyzer
threshold. When the routing threshold lies higher, a pulse fed
into the arréy will route into the correct group of 64 channels,
and then as the pulse height is decreased it will suddenly route
into the first group of 64 channels corresponding to no routing
pulse. Storage will stop when the linear threshold is reached.
When the linear threshold lies higher, storage will stop before
the transition to the first group of 64 channels occurs. Obviously,
this should be checked for all 16 detectors.
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NON-EXISTENCE OF A LEVEL AT 1.35 MeV IN S

_ C. E. MOSS
California Institute of Technology, Pasadena, Californiat

Received 27 December 1966

Abstract: A natural sulphur target has been bombarded with 2.541 MeV deuterons and the emitted
protons have been observed with a magnctic spectrometer. The peak tentatively attributed
carlier to a level at an excitation energy of 1.35 in %3S is shown to be due to levels in ®S at
excitation energies of 4.08 and 4.12 MeV.

NUCLEAR REACTIONS 325(d, p), E = 2.541 MeV; measured o(Ep, 0). **S deduced levels.
Natural target.

m

1. Introduction

A shell-model calculation by Glaudemans et al. *) predicted a $¥ level in *3S
at an excitation energy of 1.38 MeV. If this level consists of an inert 2®Si core and
two protons and three neutrons in the (2s, d;) shell coupled to give a total spin of
5%, then it should not be populated in the stripping reaction *2S(d, p)*3S. A recent
study of this reaction by O’Dell et al. %) produced evidence which was tentatively
interpreted as a weakly populated level in *3S at an excitation energy of 1.35 MeV.
The peak attributed to the “1.35” MeV level is shown in the present experiment
to be due to levels in 3“S at 4.08 and 4.12 MeV which can be formed by the reaction
335(d, p)**S on the 0.76 % abundance of *3S in natural S.

2. Experimental procedure

Deuterons were accelerated by the ONR-CIT tandem accelerator. The target
was prepared by evaporating BaCl,, Au(x 290 ug/cm?), and CdS (= 90 ug/cm?)
containing natural S, onto a glass slide and then floating off the Au and CdS in
distilled water. The protons were detected in an array of 16 Au-Si surface barrier
detectors 3) in the focal plane of a 61 cm double-focussing magnetic spectrometer *).
Since the (He,)** and protons which are focussed by the spectrometer at a given
magnetic field have the same energy, an aluminium foil of thickness 1.7 mg/cm?
was placed in front of the counters to degrade the energy of the (He*)* ™ relative
to the energy of the protons. Slits in front of each counter defined a momentum
window 4P = P/720. The total instrumental resolution (FWHM) was =~ 30 keV.

t Work supported in part by the Office of Naval Research [Nonr-220(47)1.
3 1
April 1967



147

C. E. MOSS
3v 23
S(d,p) s =
: G.5
224 -2,
ekl 222 E -2 5:1»
2 2.970 6,130
z o) 2.937
3 . \ 2.869 35"
& N 2313 1.965
/JU‘\ erany 1 0.841
. A A ! A [ I
5.0 6.0 7.0 8.0
€, (MeV)
:
35,
100~ 1G5 B9si(1.277) ci6.50 '
! \ " " 8, =150
(b) 135
3%s(4.12)
x1/3 a4
5(4.08)
! 38¢)(1.164)
! ]
il | L " I
6.6 .8 7.0 7.2
’ " F 2%;(;.277) 8, *130°
100 |- 5("3&) “c6.s)
34
$(4.08)
N 345(4.|2) ‘(
) A y
1,35 3
xi/3 ™ v
1 Ci(1.164)
i
ol & | I T 0o 08
g_’ 6.6 6.8 7.0 7.2
2z 100 295(G.5.) 23511277
8 S il ) @L sAhiER
= 36
(d) x /4 Cl(l1.164) 4GS,
! st Ctsiaaz) i yRes
\' i %4s(4.08)
f :
0 L " f\/\, k |
6.8 : 7.0 7.2 7.4
00 355}&5.)
] =
295i(‘>.277) 6, -90°
! 34
Y S(4.12)
“ " !
) x174 135 ¢
’ TA 3%sia.08) -
* C;U.xsa)
ol - j i oy ] ™ ® |
100 &8 e 7.0 = T 7.4
$(6.5.) Si(1.277)
] l §.=70
() MSM')Z)
"1:35" |
x1/4 \i b aa
554'08) 36(:‘(\.\64)
ol he?—a L - bl i :\-/"lo\‘ i i
7.0 72 7.4 7.8

Fig. 1. Proton spectra from bombardment of a natural sulphur target with 2.541 MeV deuterons.
(a) a spectrum at 0, = 130° with each point corresponding to 150 uC of incident deuterons. (b)-
(i) expanded plots of the spectra in the region of the ““1.35” level at various angles with each point
corresponding to 750 uC of incident deuterons. The peaks are labelled by the corresponding residual
nucleus and its excitation energy. The scale factor applies only to the **S(G.S.) peak.
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Fig. 1. (continued).

3. Results

Fig. 1 shows the proton spectra. The number of counts in a momentum window
AP = P/720is plotted against the proton energy. Fig. 1(a) shows the proton spectrum
obtained at a lab angle of 130° with a bombarding energy of 2.541 MeV. Each point
corresponds to 150 uC of incident deuterons. The spectrum is to be compared with
the one shown in fig. 1 of ref. 2) which was taken at the same angle and bombarding
energy. The peaks attributed to levels in 23S are labelled by their corresponding
excitation energies. The position of the proton peak from the *3S ground state which
can be formed by the reaction 3*S(d, p)3°S and the position of the peak from a
“1.35” level in 23S are shown.

Fig. 1(c) shows a proton spectrum in the region of the “1.35"" level at 130°, and
figs. 1(b)-(i) give the kinematic shift of the levels in this region with angle at 20°
intervals. In these spectra each point corresponds to 750 uC of incident deuterons.
The 33S(G.S.) peak is scaled down as indicated; all other peaks are full size.

The identification of the peaks was made with a non-relativistic kinematics program
which calculated the mass of the target nucleus and the Q-value of the reaction from
the energies of the protons at two or more angles and the incident beam energy. A
relativistic kinematics program was then used to calculate the positions of the peaks.
Masses in the program from the 1961 mass table®) were used. The excitation energies
for the 2°Si(1.277) level and the 3°Cl(1.164) level were taken from Endt and van
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der Leun ©). For the 3*S(4.12) level, the excitation energy of 4.120+0.008 MeV
reported by Brenner 7) in the reaction 33S(d, p)**S was used. Brenner’s value differed -
by 6 keV from the value of 4.114+0.008 MeV reported by Endt ez al. ®) in the reac-
tion 37Cl(p, «)3*S. Since Brenner did not see the 3#S(4.08) and Endt et al. did, the
latter’s excitation energy of 4.073+0.008 MeV for this level was raised by 6 keV to
yield an excitation of 4.079 MeV. Finally, to correct for energy loss in the target,
errors in the calibration of the 90° beam analysing magnet, and errors in the calibra-
tion of the spectrometer, the peak positions predicted by the relativistic kinematics
program were shifted down in energy at each angle by a constant amount equal to
the energy difference between the peak position predicted by the relativistic kinematics
program for *°S(G.S.) and its observed position. The shift was never more than 13
keV. In effect, the proton energies are measured relative to the energy of protons
in the 3S(G.S.) peak. The resulting final predictions for the peak positions are shown
by arrows in figs. 1(b)-(i).

The fact that the predictions for the position of the 2°Si(1.277) peaks at §; < 70°
are higher than the observed ones can be explained by assuming that the 28Si contam-
inant was on the front and back of the target. At 0y = 90°, the beam was incident
on the CdS side of the target and the protons were detected on the same side. The peak
nearest the 2?Si(1.277) arrow was produced by 5Si on the incident side of the target,
and the peak at slightly lower energy was produced by 2Si on the back side of the
target. The latter was shifted down in energy relative to the other 2°Si peak by an
amount equal to the sum of the energy lost by deuterons and protons in passing
through the target. This peak is larger at 0, = 150° because the spectrum at this
angle was taken after the spectra at 0, = 130° through 10° had been taken and more
28Si had been deposited on the gold side. At §;, < 70°, the beam was incident on
the CdS side and the protons were detected on the opposite side. The 2°Si(1.277)
protons from the 28Si on the CdS side were shifted down by approximately one-half
of the energy loss in passing through the CdS. The 2°Si(1.277) protons from the
28Si on the gold side were shifted down by approximately an amount equal to the
difference in energy lost of the deuterons and protons in passing through one-half of
the CdS and the full thickness of gold. The result was an unresolved doublet shifted
down in energy relative to its predicted position.

Similarly, *3C was also probably present on both sides of the target. The peak at
110° labelled 3°Cl(1.164) and the peak at 130° labelled 3#S(4.12) may be partly due
ta **CEG.S.)-

From a comparison of the spectra at 0, = 150° and 0, = 10° it is apparent that
the peak near the arrow labelled ““1.35”" is due mainly to the level in 3*S at an excita-
tion energy of 4.12 MeV. The small discrepancy between the predicted position and
the observed position is within the error and is essentially independent of angle. The
level in 3*S at an excitation energy of 4.08 MeV is also seen.
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4. Conclusions

No evidence was secn in this experiment for a level in *3S at an excitation energy
of 1.35 MeV. The peak observed by O’Dell et al. 2) was probably due to the levels in
345 at excitation energies of 4.12 and 4.08 MeV. Some of the gamma rays they ob-
served in coincidence with the protons in this peak were probably from the gamma

_decays of the 4.12 and the 4.08 MeV levels (see ref. ©)).
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TABLE II

Frequency Factors and Yield Factors

Detector Frequency Yield Factor

Number Factor a b ¢
1 . 98149 . 879 . 989 . 883
2 . 98416 1.018 1. 056 1.068
3 . 98689 . 950 . 976 . 924
4 . 98961 . 954 . 954 + 918
5 « 99230 . 949 . 986 . 934
6 . 99494 ., 985 1.010 . 968
7 . 59749 1.033 1,054 - 982
8 1. 600GO 1. 000 1. 000 1. 0060
9 1. 00257 _ 1.124 1. 171 1, 01%
10 1. 00502 1. 005 1.052 1,030
11 1. 00749 1. 109 1. 179 1,063
12 1. 00984 1.160 1. 225 1. 056
13 - 1.01222 1. 171 1.298 1,078
14 1, 01453 1.232 1,448 1.121
15 1. 01692 1. 254 1,473 1,119
16 1.01912 1. 279 1,479 1. 185

a  Used for the spectra shown in Figure 11 (see page 18) and
Figure 55 (see page 70) and for all of the angular distri-

butions except those for levels 3, 4, and 6 in 313 (see page 24).

b  Used for the angular distributions for levels 3, 4, and 6 in
313 (see page 24).

c Used for the spectra shown in Figure 61 (see page 84 ).
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TABLE III

Input for the Calculation of the Ground State Q-value of the

Reaction 328(3He, oc)318

The notation is given in Appendix A.

K

il

. 0199062 + . 0000033 MeV/(Mc/sec)?

1
FlGS | = 17.897 = .001 Mc/sec
X G590 = 0 £ 20 mils (position of the beam in the beam
analyzing magnet slits)
Ksag = .0113934 + . 0000013 MeV/(Mc/sec)?
Fags = = 29,694 + , 004 Mc/sec
YGSTGT = 0 % 10 mils (vertical position of the beam spot)
6, = 149,898 + ,05°

Result

Q = 5.538 + .006 MeV
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TABLE IV

Target Thickness

’I‘argetaL Au(ug/cmz) CdS(pg/cmz)
Cds 1  (natural) 282 + 60 78,4 + 16
CdS 2 (natural) 282 = 30 78,4 + 8
Cds 7  (enriched) 323 + 30 141 = 10

a Targets used for spectra shown in Figures 11 and 55,



1)

2)

3)

4)

5)

6)
)
8)
9)

10)
11)

12)

13}
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TABLE V

Contributions to the Resolution of Peak (9) in Figure 11(b).

All FWHM

Variation of the beam intensity across the beam

analyzer slits
Variation of the beam magnet analyzer current

Vertical dimension of the beam spot, 6rs sp =
0.762 mm ’

Energy dependence of the reaction cross section

Homogeneity of the target material and the backing
foil

Target thickness
Energy straggle in the target material
Energy straggle in the supporting gold foil

Energy dependence of the stopping cross section

in the target and supporting foil
Aberrations in the spectrometer

The 6 angular acceptance of the spectrometer and

the variation of do/dQ over this angular range
The variation of the spectrometer current

The width of the slit in front of the detector in the

focal plane of the spectrometer, ér,, =5 = 1.84 mm
b

7.1 keV

G

3.0 keV

< 13.0 keV

25. 2 keV

<3 keV

22.5 keV

<2 keV

19.7 keV
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TABLE X

Optical Parameters for 328(3}1@, cx)318

3He Parameters

A\ W r a !

0 o)
181.0 16. 12 1.07 . 854 1.81
30 32 1,60 .85 1.60
33 9.5 1.66 .62 1.67

4He Parameters

v W r a r
O (0]
40.0 10. 0 1.75 . 520 1.75
30 12 2. 00 .5 2. 00
95 15.0 1.57 . 60 1.57

a!

. 520

. 60
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Set I
Set IT

Set IIT

Set IV

-t
|
128

TABLE XVII

Optical Parameters for SZS(BHe, d)BBCl
3
He Parameters
v W T a g
: o) 0
181. 0 i6. 12 1.07 . 854 1.81
30 32 1,60 .85 1. 60
33 9.5 1.66 .62 1,67
Deuteron Parameters
A4 W' r a i
0 0
57.8 203, 2 1.563 . 550 1,558
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TABLE XIX

o

'fz-p— values for 3‘)Cl

Number Excitation a b C L 4

(MeV)

0 0 (2) 2 2 3/97

1 . 810 0 o Yok

2 1,978 2 3/24-’ 5/2+

’ 281 @ (3/27,5/2%)

4 2.686

5 5/2+
2. 848 1

e 3/2

7 2,980

8 3. 986

9 4,119 1 3/

Present experiment.

Endt and van der Leun (1962) from 32S(ci, n)SSCl.

Muabarakmand and Macefield (1967) from S 8, m)° CL.

Known values of J" or the values of J° implied by these »&p—values.
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TABLE XX

Energy Losses for a Typical Peak in Figure 61

.. 39 . ARO
(. 810 MeV level in "“C1 at O lab = 407)

Beam energy, protons 12, 011 MeV
Energy loss of protons in nickel entrance foil . 011

Energy loss of protons in 1.1 cm of 36Ar at 14 cm

of Hg pressure and 340° K . 007
Resulting incident energy | 11,993
Energy loss of alphas in 1.1 cm of 36Ar at 14 cm

of Hg pressure and 340° K . 130
Energy loss of alphas in 104 K nickel foil . 402

Energy of alphas entering the spectrometer 5. 964
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TABLE XXI

Comparison of Yields

325(a, p)%%s 323 g, ":1)3301
Excitation Excitation
S Guap? Dy besp
Number (MeV) (relative)a (MeV) (relative)
0 0 4.0 0 4.0
1 0.839 y B | . 810 1.6
2 1. 965 0. 4) 1.978  0.05
3 - 2.314 0.8 2. 351 "
4 2.869 1.2 2,686 4.2
5 2. 936 9.1
2,848 3.8
6 2,971 weak
7 3. 222 8.1 2. 980 0.06

Quoted by Endt and van der Leun (1962).
Taken from the spectra shown in Figure 55.
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Figure 1

Initial Experimental Information for 31P and 318

A summary of the experimental information on
P and 318 that was available at the start of the present

investigation is shown. This summary is essentially the

31

same as that given by Endt and van der Leun (1962), (See
page 1.)



87886 7.934 /2t 3/2%

7.76 372+
7.286
3'OSi+p
GBS0 6.4
e (6.25) T - . i
.05 '
l_(_ \ __) _________ 5,9 30p+p
5.48
3254 3He+a
5012 (1/2.3/2%)
4.784
— 4.6534 500 (s5/2) 4.5
2505 +
[3.414 - S 3;2+ 2%
21335 3/2 :
2257 5/2+ 2.3
.2 65 3/2* L]
/2% ; 172+
31 -
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Figure 2

Models for A = 31

Two models which were available at the start of
the present investigation are shown. Both the shell model
calculation by Glaudemans et 21.(1964) and the Nilsson
model calculation by Broude et 2l.(1958) predicted a low-
lying 1/27 level and a 7/2" level, neither of which had been
identified. Both of these levels were located in 318 in the

present experiment. (See page 1.)
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A=3|
MeV
—5
T/2F
2 N
32+ |4
/2% £~
o TF a/e
5/2 3/
572+
-2
3/2% 3727
' — |
/2t 172+ 40

GLAUDEMANS ET AL BROUDE ET AL
(1964) (1958)
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Figure 3

Initial Experimental Information for 333 and 33Cl

A summary of the experimental information on 338
and 33Cl that was available at the start of the present
investigation is shown. This summary is essentially the
same as that given by Endt and van der Leun (1962). (See

page 2,)



183

a+mmm
6272
085°0 |
/8G0
HGL I
006°!
Og A

_onm

+2/¢

+2/l 908"
"2
g'e

_2/§ +¢/S 682 9382

66°¢
_2/¢ cl'y

e
Orz7 ve
(@) 5961
2
clc e
. D —
€z 69837 ¢ 0.6 ¢
_
2/¢ vees
¢ ;
(€) PEDE 6€6°¢
u
\\




184

Figure 4

Model for A = 33

The result of a shell model calculation by
Glaudemans et al.(1964) which was available at the

beginning of this investigation is shown. (See page 2.)
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A=33

TE2™

| fat
5/2%
3/2%

3/2%
7/2%

Bf2™
172+

3/27%

GLAUDEMANS ET AL

(1964)

MeV



186

Figure 5

(@) Thin Target Spectrum of the 318 Ground State Group

A spectrum of alpha particles from the bombardment
of a thin ZnS target with 8.5 MeV 3He++ particles is shown.
The spectrum was taken to check for the presence of other

groups near the 318 (G.8.) group. None were observed.

(b) Thick Target Spectrum of the 315 Ground State Group

A spectrum of alpha particles from the bombardment
of a thick ZnS target with 8.5 MeV 3'HeH— particles is shown.
The contribution to the step width from 6r , 66, and 6r

S, Sp c,sp
are shown. The midpoint shown was used to calculate the ground

state Q-value. (See page 4.)
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Figure 6
Electronics for Single Detector

The electronics used with the single detector in
the focal plane of the magnetic spectrometer are shown.
The RIDL 400-channel analyzer was used as a monitor,
and the single channel analyzer window was set so that
only the particles of interest were counted by the scaler.
(See pages 6, 10, 17, and 83.)
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Figure 7

(a) Calibration Spectrum for the Magnetic Spectrometer with

the Single Detector

A spectrum of the 8785 keV (Wapstra, 1964) alpha
particle group from a standard 212Po source (described by
Groce, 1963) obtained with a single detector in the focal
plane of the magnetic specirometer is shown. The peak
frequency of 27689 + 1 Kc¢/sec was used to calculate the

calibration constant for the spectrometer, kScc' (See page 10.)

(b) Calibration Spectrum for the Beam Analyzing Magnet

A spectrum of a beam of 4He++ particles from the
tandem accelerator passing through a 0. 203 mm diameter
hole in 0, 127 mm thick sheet of tantalum placed at the target
position is shown. The spectrum was obtained with a single
detector in the focal plane. The spectrometer was placed at
OO, and the beam analyzing magnet NMR magnetometer
frequency was 20935 Kc/sec. The peak frequency of 27672 + 1
Kc/sec was used to calculate the calibration constant for the

beam analyzing magnet k. (See page 10.)



(99s/9%) ADN3INO3INA

¢lL9.2

#99.¢

M

000¢

000%

0009

0008

0000l

000<l|

(985/9%) ADN3ND3IY4

0brLL2 00122 099.2
0 T _
(2]
— . — 0001
S
2 = —0002
z
||—
w
~
S —000¢
wn €9
m
O
— — 000t
(D)
I _

S3LNNIW 2 7/ SLNNOD



192

Figure 8

A spectrum of 10 MeV “)’He++ particles scattered
from a target of CdS on a gold foil is shown, The spectrum
was measured with the spectrometer and the 16 detector
array. A similar spectrum was taken with the target
rotated 180°. The shifts in the midpoints of the high
energy sides of the peaks from gold and cadmium were

used to calculate the target thickness. (See page 17.)



153

(93s/79)) ADN3ND3IY4

- 00062 00532 0002

[ _%QQQ4¢44¢ﬂdW T wﬂ@ﬁ#Wﬁ#&Jdd&ll
- \ \.. o
- 8 a,“ wn _

2 F92vv2+
3
- \ \ :
i y/ ]
- — 00§
3 PO
| 2FG98Y24 B
- — 0001
| .
L A I n
. _
. —{ oos1
o 8 g g |
\
B .k..m 0'0l= *3 1N3QIONI
=~ .O P
s ny —
| | _ [ | | | | | |

0007

SINNOD



194

Figure §

Calibration Spectrum for the Magnetic Spectrometer
with the 16 Detector Array

A gpectrum of the 8785 keV (Wapstra, 1964) alpha
particle group from a standard 212Po source (described by
Groce, 1963) obtained with detector 8 in the 16 detector
array and the 1, 84 mm slits is shown., The peak frequency
of 27703 = 1 Kc/sec was used to calculate the calibration

constant for the spectrometer kSa. (See page 117.)
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Figure 10

Yield Factors Spectrum

A region of a spectrum at 150° of the elastic
scattering of 12. 0 MeV 3He++ particles from a thick
tantalum target is shown. The open circles shown the
region as scanned by detector 8 of the 16 detectors, and
the straight line is an approximation to this spectrum.
The solid circles shown the region as observed with the
array. The yield factors are shown in Table II, column

a. (See page 18.)
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Figﬁre 11

)31

16 Detector Array Spectra from the Reaction 32S(3He, a) S

(This figure is in the rear pocket.)

a) An alpha particle spectrum obtained at GLab = 10° from the
bombardment of natural sulfur with 12.0 MeV SHe™™ particles

is shown. Each point represents 150 uC of incident charge.

The lower scale is the NMR magnetometer frequency for the
magnetic spectrometer, and the upper scale is the corresponding
alpha particle energy. The scales are shifted so that corre-
sponding levels fall on a vertical line. The levels are numbered
as in Table VL

Lap = 20° from the
bombardment of natural sulfur is shown. Each point above
FREQUENCY = 33600 represents 150 uC of incident charge,
and the scale on the right is to be used. Each point below
FREQUENCY = 33600 represents 300 uC of incident charge,

and the scale on the left is to be used.

b) An alpha particle spectrum obtained at 8

¢) An alpha particle spectrum obtained at By iy ™ 20° from the
bombardment of sulfur enriched to 98. 1% 32g (natural sulfur
contains 95, 0% 328) is shown. The scales are similar to those
in b).

d) An alpha particle spectrum obtained at eLab = 45° from the
bombardment of natural sulfur is shown. Each point represents

300 uC of incident charge.

e) An alpha particle spectrum obtained at eLab = 45° from the
bombardment of sulfur enriched to 98. 1% 328 is shown. The

scales are similar to those in d). (See page 20.)
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Figure 12

Comparison of the Predictions of Sets I, II, and HI

Typical examples of the angular distributions
predicted by DWBA calculations with the optical model
pai*ameters in Sets I, II, and OI are shown. Set I was
used for all of the levels in the present experiment. (See

page 27.)
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Figure 13

Angular Distribution for > 8(G. 8. )

The angular distribution of the alpha particles

328(3He,a)318 (G.S.) is shown. The

curves are DWBA predictions, Level 313 (G.S.) must
have 2 = 0 because J" = 1/2" (Endt and van der Leun,

1962). (See page 27.)

from the reaction
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Figure 14

Angular Distribution for 315 (3.08)

The angular distribution of the alpha particles
from the reaction 328(3He, cx)31S (3. 08) is shown. The
curve is a DWBA prediction. Level 318 (3. 08) is assigned
2, = 0. (See page 28.)



60

S0

®
— 9
0 e
o0
5 e~ o
¢ = n... o
£ o
18} "
» T
-
oS
| | _\_\,__ _ | | o
0 <+ N o) ) ) < o O
(SLINN AYVYHLIGYY) TP/ 2P



205

Figure 15

Angular Distribution for 1§ (3. 29)

The angular distribution of the alpha particles from
the reaction 328(3He,a)3101 (3. 29) is shown. The curves are
DWBA predictions. Level 31S (3. 29) is assigned b, = 2 and
on the basis of J-dependence, J = (5/2). (See page 28.)
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Figure 16

Angular Distribution for 318 (3. 44)

The angular distribution of the alpha particles from
the reaction 328(3He, oc)°1S (3.44) is shown. The curves are
DWBA predictions. Level 318 (3. 44) is assigned s, = (2)

and on the basis of J-dependence, J = (3/2). (See page 29.)
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Figure 17

Angular Distribution for 318 (4. 08)

The angular distribution of the alpha particles from
the reaction 328(3He,a)3ls (4.08) is shown. At forward
1t @.s.)
group, The curves are DWBA predictions. Level 318 (4,08)

angles the 318 (4. 08) group was obscured by the

is assigned ¢ = (2) and on the basis of J-dependence, J = (5/2).
(See page 29.)
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Figure 18

Angular Distribution for 318 (4. 45)

The angular distribution of the alpha particles from
the reaction 328(31{6, a)?’ls (4. 45) is shown. The angular
range where the 318 (4, Q8) group was obscured by the 11C
(G.S.) group is indicated. The curves are DWBA predictions.
Level 318 (4. 45) is assigned £ = 3. (See page 29.)
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Figure 19

Angular Distribution for 318 (4.52)

The angular distribution of the alpha particles from

the reaction 328(3He, a)'JlS (4.52) is shown. The angular
31 11

range where the “~S (4. 52) group was obscured by the ~C

(G. 8.) group is indicated. The curves are DWBA predictions,

Level 318 (4. 52) is assigned L, = 2. (See page 29.)
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Figure 20

Angular Distribution for 318 (4. 58)

The angular distribution of the alpha particles from
the reaction 323(3He, oc)318 (4. 58) is shown. The angular
range where the 318 (4. 58) group was obscured by the 11C
(G.8.) group is indicated, The curves are DWBA predictions.

No assignment is made for level 318 (4. 58). (See page 29.)
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Figure 21

Angular Distribution for 318 (4.72)

The angular distribution of the alpha particles from
the reaction 328(3He, cc)SIS (4. 72) is shown. The angular
range where the 318 (4. 172) group was obscured by the 110
(G. 8.) group is indicated. The curves are DWBA predictions.
Level 318 (4. 72) is assigned 1, = 2, (3), and on the basis of J-
dependence, J = (5/2). (See page 29.)
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Figure 22

Angular Distribution for 31S (4. 87)

The angular distribution of the alpha particles from
the reaction 32S(3Hc-:, oc)318 (4.87) is shown. The curves are
DWBA predictions. Level 315 (4. 87) is assigned t. = (1).

(See page 29.)
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Figure 23

Angular Distribution for 318 (4.97)

The angular distribution of the alpha particles from

3 o BBl
the reaction ““S(

DWBA predictions. Level 318 (4. 97) is assigned b, = 1.

(See page 30.)

He,oc)sls (4. 97) is shown. The curves are
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Figure 24

Angular Distribution for 318 (5. 15)

The angular distribution of the alpha particles from
the reaction 328(3He, a)SIS (5. 15) is shown. The curve is a
DWBA prediction. Level 318 (5.15) is assigned {‘,n = i,

(See page 30.)
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Figure 25

Angular Distribution for 318 (5. 30)

The angular distribution of the alpha particles from
the reaction 32S(BHe, cc)SIS (5. 30) is shown. The lack of
structure suggests that level 318 (5. 30) is not populated by
a pickup reaction, and no assignment is made. (See page 30.)
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Figure 26

Angular Distribution for 313 (5. 52)

The angular distribution of the alpha particles from
the reaction 328(3He,a)318 (5.52) is shown. The curves are
DWBA predictions. No assignment is made for level 318
(5.52). (See page 30.)
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Figure 27

Excitation Functions for 328(31-19, oc)BIS

The excitation functions measured at 8 = 10°
32,3 .31 LAb
for the reaction ""S("He,a)" S to the first six excited states
of 318 are shown. The arrows indicate the beam energies
selected for the correlation and branching ratio measure-

ments. (See page 37.)



COUNTS

| [ ] |
EXCITATION FUNCTIONS FOR
— TN 50 S(2)
8 ng=10
BR = BRANCHING F\’ATIO
— C=CORRELATION ﬁ
, o
1000 B F ‘53 f Sty
C 7
/g H\E -,r--"u"\ l’ * o
][II‘\IJ,II—-II \n'/ ,'o"i = @ ﬁ.--._A..-'“A N 3'5(4)
o A
? O = ‘r-& o / A .A-"'A---'a-"-- o
0 i I ! '
C+BR ! !
200 - | 31g(3)
wo S 2 2 w B\
7/ Nt # D 'S‘i—’ﬁ""—ii-...
~0
07 : : |
(’
_3°'ste)
200 —  cupr §
P u /
B §\ﬁ 2 \§ /§ §\
R S LR = \
L& = It ‘§~~ﬁ~'l W W l \%: \E o zi -z 2's(5)
8 9 10 T 12

E‘?’He(MeV)



231

Figure 28

Schematic Diagram of the Correlation Setup

A schematic diagram of the setup used for the
measurement of the correlations in the reaction SZS(BHe,
ay)318 is shown. The alpha particles were detected in the
magnetic spectrometer at GO with a silicon suriace barrier
detector. The beam was stopped in a tfantalum cup. The
gamma rays were detected in 12, 70 cm (diameter) x 10. 16
cm (length) NaI(Tl) crystal which could be moved from 90°
to 150°. (See page 37.)
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Figure 29

Electronics for the Correlation and Branching

Ratio Measurements

A diagram of the electronics for the correlation and
branching ratio measurements is shown. The lower level
discriminator gate is a modification of the RIDL 400-channel
analyzer which reduces the dead time for high count rates.
The two diodes prevented cross-talk between the two
coincidence units (RIDL 32-3). (See page 38.)
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Figure 30

Gamma~Ray Spectrum from the Decay of 313 {1.25)

The gamma-ray spectrum at § = 120° from the decay
of the level at 1. 25 MeV excitation energy in 318 is shown. The
gamma-ray S. C. A, was set so that pulses were stored only

above channel 34, The randoms spectrum multiplied by the

number of reals
number of randoms
page 40.)

has already been subtracted. (See

ratio
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Figure 31

Angular Correlation of 318 (1. 25)

The angular correlation of the photopeak of the 1. 25
MeV gamma rays detected in coincidence with the alpha
particles at 0° corresponding to 318 (1. 25) is shown. The
number of counts has been normalized to the number of
alpha particles detected. The error bars represent the
statistical uncertainties. For one of the two solutions the
mixing parameter is X = -, 349 + , 015, and the lines are for
X =-,349, -.015 =0, 364, -.349, and -. 349 + ., 015 = -, 334,
The lines for the other solution which are not shown are very

similar. (See pages 41 and 48.)
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Figure 32

Gamma-Ray Spectrum from the Decay of 318 (2. 23)

The gamma-ray spectrum at 6_ = 135° from the decay
of the level at 2. 23 MeV excitation energy in 318 is shown. The
gamma-ray S.C. A. was set so that pulses were stored only

above channel 27, The randoms spectrum multiplied by the
number of reals

number of randoms

gamma-ray energy calibration was established with gamma-ray

ratio

has already been subtracted. The

sources. (See page 41.)
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Figure 33

Angular Correlation of 318 (2. 23)

The angular correlation of the photopeak of the
2. 23 MeV gamma rays detected in coincidence with the
alpha particles at 0° corresponding to 315 (2. 23) is shown.
The number of counts has been normalized to the number
of alpha particles detected. The error bars represent the
statistical uncertainties. The fit shown is for X =, 053,
(See pages 42 and 49. )
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Figure 34

Gamma-Ray Spectrum from the Decay of Silg (3. 08)

The sum of the gamma-ray spectra obtained at

5 =90° 120°, 135°, and 150° from the decay of the level

v
at 3. 08 MeV excitation energy in 318 is shown. The randoms

spectra multiplied by the ratio DOTEE ?L rens
number of randoms

already been subtracted. The gamma-ray energy calibration

have

was established with gamma-ray sources. (See page 42.)
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Figure 35

Angular Correlation of 318 (3.08)

The angular correlation of the photopeak of the 3. 08
MeV gamma rays detected in coincidence with the alpha
particles at 0° corresponding to 318 (3.08) is shown. The
number of counts has been normalized to the number of
alpha particles detected. The error bars represent statistical
uncertainties., The theoretical fit is shown. (See pages 42 and

49, )
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Figure 36

Gamma-Ray Spectrum from the Decay of 318 3.29)

The gamma-ray spectrum at eY = 90° from the decay

of the level at 3. 28 MeV excitation energy in '318 is shown.
_— s . number of reals
The randoms spectrum multiplied by the ratio e

has already been subtracted. The gamma-ray energy calibration

was established with gamma-ray sources. (See page 42.)
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Figure 37

Angular Correlation of 31g (3. 29)

The angular correlation of the photopeak of the 2. 04
MeV gamma rays detected in coincidence with the alpha
particles at 0° corresponding to 318 (3. 29) is shown. The
number of counts has been normalized to the number of
alpha particles detected. The error bars represent the
statistical uncertainties. The fits shown are for J = 5/2,

X =,213, and J = 3/2, X = 1,291, (See pages 43 and 50.)
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Figure 38

Gamma-Ray Spectrum from the Decay of 318 (3. 35)

The sum of the gamma-ray spectra obtained at BY = 900,
120°, 135°, and 150° from the decay of the level at 3. 35 MeV

?
excitation energy in 318 is shown. The randoms spectra multi-

. p number of reals
plied by the ratio S eier B shabe s have already been sub-

tracted. The gamma-ray energy calibration was established

with gamma-ray sources. (See page 43.)
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Figuré 31

Angular Correlation of 318 (3. 35)

The angular correlation of the photopeak of the
2. 10 MeV gamma rays detected in coincidence with the
alpha particle at 0° corresponding to 318 (3. 35) is shown,
The number of counts has been normalized to the number
of alpha particles detected. The error bars represent the
statistical uncertainties. The fits shown are for J = 7/2,
X =-,467, and J = 3/2, X =-.775. (See pages 43 and 52.)



254

¢ O

Ow

SINNOD



255

Figure 40

Gamma-Ray Spectrum from the Decay of 318 (3. 44)

The sum of the gamma-ray spectra obtained at

B, = 90°, 120°, 135°, and 150° from the decay of the level

2

at 3. 44 MeV excitation energy in 318 is shown. The randoms
. o % . number of reals
spectra multiplied by the ratio T T

already been subtracted. The gamma-ray energy calibration

have

was established with gamma-ray sources. (See page 44.)
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Figure 41

Angular Correlation of g (3. 44)

The angular correlation of the photopeak of the 3, 44
MeV gamma rays detected in coincidence with the alpha
particles at 0° corresponding to 318 (3. 44) is shown. The
number of counts has been normalized to the number of alpha
particles detected. The error bars represent the statistical
uncertainties. The fits is for X = 0. 577. (See pages 41 and 53.)
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Figure 42

Notation for the Calculation of Qk

The notation for the calculation of the attenuation

factors Q is shown. (See page 45.)
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Figure 43

Q2 Versus Arctan X for 318 (1. 25)

Plots of the minimum of Qz with respect to 1{(1/2)
versus arctan X for various values of J for the transition
31 . 31

S (1.25) -~

in Formula 4, Section IIL. B. The 0. 1 percent confidence

S (G. 8.) are shown. For these plots, o0 =0

limit is shown, and all poinis on the curves which lie below
this limit are assumed to be possible solutions. Only
J = 3/2 gives a fit. (See page 47.)
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Figure 44

Qd Versus Arctan X for 318 (2. 23)

Plots of the minimum of Qz with respect to I(1/2)
versus arctan‘X for various values of J for the transition |
g (2. 28y + 31
in Formula 4, Section III, B, The 0.1 percent confidence

S (G.S.) are shown. For these plots, o =0

limit is shown, and all points on the curves which lie below
this limit are assumed to be possible solutions. Only

J =5/2 gives a fit. (Sce page 48.)
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Figure' 45

Qz Versus Arctan X for 318 (3.08)

Plots of the minimum of Qz with respect to I{1/2)
versus arctan X for various values of J for the transition
318 (3.08 - 318 (G.S.) are shown. For these plots, o0 =0
- in Formula 4, Section III. B. The 0.1 percent confidence
limit is shown, and all points on the curves which lie below
this limit are assumed to be possible solutions. Both J = 1/2
and 3/2 gives fits, but only J = 1/2 is allowed because L, = 0.

{See page 49.)
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Figure 46

Q2 Versus Arctan X for 318 (3.29)

Plots of the minimum of Qz with respect to I{1/2)
versus arctan X for various values of J for the transition
318 (3. 29) - 31S (1. 25) are shown. For these plots, o =0
in Formula 4, Section IIL. B. The 0.1 percent confidence
limit is shown, and all points on the curves which lie below
this limit are assumed to be possible solutions. Roth J = 5/2

and 3/2 give fits, but J = 5/2 is favored. (See page 50.)
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Figure 47

Q2 Versus Arctan X for 318 (3. 35)

Plots of the minimum of Qz with respect to 1(1/2)
versug arctan X for various values of J for the transition
318 (3. 35) - 318 (1. 25) are shown, For these plots, o =0
in Formula 4, Section HII. B. The 0. 1 percent confidence
limits are shown, and all points on the curves which lie
below this limit are assumed to be possible solutions., In
he order of preference, fits were obtained for J = 7/2, 3/2,
9/2, and 5/2. There is only a 1 percent probability that
J,=9/2 is a fit and only a 0. 3 percent probability that

d
J 4= 5/2 is a fit. (See page 52.)
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Figure 48

Qz Versus Arctan X for oy (3. 44)

Plots of the minimum of Qz with respect to I(1/2)
versus arctan X for various values of J for the transition
318 (3.44) -~ 318 (G.S.) are shown. TFor these plots, ¢ =0
in Formula 4, Section IIl. B, The 0. 1 percent confidence
limit is shown, and all points on the curves which lie below
this limit are assumed to be possible solutions, Only J = 3/2

gives a fit. (See page 53.)
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Figure 49

Schematic Diagram of Setup for Branching Ratio Measurements

A schematic diagram of the setup used for the branching
ratio measurements in OIS is shown. The front face of the 10, 16
cm x 10. 16 cm Nal(Tl) crystal was 3. 556 cm from the center of

the beam spot. (See page 54.)
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Figure 50
(a) Gamma-ray Decay Spectrum of the 2. 23 MeV Level in 318

The gamma-ray decay spectrum taken with the
aluminum cup (Figure 49) of the level at 2. 23 MeV excitation
energy in 318 is shown. The positions of the 0. 99 and 1. 25
MeV gamma rays which would be emiited in a cascade through

the 1. 25 MeV level are indicated by arrows.

(b) 1.25 MeV Gamma-ray Line Shape

A line shape for a 1. 25 MeV gamma ray obtained by
observing the decay of 318 (1. 25) with the setup in Figure 49

is shown.

(c) 2.31 MeV Gamma-ray Line Shape

A line shape for a 2,31 MeV gamma ray obtained by
observing the decay of 1‘f‘LN (2. 31) after formation by the reaction
120(3He, p)léN is shown. Again the setup in Figure 49 was used.
This line shape was used as an approximation to the line shape of

a 2.23 MeV gamma ray. (See page 54.)
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Figure 51

Gamma-ray Decay Spectrum of the 3. 35 MeV Level in 318

The gamma-ray decay spectrum taken with the
aluminum cup (Figure 49) of the level at 3. 35 MeV excitation

energy in g 45 shown. (See page 60.)



248

Py

e )

YIGWNAN  TINNVYHD

00| 08 09

TIAIT AW 6E° ¢

GE'¢

O

e 4
S LNMO2

O
w




279

Figure 52

Energy Level Diagrams for 31P and 31S

The energy level diagrams for 31P and 318 are
shown. The information on 311"—“' published since the compi-
lation by Endt and van der Leun (1962) comes mainly from
studies of the reactions 30Si(p, Y)BlP and 30Si(di, n)slP. All
of the information on 318 was determined in the present
experiment except the «E,n—va,lues for the levels at 1. 25, 2. 23,
and 7. 04 (see Section II.C. 6). (See page 61.)
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Figure 53

Decay Schemes for 312!? and 318

The gamma-ray decay schemes for the low-lying
.31, 21 .
levels in ""P and S are shown. The decay schemes for
, i . - 3
P is taken from references cited in the text. The decay

scheme for S was measured in the present experiment,
(See pages 56 and 61.)
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Figure 54
Models for A = 31
The predictions of several models for A = 31 are

compared with the experimental results.. The models are

discussed in the text. (See page 63.)
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Figure 55

16 Detector Array Spectra from the Reaction 32S('?'He, d)33C1

(This figure is in the rear pocket.)

a) A deuteron spectrum obtained at eLab = 10° from the bom-
bardment of natural sulfur with 12.0 MeV “He particle is
shown. Each point represents 150 uC of incident charge. The
lower scale is the NMR magnetometer frequency for the magnetic
spectrometer, and the upper scale is the corresponding deuteron

energy. The levels are numbered as in Table XV.

b) A deuteron spectrum obtained at 6 ¥ ol ™ 20° from the bom-
bardment of natural sulfur is shown. Each point above
FREQUENCY = 33600 represents 150 uC of incident charge,
and the scale on the right is to be used. Each point below
FREQUENCY = 33600 represents 300 uC of incident charge,

and the scale on the left is to be used.

¢) A deuteron spectrum obtained at eLab = 20° from the bom-
bardment of sulfur enriched to 98. 1% 328 (natural sulfur contains

95. 0% 328) is shown. The scales are similar to those in b).

d) A deuteron spectrum obtained at eLab = 45° from the bom-
bardment of natural sulfur is shown. Each point represents

300 pC of incident charge.

e) A deuteron spectrum obtained at eLab = 45° from the bom-

bardment of sulfur enriched to 98. 1% 323 is shown. The scales

are similar to those in d). (See page 71.)



Figure 58

3 9
Single Detector Spectra from the Reaction OQS(SHG, d)”BCI

Deuteron spectra obtained at 8 Tk ™ 20° in (a) and at
Oy ap = 45° in (b) from the bombardment of natural sulfur with
12.0 MeV 31—1e++ particles is shown. The lower scale is the
NMR magnetometer frequency for the magnetic spectrometer
and the upper scale is the corresponding deuteron energy.
The levels are numbered as in Table XV, The gaps in the

spectra correspond to regions of severe elastic scatiering

from the gold foil. (See page '75.)
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Figure 57

Angular Distribution for BJCI (G.8.)

The angular distribution of the deuterons from the
reaction 328(3.@9, d)SSCl (G.S,) is shown. This distribution
was obtained as a by-product of the angular distribution of
the alpha particles from the reaction 328(31—19, a)318 (G. S.)
shown in Figure 13. The curve is aDWBA prediction. Level
33CI (G. S. ) must have z&p = 2 because for this level J" = 3/2+.

(See page 80.)
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Figure 58

Angular Distribution for S°C1 (2. 35)

The angular disiribution of the deuterons from the
reaction SZS(BHE, d)SSCI (2. 35) is shown. This distribution
was obtained as a by-product of the angular distribution of
the alpha particles from the reaction st(SHe, 3)313. The
curves are DWBA predictions. Level 3301 (2. 35) is assigned

&p = (2). (See page 80.)
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Figure 58
s . B
Lngular Distribution for ““C1 (2.69)

The angular distribution of the deuterons from the
reaction SZS{SHe, d)33C1 (2. 69) is shown. This distribution
was obtained as a by-product of the angular distributions of
the alpha particle from the reaction 3ZS(BHe, cc)SlS. The
curves are DWBA predictions. The predictions for %p = 3
agrees best with the experimental distribution, but no

assignment is made. (See page 81.)
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Figure 60

Gas Cell for the Reaction 3GAr(p, oc)33(31

The gas cell used in the magnetic spectrometer for
the study of the reaction BOAr(p, a)o?’Cl is shown. Foil A was
o) 0
5000 A thick, and foil C was 10000 A thick., Foil Band D

were not used. (See page 82.)
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Figure 61

16 Detector Array Spectra from the Reaction 36Ar(p, (1)33CI

The alpha particle spectra obtained at eLab = 20° in
(a), 40° in (b), and 60° in (¢) from the bombardment of ° Ar
with 12, 0 MeV protons is shown. Each point presénts 180 uC
of incident charge. The lower scale is the NMR magnetometer
frequency for the magnetic spectrometer and the upper scale
is the corresponding alpha particle energy. The levels are
numbered as in Table XV. (See page 85.)
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Figure 62

Energy Level Diagrams for 338 and 3301

The energy level diagrams for 338 and 3301 are
shown. The information on 338 was taken from the compi-
lation of Endt and van der Leun (1962) as well as from more
recent work by Becker et al.(1966), O'Dell et al.(1966), and
Moss (1967). (See Appendix G.) The information for >°Cl
was taken from Endt and van der Leun (1962) and the present
work, The levels at 2,686 and 2. 980 MeV in 3301 were -

located in the present work. (See page 86.)
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Figure 63

Models for A = 33

The predictions of several models for A = 33 are
compared with the experimental results. The models are

discussed in the text. (See page 88.)
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Figure 64

Notation for the Calculation of ee .
The notation used in the calculation of the effective

laboratory angle of the magnetic spectrometer is shown.

The square represents the entrance to spectrometer. (See

page 102.)
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Figure 65

Array Electronics

A block diagram of the 16 detector array electronics
is shown. Since all detectors have identical circuitry, only
the circuitry for detector 1 is shown in detail. (See page 143.)
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