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ABSTRACT

4 4
Angular distributions (17.97° < SC m < 156.0°) of He (d,d)He

have been obtained, using a gas scattering chamber, for deuteron
bombarding energies from 2.935-11.475 MeV at half-MeV intervals.

A lithium drifted solid-state detector was used to detect the scattered
deuterons and recoil alpha particles. The phase shift and single level
analyses performed with the data result in energy levels in L16 at
excitation energies of Ex =4.57, 4.62 and 7.19 MeV, and have respec-~
tive J° assignments of 2.+, 1" and 17 . There is a great degree of con-
fidence in the assignments for the first two levels; however, further

analysis is ncccssary to confirm the assignments to the third level.
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I. INTRODUC TION

This study is an extension to higher energies of the investigation
of the Li6 nucleus by means of the He4(d,d)He4 reaction. This inves-
tigation was made possible through the use of the ONR EN Tandem
Van de Graaff constructed by High Voltage Engineering Corporation.

The lowest unbound T= 0 level (Figv. 1} with spin, parity and
excitation energy assignments of 3+, EX = 2,184 MeV was originally
investigated by Lauritsen et al. {1953) and further confirmed by
Galonsky et al. (1955). The levels studied in this experiment were
the T = 0 levels with published assignments of spins, parities and
excitation energies of (Ajzenberg-Selove and Lauritsen 1959)

+
1. 2 ;EX=4.52MeV

2. l+; EX’*’» 5.5 MeV

3. ? ;EX=7.,4MeV

The existence of the first two levels was necessary in the single level
parameterization made by Galonsky and McEllistrem (1955a) of data
taken up to a center of mass excitation energy of 4.55 MeV. In that
the data were taken essentially at the resonance energy of the first
lcvel, one would fccl confident of level assignments of the first level.
The energies of the first and third levels are obtained from the

Li7(He3,cv)Li6 reaction {Allen et al. 1960). The spectrum of this



reaction had rather salient peaks at the energies corresponding o the
first and third levels and, therefore, one would expect these energy
assignments to be reliable.

The assignments of the second level, however, remain to be
confirmed, because this state does not vappear strongly in the
Li7(He3,a/')L16 experiment. The state was obtained from the alpha
particle spectrum of the experiment after subtracting close-lying
prominent levels {especially E;{ = 5.35 MeV). The state was also
inferred from the He4(d,d)He4 experiment{Galonsky et al. 1955) by
the interpretation of data removed from the excitation energy of the
level by an MeV.

There is, on the other hand, considerable evidence of a theoretical
nature for the first two states. The states have resulted from inter-
mediate coupling models by Inglis (1952, 1953) and Balashov {1959}.
The states have also resulted from the cluster model of Wildermuth
et al: {1961) and the three~particle model of Wackman and Austern
(1962).

The experimental investigation of these three levels was com=~
plicated by the existence of a three-particle reaction channel, which
can proceed in one or more of three possible ways (Lauritsen and

Ajzenberg~Selove 1962).



1. I—Ie4+d—+He5+p—>He4+p+n Qm=—3u182MeV
4 .5 4 .

2. He +d-Li" +n-He +p+n an-—4.192MeV
4

3. He " + 4~ He4+p+n Qm = -2,225 MeV

There is reason to believe, from an analysis of the neutron yield
(Lefevre et al. 1962}, that the first two predominate, while the last
probably involves the 1S state for p + n (Rybakov et al. 1961), which
would make the reaction isotopic spin forbidden. Further proof for
the predominance of the first two and the absence of the third is found
in the threshold for He4(d, pn)He4 being 0.4 MeV ahove the calculated
threshold in the center of mass (Henkel et al. 1955) for the third
reaction. The value for the total reaction cross-section is 0.3 + 0.1
barn at an incident energy of 10.3 MeV for the deuteréné (Allred et al.
1951).

This dissertation presents the reduction of the elastic scattering
data as angular distributions and excitation curves after first discuss-
ing the design, consiruction, assembly and testing of the gas scattering
chamber with which the data were obtained. Subsequently, the experi~-
mental cross--sections are compared with those of a phase shift
analysis. The program used for this analysis appears in its entirety
in Appendix G and is presented schematically i.n Figure 12. The pro=-
gram., in addition to performing a phase shift analysis, calculates
tensor polarization parameters and values for the total reaction cross-
section. Finally, a single level parameterization of the phase shifts

yields single level parameters for the three levels investigated.



In addition Lo the inlrinsic worth of an exiension Lo higher energies
of the investigation of the-Li6 nucleus by means of the Heé(d,d)Heél
reaction, this study performs other functions. It corroborates the
angular distribution data taken on a cyclotron by Stewart et al. {1962)
but disagrees with the 8.0 MeV data of Burge et al. (1952). Also,
the analysis of the data enables one to investigate the usefulness of a
phase shift analysis involving a large number of parameters at high
energies. It might, in addition, be hoped that one day, in the not too
distant future, a more comprehensive theory of the nucleus will evolve,

imparting more meaning to this and the many other efforts that are

continually being undertaken.,



II. GAS SCATTERING CHAMBER

A. Design and Construction

Gas scattering chambers are found in the literature in two basic
types: those that use foils to separate the target gas from the high
vacuum in the beam tube and in the Faraday cup, and those that use
differential pumping to maintain the pressure gradient between the
high vacuum in the beam tube and the target gas, retaining the foil
between the gas and the Faraday cup. The sizes of gas scattering
chambers also vary; one of the largest in the literature has an inside
diameter of 36 inches (Worthington et al. 1953), and one of the smallest
used in a scattering experiment is about 3 inches with fixed angles of
observation {Huntoon et al. 1940}, The size of the scattering chamber
is determined mainly by the detectors and by consideration of wall
scattering. In this experiment, the decision was made to use solid
state detectors, which are rather compact (7/8” O0.D. x 1 mm., thick)
in comparison to proportional counters {Worthington 1953}). Further-~
more, it was possible through the use of antiscattering slits in the
detector collimators to shield from wall scattering, permitting the use
of a chamber of only 113" inside diameter and yet retaining a detector

with a continuously variable angular position.



The gas scattering chamber constructed for the present experi-
ment is shown in Figure 2. A steel cylinder is provided with an
entrance beam collimator (3} and a beam collector {16} located on a
diameter. Located within the chamber are two detector assemblies
(9) and { 10}\, one fixed and the other (10} movable in angle. The entire
chamber is filled with the scattering gas, and the scattering volume is
defined by the beam collimator and the slit system attached to the
detectors. Vacuum seals are effected by foils (2) and (12} at the
entrance to the collimator and the collector respectively. The collector
volume is connected by vacuum plumbing {not shown) to the main
vacuum system of the beam tube.

The main body of the chamber is a welded fabrication made from
12" steel tubular stock with a bottom plate 1' thick. Electirical cone
nections are brought into the vacuum through kovar glass-to-metal
seals and O-rings are used as mechanical vacuum seals. The chamber
has an entrance port in which the beam collimator is rnounte_zd, an exit
port on which a Faraday cup is mounted, and a hole in the base for the
rotating hub on which the adjustable platform is mounted. In addition,
there are ports for evacuation, gas handling and impurity trapping.

The chamber was rough drilled, welded, and then stress relieved
before the finish cuts on a milling machine. In this way, it was possible
to hold the orthogonality of the center line of the entrance port to that

of the detector platform to within + 0.05°. Under normal operating



conditions; lhe chamber is separated from high vacuumn by a 2500 A
or 5000 A nickel entrance foil before the beam collimator and a
10,000 A nickel exit foil before the Faraday cup. This enables one
to maintain a gas pressure in the chamber of about 20 cm. ~0il, while

-6
the high vacuum side is on the order of 10 mm. of Hg.

1. Beam Collirnator

In order to provide an accurately collimated beam with a minimum
of scattering, the beam collimator ({3} in Fig. 2) is provided with a
series of disc apertures, made of ., 020" thick tantalum. The direction=~
“ality of the collimator was insured by drilling and boring the inner
dimensions for the apertures and then turning the outer chamber mating
diameters concentric with the inside diameters. The apertures were
first drilled, then mounted on small arbors for + 0.001" concentric
turning on the outer diameter. Six apertures are provided; two {(4) of
Fig. 2) have 0.052" diameter holes and serve to define the beam; the
remaining four have 0.0635" diameter holes and serve to stop scattered

particles.

2. Faraday Cup

The beam collector cup ((12«16) in Fig. 2} is provided with a "

hole, sealed with a nickel foil. Graphical checks of the geometry by
the method of Dickinson_ and Dodder {1953) indicated that less than 0.2%

of the beam should be scattered to larger diameter than &'', at the



highest helium pressure used. Charge collection is accomplished by

an insulated cup ((16) in Fig. 2), which is provided with an electron
suppression ring ((15) in Fig. 2). The collecting cup is maintained at
+67% V. with respect to the grounded chamber, and the suppressor at
-300 V. Although the geometrical arrangement was by no means ideal,
checks of a mock~up in an electrolytic bath indicated that with sufficient
potential on the suppressor the system should be effective in stopping
secondary electrons. Later checks with an alpha particle beam indicated
that the suppression was not complete, and in the final runs, an Alnico
magnet’((13) in Fig. 2) was added. With this arrangement, it is believed

that the charge collection was accurate to better than 0.2%.

3. Foils

As previously noted, foils were used to isolate the scattering
chamber from the main vacuum system. As compared with a differential
pumping channel, foils introduce somewhat larger energy loss and
straggling in the beam, but in view of the large breadth of the levels
observed, this difference was of no importance. In order to permit
easy replacement of the entrance foils, they were mounted in inserts
in a modified plug shutoff valve, as shown in Figure 2 (1, 2).

The quarter~inch diameter of the orifice in the entrance-foil
mount was determined by the diameter of the focused beam at that point.
The half~inch diameter orifice in the exit-foil mount was decided on

by considering the diameter of the multiply scattered beam. The gas



pressure of about 20 cm. -0il in the chamber was decided on by a
consideration of energy loss in the gas and rate of the scattered=~particle
yield. With these constraints, the choice of 2500 A or 5000 A nickel
entrance foils and 10,000 A nickel exit foils proved suitable. From a
strength consideration, even thinner foils could have been mounted at
the entrance. However, thinner foils obtained from the supplier
(Chromium Corporation of America) had an abnormal propensity for
holes.

The mounts for the foils were deburred of sharp edges and were
so designed that the pressure in the chamber would push the foils
against their nr#ounts. The reason for this is to reduce the possibility
which thie case is

. .
of inst in

solder. Solder was chosen because of its reliability and its ease of
use as a bond. The foils were mounted by heating the mounts on a hot
plate, tinning with the solder and affixing the foils.

The 5000 A and 10,000 A foils were self ~supporting and con-
sequently could be inspected for holes before mounting. The 2500 A
foil was not self-supporting, but was obtained from the supplier on an
opaque copper backing. This backing was removed with a solution of
equal parts trichloroacetic acid, ammonium hydroxide and water. Upon
removal of the backing, a flashlight was used to illuminate the back
of the foil, while the passage of light through possible holes was viewed

from the front. Invariably, this test was sufficient.
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4. Gas Handling and Manometer

The gas handling consists of a network of quarter -inch copper
tubing linking one or two gas bottles with the chamber proper through
quarter-inch Hoke needle valves. 1n addition, there is a compound
gauge that monitors the pressure in the gas line.

The manometer is connected between the chamber proper and the
high vacuum through 3/8" copper tubing. The fluid used is n-butyl
sebacate {Russell et al. 1956}, because of its low vapor precssurc. Its
specific gravity was measured to be 0.927 + 0.003. The manometer,
being in excess of one meter, was long enough for the pressures used.
A cathetometer was used for accuracy in making the pressure readings.
Although the cathetometer can be read to within 0.001 cm., the process

used in setting it up reduced the accuracy to approximately + 0.03 cm.

5. Charcoal Trap

In order to remove significant contaminants, e.g. oxygen and
nitrogen, a 2" diameter charcoal trap is mounted in the bottom of the
chamber. At liquid nitrogen temperatures, this trap sufficed to keep
the total contaminant yield below 1% of the scattered or recoil-particle
yield at all angles. Because the trap absorbs deuterium, it was not

cooled when deuterium was in the chamber.

6. Detection of Scattered Particles

Two detectors were used: one was capable of motion for angular

distributions and the second was stationary for monitoring the beam as
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a check on the consistency of the current measurement. The moving
detector was a 1 mm. thick lithium drifted solid state detector with a
5/8'" diameter active area and overall diameter of 7/8'. The lithium
drifted detector had a resolution of 1.5% for 8.778 MeV PbZlZ alpha
particles, nsing the electronic setup described in "Experimental
Procedure."

The lithium drifted detector is an extension of the p-n diffused
junction(Pell 1960). The drawback with a normal p~n detector is the
need for high reverse bias voltages in order to acquire a thick enough
depletion depth for complete energy collection from fast particles. The
lithiurn drifted detector, on the other hand, does not need a large reverse
bias for a thick depletion depth, for the detector--by virtue of being a
drifted p-i=n junction--is inherently deep and only needs bias for ion
pair collection.

The fabrication* of the p-i-n junction is accomplished by first
depositing lithium on a slab of low resistivity (100 Gi-cm. )p~type silicon.
The lithium is then diffused and subsequently heated with reverse vias
on the silicon. What happens at this point is believed to be 2 compensa -
tion for the p acceptor type silicon by a deposition of the lithium donor
atoms interstitially. The result is an intrinsic region, the depth of

which depends on the voltage, temperature and time elapsed in drifting.

%k

The detector was made by J. R. Yvon Cusson from a method
developed by M. Emery Nordberg, Jr. and J. R. Yvon Cusson.
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It is only possible to compensate the material, at most, and not possible
to change the n~type region to p or the p-type region to n in that reverse
fields would set up a reverse drift, if over -compensation were imminent.
On completion of the drift process, the back of the detector is carefully
etched and used as the exposed surface for particle entry, using a gold
evaporation for electrical contact.

The monitor was an 8500 Q-cm. surface barrier detector, fab-
ricated by the author. Although the effective thickness was somewhat
less (6-7 MeV protons) than that of the movable detector, the resolution
was quite adequate for the purpose.

Both detectors were provided with collimators, consisting of

ular openings milled in 1/16'" steel

1; The shapes of the openin
The pe pe

for the moving detector were chosen in such a way as to simplify the
data reduction (Appendix A) and to minimize second order corrections.
The dimensions, as determined finally by measurements on a compar~
ator, were

Front slit: 0.08145" + 0.4% wide

Rear slit: 0.04088 + 0. 5% inchz area; 0.0825" wide

h = 2.3325'" + 0.005% (Figure 10)

R =4.,79" + 0.1% (Figure 10)
° X

The monitor detector, with its collimating assembly, was affixed

to the chamber cover plate ((9) in Fig. 2), at an angle of about 30° to

the incident beam. The movable detector was mounted on a carefully
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machined hub ((18) in Fig. 2) which could be rotated from outside the
chamber. A vernier protractor permitted angle settings accurate to
6' of arc. A sliding post in the center of the hub establishes the

geometrical center of the rotating system.

B. Assembly and Testing

1. Alignment

The philosophy of the assembling of the chamber was to be as
careful and precise as possible, then check by repeating some well-
known gas scattering experiments. The first step in the assembly was
to mount the moving detector and collimator on the adjustable platform
in the proper orientation. This was accomplished by making the sub-~-
assembly in a mill, using a dial indicator to ascertain that the slit was
vertical. The counter mount was then assembled in the chamber,
setting the distance from a vertical flat on the center post to the front
slit to 2. 46",

After assembly, the chamber was aligned with respect to the
optical axis of the beam tube. This optical axis had been defined by
the zero positioﬁ of two pairs of orthogonal adjustable slits in the beam
tube and a bench mark on the wall of the target room. A Brunson
telescope was set on the upstream end of the beam tube collinear
with the optical axis; then the chamber was positioned while viewing the

defining apertures of the beam collimator to insure collinearity. The
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moving counter collimator was then lined up with the detector removed
by sighting the pattern made by the slits of the collimator, the point

of the center post and the apertures of the beam collimator.

2. Experimental Checks on the Accuracy of the Chamber

In a first attempt at designing and constructing any apparatus

with a meagurc of complexity, therc arc inevitably flaws in the resulting
product. To enumerate the extent and degree of that imperfection in
this tome would not only enlarge it significantly, but would be to a great
extent embarrassing in the recounting. Suffice it to say, there were
numerous preliminary runs on the chamber that pointed up numerous
imperfections, which were corrected. The presenta.tion here will dis~
cuss the chamber as a finished product and the final tests that exude

an air of respectability in their relating.

a. Faraday Cup Voltages

The Faraday cup was run positively biased and the suppressor
or guard ring was run negatively biased. Electrostatic suppression
proved sufficient in the case of deuterons as incident particles, but
it was necessary to introduce magnetic suppression in the case of alpha
particles below 6 MeV (Section II-B ~b). The necessary value for the
voltage on the suppressor to stop electrons from the exit foil and the
necessary value for the voltage on the cup to prevent electrons from

leaving the cup were obtained by connccting the monitor to a scaler
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and noting the variation in counts for a prescribed total charge. It

can be seen from Figure 3 that the charge collection is independent of
the voltage on the cup and becomes independent of that on the suppressor
at about -80 volts. Typical running values were -300 volts on the
suppressor and +67% volts on the cup with the additional aid of the

magnetic suppression.

b. Rutherford Scattering

The chamber was filled with tank argon of 99.5% purity, and the
elastic scattering of 4.5-MeV alpha particles determined for
Bc.m‘ = 30-160°. The first experiments, carried out with only electro-
static electron suppression in the beam collector, showed consistent
deviations from Rutherford scattering of about 15%. After installation
of 2 magnetic suppressor\{Section II-A~2), data were taken at 30° and

60°. The ratio of the cross-section to Rutherford was 1.03 at 30°

and 1.06 at 60°, in keeping with the accuracy of the experiment.

c. Multiple Scattering

The chamber was checked for multiple scattering at 12° labor-
4 4 ; 4 4
atory angle for He {o,)He at 4 MeV and for He. (d,d)He at 3 MeV,
by varying the pressure of the chamber from about 6 cm. -0il to about
25 cm. -0il. The results are shown in Figures 4 and 5, and indicate

that multiple scattering corrections to our data would in all cases have

been less than 1.0%.
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d. Miscellaneous

In addition to the above tests, there were several others checking
minor features of the chamber. These included verification of the
assumption that the thermometer in the chamber measured the temper-
ature in the scattering volume. If the temperature throughout the
chamber is not uniform, one would expect to see variations in monitor
counts when the beam current is changed. This test was run with alpha
particle beams from 0.075 pa. to 0,025 pa. and the counts for a given
integrated charge showed no systematic variation, validating our
assumption.

It was also found necessary during our runs to eliminate back-
ground arising mainly from neutron reactions in the silicon deleclors.
These neutrons were caused primarily by the stripping of deuterons
on the first slit and the entrance foil. In order to minimize the effect
of these neutrons, a heavily shielded slit was placed before the foil to
stop excess beam and the forward half of the scattering chamber was
filled with steel, the most effective neutron shielding for a small

volume.
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III. EXPERIMENTAL PROCEDURE

A schematic drawing of the experimental setup is given in Figure
6. The beam of accelerated particles--in this instance deuterons, I—Ic4+
or He4++ with energies from 3-11.5 MeV-«~is provided by the tandem
accelerator. After energy analysis in the 90° deflecting magnet, focus-
ing and collimation, the beam passes through the entrance foil, the
entrance collector, through the chamber and into the Faraday cup.
Within the chamber, particles scattered in a volume of the gas defined
by the cross-section of the beam and the geometry of the counter col-
limators are detected in the movable and fixed solid-state counters. |

The signals from the counters are amplified by Tennelec model
#100 fast ( ~0.1 us.) charge-sensitive cascade preamplifier (Fig. 7)
and Hamner model N328 non-overloading, double delay line, clipped
linear amplifier and finally into a Radiation Instrument Development
Laboratory 400 channel analyzer. Pulses from the fixed {monitor)
counter are fed into an Eldorado model SC~-700 decimal scaler.

The beam collected in the Faraday cup was integrated with an
Eldorado model CI-110 current integrator, which is calibrated with
a test current supplied by a standard cell that is measured with a
galvanometer and a 0.9985 + 0.1% M Q resistor (s\ee Fig. 8). The

clock used for timing the total charge is accurate to within + 0.1%.
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Since the integrator was calibrated at the same current as that of the
beam, the error due to leakage currents, internal to the integrator,
was minimized.

The typical procedure in collecting experimental data is as
follows. The chamber is opened to the roughing pump of the main
pumping station, while the charcoal trap is heated. During this time,
bias voltages are applied to the detectors and they are checked out on
the oscilloscope to see whether they are excessively noisy. In addition,
the current integrator is set, and the total charge determined by running
a known current, calculated from a galvanomter reading and a resistor,
against a prescribed time to accumulate the desired amount of charge.

After the charcoal trap has been heated sufficiently, the diffusion
pump is connected to the system, which is pumped until a pressure of
10_6 mm. Hg. is reached. At this time, the center part of the chamber
is closed off and filled with gas. The charcoal trap is then cooled
to liquid nitrogen temperatures and kept cold throughout the experiment
unless deuterium is the gas in the chamber, in which case the trap is
left at room temperature. Both temperature and pressure are measured
at frequent intervals during the run.

The chamber is now ready for beam, The beam alignment is
accomplished by a trial and error procedure with the aid of electrostatic
and magnetic steering throughout the tandem system, focusing with

guadrupole magnetls on a viewing quartsz interposed just beforc the entrance
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foil. The quartz is then removed and the beam maximized in the Faraday
cup by again adjusting the steering and focusing of the beam.

The runs are now made, with a running check on the pressure,
temperature, clock time and live time of the analyzer. Changes in
counter angle are accomplished manually. Upon completion of the runs,
the integrator is again checked and is found to remain stable to within
the accuracy of the me asurements.

: 4 4

The preponderance of data are those obtained from He (d, d}He ,

‘ 2 2
although for a few of the low energy runs, data from H (¢,0)H are used.
A typical pulse-height spectrum obtained with deuteron bombardment

is shown in Figure 11 (Ed =5 MeV, 6 = 35°). In this spectrum may

lab
be seen the deuteron peak at channel number 61 and the alpha particle
peak at channel number 41. Background counts are superimposed on
these peaks, starting off with a relatively high value at low channel
numbers and rapidly falling to zero at higher channel numbers. The
contaminant spectrum is above channel 64, but does not appear in the
figure, since there are only about 10 counts in the peak. At higher
energies, the peaks both decrease in size with the number of counts in
the deuteron peak falling below the number of counts in the alpha peak.
At larger laboratory angles, the peaks appear at lower channel numbers
and finally are absorbed in the béckground. The information from the
alpha peak can no longer be resolved from the background at © =z 45°

lab

and the deuterons can no longer be resolved from the background at 90°.
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The spectra for the monitor counter are essentially the same as
those of the moving counter with the exception that at 8-9 MeV the
deuteron was energetic enough to penetrate the depletion region in the
counter, resulting in pulses being dropped to lower channels, correspond-
ing to the fraction of the total energy lost in the depletion region.

2 2
It was only at energies of E_ < 4.5 MeV that a few H (v, ¢)H

d
runs were made, because of the reduction in background when alpha
particles are used in place of deuterons as the incident projectiles. The
benefit from the reduction in background is outweighed, however, by
the limitation in center of mass energy and angle (Figs. 9A and 9B)

) 2;  yi.l RPCI
when using H (o, @)H . As a result, the angular distributions from
this reaction were taken only at EOIIZ = 2.935, 3.441, 3.946 and 4.450

MeV and angles from 50° to 130° at 10° intervals in the center of mass

(Figs. 18 through 21).
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IV. RESULTS

The main body of data comprises angular distributions at various
bombarding energies, Ed from 3 to 11.5 MeV and excitation functions
at 18, 55, 90, 130 and 156 degrees {Figs. 18-42). These data have
compared with those of Galonsky et al. {1955) (Fig. 39) and Stewart
et al. (1962) (Fig. 41). There is a tendency for both the previous
works to be somewhat high with respect to the present study, but the
agreement on the whole is fair. This work is in definite disagreement
with Burge et al. (1952) (Fig. 29).

At this juncture, clarification of the data presentation is made.
The points on the Figures 18 through 42 are experimental with relative
error bars and the solid lines are the phase shifts analysis fit to the
data. In those instances where an analysis was not made, dashed lines
are drawn through the experimental points for clarity. It should be
noted that Figures 39 and 40, which appear at first to be identical,
are in fact different in emphasis. The data on Figure 39 was taken
expressly for the excitation curve, whereas Figure 40 is an excitation
curve compiled from angular distribution data. The data of Figure 40
extend up to 11,5 MeV and suggest a negative curvature in the vicinity

of 9 MeV that is not readily apparent in that of Figure 39.
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The levels of interest here are the T = 0 levels in Lié, which
are the only ones that can be reached with d-He4 elastic scattering.
These are in particular the Ex = 4,52, 5.5 and 7.4 MeV levels (Ajzenberg-
Selove and Lauritsen 1959). It was found (Fig. 38) that 4.52 MeV is the
only prominent level; the 5.5-MeV level manifests itself as a slight dip
in the cross-section at 90° (Figs. 39 and 40} in keeping with its 1+
assignment (Galonsky and McEllistrem 1955a); the 7.4-MeV level
manifests itself both in the variation in the character of angular dis-
tributions from about 6.5 MeV (Figs. 23 through 36) and in a negative
curvature in the 90° excitation curve gFig. 40}, suggesting (but not
determining) the presence of a negative parity state (Galonsky and
McEllistrem 1955a). This argument will be pursued further in the

section "Analysis of Data.''
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V. REDUCTION OF EXPERIMENTAL DATA

A, Energy Lioss in Foil and Gas

In order to determine the actual energy of the incident particle,
it was necessary to make a correction for the energy loss in the
entrance nickel foil and in the gas between the entrance foil and the
scattering volume. This was done through the use of the stopping
cross-section for protons, ep, plotted by Whaling (1958) for HZ, Ni
and He4 as the target materials. The values of the stopping cross-
sections for alpha particles and deuterons were computed with
<, (EQ/'-) = 4ep (Ea/3.97)_and e4 (Ed) =e (Ed/z), where E and E_ are
the respective energies of alpha part;"tcles and deuteron parti;les.

The densif.ies used for nickel, helium and deuterium were 8.75 gms. [cc.,
0.17847 gms. /liter and 0,17976 gms. /liter respectively at standard
temperature and pressure conditions. The thickness of foils stated

by the supplier was assumed correct. The distance from the entrance

foil to the center of the chamber is 8.719'". The results are tabulated

in Tables I through III.

B. Energy of Observed Particles

In order to differentiate the alpha particle from the deuterium
particle in the spectrum of the angular distribution, itis necessary to

know something about the kinematics of the reaction. This is easily
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obtained by using Equations 2.3 through 2.7 on pages 412ff. of Evans
(1955), which gives
E /E =4M M cosz(e) M +M)2 (1)
r o 1 2 r‘lab 1 2
and
EJE = {MZJ(M M )Z} {cos(e Dant [(M, IM)- sin’(8) ]%}

s o 1 1 2 sylab— 2 1 s'lab

where the '"'nuclear disintegration energy'' is equal to zero for elastic

scattering and minor changes in notation are made giving the following:

E_ is the energy of the recoil particle
Es is the energy of the scattered particle
EO is the energy of the incident particle

is the mass of the incident particle
M is the mass of the target particle

e )1 b is the angle of scattering for the scattered
S particle in the laboratory

(e ) is the angle of recoil for the struck
r'lab . .
particle in the laboratory

It is seen that Equation 1 is always single-valued, but Equation 2 is

single~-valued when M_ > M1 and double-valued when l\/[2 < Ml in

2
keeping with the argument on page 412 of Evans (1955), that the square

root of the ratio of the energies is real and positive. The graphs for

4
d on He4 and He on d are Figures 9A and 9B respectively.
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C. Formulas for Data Reduction

The formulas, together with their approximations for the differ=~
ential cross -section as a function of yield and experimental parameters,
are derived in Appendix A. The errors due to the approxirnations,
statistics and the inaccurate knowledge of the experirnental parameters
are discussed in the following section. Here we present merely the
formulas for the differential cross-section in the center of mass due to

the yield of the incident particle

(do/dQ)Cm =J(YS/NnG) sir_;(es)lab ‘(dleab/dQ ) (3)

cm

and that due to the yield of the recoil particle

(4)

,(do/dn)cm = )(lelenG) tan (er}lab

where
G = ZbA/Roh

and Ys is the yield of scattered particles
Y is the yield of recoil particles

T

N is the number of beam particles during the

counting period
n is the number of target particles per cubic centimeter

A is the area of the second collimator defining
slit (Fig. 2)

2b is the width of the first collimator defining
slit (Fig. 10)

R is the distancc from the center of the chamber to the

© back of the second defining slit {Fig. 10)
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h is the distance from the front of the first to the
back of the second defining slit (Fig. 10)

The kinematics for the incident particle in a two-body reaction
ia diacussed in Marion and Ginzbarg (1949), and the conversion from
lab angle to c.m. angle and the solid angle ratio, dQ, . /dQ , were

lab cm

obtained from their tables for the scattered particle, using x = M1/M2,’

where M1 is the mass of the incident particle and MZ. is the mass of

the struck particle. These tables were calculated from

. 2 L2
dq. . /d4dQ = cos(ecm- Blab)mn elah/snl ecm (5)

lab cm
A discussion of these kinematics can also be obtained in Evans
#
{1955}, where the following formulas are derived for lab angle to c.m.

angle conversion,

COt(es)lab = (MllMZ)CSC(es)c m

[ *

+ cot{8 s), (6)

Ce Me

for the scattered particle from which Equation 5 is obtained, and

(Br)lab =(m - (‘er)c.m.)/2 ()

for the recoil particle, which gives together with

dQcm/dﬁlab =sind decm/sm & b %90 (8)

the obvious result

) ¢ in
ds lab/dfzCm = tan elab/4 sin8 (9)

ale

B Equations 6 and 7 are the same as Equations 23 and 22 on p.
834 of the cited text with changes in notation.
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where
(8 ) is the angle of scattering in the center of mass
() is the angle of scattering in the center of mass

determined from the recoil particle in the
laboratory system

D. Error Analysis

The analysis of the probable error in this experiment was divided
into two parts. One, which is angle-independent and which we choose
to call the systematic error, is motivated by Equations 3 and 4 and is
tabulated in Table IV. The important factors are the accuracy of the
geometric factor, G, the accuracy of charge collection manifested in
the beam rate, N, the error in the pressure and temperature manifested
in the particle density, n. In addition, the error due to the approxima-
t;ion in the differential cross-section reduction formulas is calculated.
The total systematic error due to these factors combines to give an
rms value for the probable systematic error of 1%.

The relative error arises from several sources. The error in
estimating the background (taken to be 1/4 of the background, N/4
(Fig. 11)) contributes. Also, the statistics of the total number of counts
in the peak, including the background, M + N, and separately the
statistics of the background, N, contribute. These contributions give

2 1

a relative error of (M + 2N + N /16)%. In addition, there are other

factors contributing to the relative error; among these are the errors
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arising from the uncertainty in the alignment of the chamber (+ 6°')
and the inaccuracy in setting a given protractor angle (also + 6').

These inaccuracies are reflected in the sin(8 ). . {(dQ. . /dQ ) and
s’lab cm

lab
tan(er)lab terms of Equations 3 and 4. Tabulations of this effect are
in Tables V and VI. A further effect of the two sources of the + 6'
uncertainty is an uncertainty as to the true value of the measured yield.
This effect of approximately 1.5% predominates at 17.97° and 156° in
the center of mass, at which angles this effect is included. At the same
angles (\17.97" and 156°), an additional effect is of significance, that of
the error resulting from a high dea'd-time correction. This error was
found to be on the order of 2% for the large dead-time correction of
30%. The procedure used for determining the dead-time correction
was that of comparing the live-time meter of the 400 channel analyzer
with a pulser connected to the analyzer and a scaler.

There are sources of error that were estimated to be negligible.
The check on the dead-time correction shows that it is in error by less
than 1% at angles other than 17.97° and 156°. Furthermore, the error
in yield due to uncertainty in angle is also less than 1% at angles other
than 17.97° and 156°. Also, extrapolation of the contaminant yield
to forward angles, where it could not be resolved from the desired
particle yield, indicates errors of less than 1% and might be considered
to be accounted for in the background subtraction. Finally, the mean

: 2
charge of 2 used for H')‘(oz,oz)H is not in error by more than 0. 6%.
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VI. ANALYSIS OF DATA

A. Introduction

1. Outline of the Analysis

Here the choice of approach in analyzing the elastic scattering
data will be recapitulated. With the rather sparse evidence for any
level other than the 2+ (Section IV), it was decided not to use a single
level approximation to begin with, but to use a parametrization in
terms of phase shifts with real and imaginary parts and tensor coupling

parameters. The derivation of the scattering cross-section formula

31(2%%: 5 1A12+ IB‘Z'*' s.inze{]C]Z“L ID\Z} + Sin49 { ‘Elz}

is outlined in Appendix C and is equation C, 10, where

do . . . : . :
- is the differential scattering cross-section in the center
hY
of mass system
k is the wave number for the reduced mass

A through E are the transition amplitudes from channel

spin state m to channel spin state m ,, where
s s

2,do .2 ,do _ 2

k ('&5)+1,+1 =k ('&5)-1,-1‘ |a]

2 , do 2

k Eﬁ)o,o = |B|

K 2 2 2
5 (dc/dQ)O’_H = (k" /sin"'0) (dc/dQ)_l’O ={c|%/2

sin &
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(k°/sin%)(ac/a") = (kz/sinze)(dc/dﬂ)o -1° Ip1%2

0,+1

(kZ/sin48)(dG/dQ)+l 1= (kz/sin4e)(dc/d'@)_l i 1E12/2

These parameters are given in terms of the scattering matrix U, in
equations C. 11 through C.15. Each of the above amplitudes conserves
Jm, and consists of a part that conserves £ and a part that allows £ to
change by + 2. In addition, amplitudes A and B have a Rutherford
scattering term because m is conserved for these elements.

Even though one does not obtain the quantitative values for the
widths or excitation energies of the levels in using a phase shift
analysis, one does get an indication of the resonating terms, in that
they tend to go positive instead of continuing the negative trend due to
potential or hard sphere scattering. Furthermore, once the phase
shift parameters are obtained, single level parameters can be calcu-
lated on the assumption of an interaction distance. This procedure is
outlined in Appendix D and the level parameters tabulated in Tables
VII through IX.

Once the phase shift analysis was decided upon, it was necessary
to determine the parameters to use. Galonsky and McEllistrem (1955a)
used s-wave and d-wave in their single-level analysis of the data up
to Ed = 4,62 MeV. Itis therefore obvious that s through d waves should

be included in the analysis. This resulted in three parameters for the

y 1
d-wave (623, 622, 621) and one paramectcr for the s-wave (80 ) In
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vicw of thc departure of p-wave from the hard sphere values in the

analysis of Galonsky and McEllistrem, it was decided to use three

2 1 0
parameters for the p-wave*{él s 61 ) 61 ). In addition, there is a

possibility of coupling between levels of the same Jm, so a coupling

: . . 1 1
constant ¢ was introduced for coupling between § . and 52, (Gammel

0

et al., 1960). The above real parameters do not allow for the three
particle reaction (see Introduction)., In order to allow for the three
particle reaction, it was decided to make all the aforementioned
parameters complex,

At this juncture, one might consider the possible configurations

for the Ex = 7.4 MeV level, which appears to have a negative parity

) 4 4
(p. 22 ) and must be T = 0 if it is to be observed in the He-{d, d)He

2
reaction. The possibility of additional p states was discounted at

this energy, in that Inglis (1952, 1953) predicted, through the use of
intermediale coupling, that the next p& level was at Ex = 14,0 MeV.

Z . . . ‘s .
Also, p configurations result in positive parity states.
From the former configuration, there are two possible T = 0
states: one, the space anti-symmetric singlet state that can be made

1
with 61 ; two, the space symmetric triplet state that can be made with

' 0
512, 6 11 and 61 . The lpld configuration allows several additional

possibilities. Among the space anti-symmetric states, there are those

l. And

3, in addition to the une formed by § 1

formed by 622 and 53
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among the space symmetric states, there are the ones formed by

4 3 2 3 2
8, s 6 ,63,62,62

1 0
& ,él,andél.

1
and 62 » in addition to the one formed by

Due to an error on the part of the author in determining the space
symmetries, the greater fraction of these possibilities was not con-

sidered. And what is even more unfortunate, the more likely possibility
3
g } received only a eursory examination. All of the phase shifts,

4
3 o

210

however, are included in the program with the exception of ¢ In
. . 1 1 .
addition, a coupling parameter between 60 and 52 and a coupling
2 2 ) 1eqsas

parameter between 51 and 63 were included. The possibilities of
varying the real and/or imaginary parts of the parameters were included,
which resulted in a total of nine cases, and are self-explanatory in the
copy of the program {(Appendix G).

Before continuing, it would be advisable to look at the form of
the scattering matrix. Lane and Thomas (1958) show that when the
scattering matrix represents the totality of events in the universe, it
must be unitary and symmetric. The unitarity insures conservation
of particles with a total probability of one, and the symmetry insures
the time reversibility of Schrbdinger's cquation. In thc casc of d-He
elastic scattering, where the reaction channels are not treated explicity

in our formulation, it is necessary to account for a loss in particles

by making the phase shifts imaginary.
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In the case where there is not a coupling between channels of
different £ values, the scattering is diagonal in the phase shift, 5[
but when there is a coupling between two £ values, the diagonal matrix
must be rotated by a 2 x 2 unitary matrix {Blatt and Biedenharn 1952).
This results in a coupling parameter or rotation angle, e¢. in two space.
A 2 x 2 scattering matrix without a loss of particles and without tensor
coupling can be expressgd by

eai él

U = TR (10)

0 , e

where 61 and 62 are real When coupling between channels 1 and 2

is considered, U must then be operated on with the rotation matrix

/ cose , 8ine

T = (1]-)
-5in & s, cose
where € is real. Then,
vid rib 718 216.
cos’e o + sinze e , £ sin(ze){e 1 e Z)
-1
U'=T U
T rid zid tig 218
1. 1 . 2 2 2
5 sin(z¢)(e -e ), sin"¢ e + cos e e

(12)

It is readily seen that within the constraints on the scattering

matrix, three additional parameters can be used by considering those
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alrcady uscd as being complex instcad of recals Furthermore, if there
were no coupling, it is obvious that complex phase shifts give an
amplitude reduction or a loss in particles.

The object of the program (Figure 12) is to calculate, using a
starting set of phase shifts and coupling parameters, a scattering
cross-section for each angle and comparing it with the experimental
cross-section. On this comparison, a neéessary change in the initial
parameters is derived, and if this change is significant, the initial
parameters are changed, and a new set of cross-sections is calculated.
This continues, until the changes become insignificant.

Our motivation in calculating the change in the starting parameters

is a modification of Newton's method:

I
o ) =( +) (2 38) A5, + 13
( ex) ( calc) £ ( Gcalc/ i) A i (13)
n n n
i=l1
where I is the number of parameters
N is the number of angles in an angular distribution
: . th . . . .
(Gex) is the n~ experimental differential cross=-section
" th
(Gcalc) is the n~ calculated differential cross~-section
i th
5, is the i parameter

1

. .th
Aéi is the change in the i parameter
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One has, in general, N pieces of data for N angles at a given
energy, and therefore can form matrices with N rows. Letting

calc) , one obtains column matrices with N rows for
n

Zn - (Uex) - (G
n
z and I rows for A6., The matrix A for (30 alc/aéi) has I columns
[
and N rows. In order to calculate Ao, one would normally proceed

by multiplying A and z by the transpose of A, then multiplying both

sides by the inverse of ATA. This results in

AS = (ATA)—l (ATz) {14)

This was tried, but did not converge. The argument is that necessary
precision is lust on laking the inverse, even though a double precision
matrix inversion routine was used. It was decided that the mathematical
grounds for the method used to obtain convergence were incidental,
provided a method of convergence could be found. In this spirit, a

gross simplification was made by considering all of Z to be due to the

5. under consideration, which resulted in
i

N

-1
AS, =N z z [A (15)
1 n ni

n=1
after averaging the A 8i due to each n over the number of pieces of
data, N. The procedure resulting from equation 15 did not work any
better than that of equation 14. It was decided that the problem might
have been over-simplified. In order to better approximate the method

of equation 14 and yet avoid a matrix inversion, it was decided to
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ignore the off-diagonal elements of A.TA and use the equation

N N
A 6:'L =) by ! z Mg (16)
n=l n=1

which proved successful.

In the program, once a satisfactory set of values is obtained for
the parameters, the iteration stops and the tensor polarization param-
eters, which are the invariant parameters of double scattering (Appendix
E), and the total reaction cross-section are calculated. The formula

used for the total reaction cross-section was

a_ = (w/kz)§ {(21+1)—[(21+3)/3]\Uf:21 |2— [(22+1)/3] | Uﬁ’£|2
2
- [(2£-1)/31] Uﬁ ‘21 |%- [(22+3)/37] Uﬁji_l_z [‘?f/- [(zyz-1)/31!1fj_zl }

(17)

in keeping with Blatt and Weisskopf (1952a), p. 431.

2. Procedure in the Analysis

The phaée shift analysis, in its original form, was coded for the
Burroughs 220 in machine language. The differences between ﬁhe 220
program and that finally coded in Fortran for the IBM 7090 (Appendix G)
was that the former did not include tensor coupling and imaginary phase

shifts for particle loss in the reaction channels. In addition, the
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decision-making logic used for the 220 program was much simpler in
that the author was present to make logical decisions throughout the
iterative procedure.

The Burroughs 220 program was initially checked by using the
phase shifts Galonsky and McEllistrem (1955a) report at the 1.07 MeV
level in the program and confirming the cross-sections they report.
Unfortunately, these data were all at back-scattering angles and did
not point up a program error in the Rutherford part of the scattering
cross-section. This error was revealed on comparing the 220 program
with the 7090 program, using the same input data. In addition, the
accuracy of the corrected 220 program was checked by hand calculations
for simple input data and further compared with the 7090 program. This
did not give a check on ¢ or on the imaginary parts qf the phase shifts.,
However, all errors that would show up in internal inconsistencies
(e.g., the existence of a total reaction cross-section with all real
variable parameters) were found. Also, visual checking and rechecking
of the program was done.

In the region from 3 to 4.5 MeV, the object of the program was
to verify the results of Galonsky and McEllistrem (1955a). This was
done, mainly, by trying to eliminate the need for the l+ resonance,
in that it was not salient in the He4(d, d)He4 excitation curves. This
procedure did not work. As a result of the phase shift analysis in the

’ -2 1
3 to 5 MeV region, anomalous behavior of § and § . was necessary.

2 2
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As further corroboration of the work of Galonsky and McEllistrem
(1955a), it was not possible to continue the p-wave according to hard
sphere scattering, but instead there was a trend for all the p~-waves to
stay above -20° (Figure 15). The real piart of ¢ was included in the
analysis and the value for it ranged from 14° at 2.935 MeV to 0.8°

at 4,955 MeV XFigure 13) for the best fits. This behavior seems
unrealistic, especially in view of the prediction that e is insignificant
in this energy region (Gammel et al. 1960). An explanation of this

" behavior might be obtained from considering the small number of data
points used in this region with somewhat large error bars.

The analysis from 5 to 7 MeV proved to be particularly challeng-
ing., The reasons for this are many. First, therec is a thrcec particle
reaction that manifests itself through one or more of eight possible
channels, if we limit ourselves to 4 = 2 waves as a ma?;imum. Further -
more, the real part of ¢ was predicted to be of significance in this
energy range (Gammel et al. 1960). Maoreover, there is the change of
characteristic in the angular distributions that suggests a resonance,
which can come about through one or more of seven possibilities, if the
arbitrary restriction £ = 2 maximum is imposed. If f-waves are also
considered, six additionai parameters occur. In view of the large
number of possibilities , it was necessary to exercise judgment and

concentrate on the possibilities that were more likely.
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In spite of the complications in this energy region, il was pussible
to continue the real parts of the s~wave and the d-waves with reasonable
confidence {Figures 13 and 14). The 601 parameter is in good agree~
ment with that predictéd by Gammel et al. {1960} and the 623 parameter
is not unreasonable. The resonating behavior of 8,&2 and 821 will be
discussed further below.

An attempt was made in this energy region to eliminate the 7.4
MeV level with no real su)ccess. Consequently, a decision had to be

made about the pe~waves. The departure from hard sphere behavior

0 1
continued in this region with § and § . being especially conspicuous.,

1 1

There is reason (see '"Outline of the Analysis'') to expect a resonance

through §. , but the attempt was made to give § resonant behavior,

1 1

This will be discussed further below.

On investigating the consequences of an imaginary part for e,
it was shown that this should be small or zero, depending on the imagin-
ary parts of 601 and 621, in order to prevent a creation of particles
(Tombrello 1963). The real parts of ¢ proved to be slightly negative
(-2° ) after averaging over the best fits in this energy region. In view
of the fact that the scatter about the average was in excess of 2° ,
it would not be unreasonable to use zero as the value of ¢ in this energy
region.

The three particle reaction tended to perturb the imaginary

2
parts of 623 and 52 » and upon calculating the excitation curve for
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the total reaction cross-section, using the average values of the
parameters obtained in the phase shift analysis, a rather convincing
curve resulted {(Figure 17). This curve, on extrapolation of the lower
end, is in rather good agreement with the threshold of the reaction
(Henkel et al. 1955), and on extrapolation at the high-energy end, is
in good agreement with the reported total cross-section of 0.3 + 0.1
barn (Allred et al. 1951). In that the total reaction cross=-section was
not used as a constraint in the analysis, this convincing result would
indicate that the reaction cross-section is fairly well determined by
§

the scattering data.

The tensor polarization parameters resulting from the analysis

are in reasonable agreement with those of Haeberli (1963} and Seiler

et al. (1962) and are tabulated in Tables X through XXIII.

+
a. The 2 Level

The values for 622 are in good agreement with those of Galonsky
and McEllistrem (1955a) up to 4.5 MeV (Eigure 14). The continuation
of this parameter through the transition region (5 to 7 MeV) presented
some difficulty, in that there was a tendency for it to level off at any
one of several values starting at 120°. The continuation chosen was
the one consistent with a small value of ¢ in both the reall and imaginary

parts. Once the values of the 622 phase shift were obtained, a reli-

ability check was made on them by introducing reasonable variations
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: 2
in the p-waves. The values for 62 remained fairly insensitive.

From the values of § 2, a single level approximation was made,

2 .
using a value of 4.8 fermis for the interaction radius, which gave the
best agreement in the resonant region (B = 90°) of several radii tried,
including that of 3.5 fermis used by Galonsky and McEllistrem (1955a).
The reason the interaction radius of 3.5 fermis is acceptable for
Galonsky and McEllistrem's (1955a) analysis,but unacceptable for the
analysis of the present experiment, stems from the variation between
the 622 of the for mer experiment and that of the latter (Figure 14) in
the region of reson;nce. Once the resonant phase shifts, 8, are cal-
culated from the level assignments of each of the aforementioned
experiments, the resonant phé.se shifts of both of the experiments are
exceptionally compatible. On the other hand, the values for the
resonant phase shifts ofkthe present experiment , obtained from the
single level approximation, differ quite markedly (15°-20°) from the
values nhtained frqm the phase shift analysis in the neighborhood of
Ed = 9 MeV. This deviation would imply that it is impossible to make
a single level approximation to the scattering data throughout the

resonating region, holding the interaction radius constant. The assign-

ments resulting from the single approximation are tabulated in Table VII,
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+
b. The 1 Level

The continuation of the 621 phase shift through the transition
region was easier and the values for this parameter less sensitive than
those of the remaining parameters. A single level pararﬁeterization
of this level was also made with an interaction radius of 4.8 fermis,

the results of which are tabulated in Table VIII.

Ccoe The 7.4 MeV Level

The behavior of § 11 chosen as the parameter of the resonance

y

i

is extremely poor. The "mean' curve was drawn through points with
a great deal of scatter{Figure 15). The fit of the angular distributions
calculated from these '"mean' values for the parameters to the experi-
mental points leaves something to be desired at all energies, with the
possible exception of 7.968 MeV. These deviations from good fits
might be attributed to the p~-wave inconsistencies. In spite of the lack
of confidence in the 1 assignment for the 7.4 MeV level, a single
level parameterization was made, using an interaction radius of 3.5
fermis, which gives the correct excitation energy. The resulte of

the parameterization are tabulated in Table IX.

B. Discussion

The phase shift analysis corroborated Galunsky and McEllistrem

(1955a) in the 3 to 4.5 MeV range. Furthermore, there was a measure
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of success in the fitting through thé transition region (5 to 7 MeV).

The successful aspects were the determining of assignments for the
2+ and l+ levels, a convincing prediction for the shape of the total
cross~-section for the three particle reaction and reasonable values for
tensor polarization paramectcrs. The onc great disappointment is the
uncertainty of the level assignments for the 7.4 MeV level evidence

in the erratic behavior of the p~waves. Suggestions will be made for
further study in this area after dispensing with the question of unique~
ness of the phase shift analysis obtained from an elastic scattering
experiment.

The problem of the uniqueness of a phase shift analysis fit is
embodied in lthe number of parameters needed to describe the elastic
scattering process of spin 1 particles on spin zero particles (Phillips
1960; Puzikov 1957). Equation C.10, although written with five param-
éters, each of which depends on all £ values, can be reduced to four
(Gammel et al. 1960). These four parémeters, in contrast to the
case of one parameter for spin zero on spin zero particles, cannot
‘be uniquely determined from angular distributions. The results of
angular distributions present one constraint., In order to provide for
the three additional constraints, it is necessary to perform double

scattering experiments. The equation of import is (Stapp 1957)
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I'(et, ') = IO(G‘) [1+A(6'9") +B(e',9') cos ¢!
+C(8t, ") cos 20p'] (18)
where

I'{6'g) 1is the differential cross-section after the
second scattering

IO'(__G )] is the differential cross-section for an unpolarized
beam and is measured in the elastic scattering
experiment

A, BandC are parameters depending on the center of mass
energy and the scattering angles

8' and ¢' are the angles of the second scattering using the
plane formed by the first scattering as the x'z'
planc and the direction of the beam after the

scattering as the z' axis

On examining equation 18, it is seen that by judicious choices in a
double scattering experiment of the angles ¢' for a given angle 8',
the values for A, B and C can be determined.

The non-uniqueness of the phase shift analysis is probably not
as bleak as it appears to be at first sight, in that there is a great deal
of physical intuition in picki‘ng a starting set of values anci insuring the
continuity of the fit throughout the energy range considered. The

problem arises if there are two solutions existing in the same area.



45

This was not investigated at length, but would seem improbable for
those parameters that were insensitive and quite possible for those
that were not.

In view of the large number of possible parameters in the fitting
of the data and the lack of uniqueness in any given fit, it would seem
advisable at this point to press for further theoretical study in order
td determine more probable choices from the overwhelming possibil -
ities. This study could center about the likelihood of low-lying odd
parity states and their expected space symmetries and J values. In
the case of triplet states, it would be informative to have a treatment
of the splitting and whether the split has L +S or |L -S| as the lowest
energy state. In the realm of a theoretical treatment, one might
transcend the immediate problem and investigate the possible break=-
down at high energies of the phase shift analysis and/or the single
level approximation.

| In addition to the above, and in keeping with the non~uniqueness
of the elastic scattering fit, it would be advisable to incorporate the
data of a double scattering experiment into the constraints on a phase
shift aﬁaly sis.

In lieu of striking out for new horizons, the more pgdestrian
approach may be taken in a concerted effort to understand the p-wave
behavior in the elastic scattering. The 3P state (see "Outline of the

Analysis!) is most probable, and an attempt should be made to force

ad 10 resonance in conjunction with 611 and 82'1 « The § 12 phase
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shift,in conjunction with the § phase shift, is also suggested in the

1
space symmetric triplet resulting from a lpld configuration, and it
might prove fruitful to force a resonance using both these phase shifts
at the same time.

The possibility remains, in spite of the convincing evidence to
the contrary, that the three particle reaction is not going through the

~ +
correct channels as yet. It might be expected, in that the 2 and the

+
1 levels are resonating in the transition region, that the particle loss

3

2 1
should go through the imaginary parts of 62 and 62 instead of 62

2
and 6, «
As a final alternative, f-waves under more intensive study might

present the solutions for dilemmas that still remain.

C. Summary

In summation, the phase shifts obtained are presented in Figures
13 through 16 after having drawn a '""'mean’ curve through the calculated
points. The fits to the angular distributions are presented in Figures
18 through 31 for the ""mean' data. In addition, the assignments for the
three levels investigated are tabulated in Tables VII through IX. The
tensor polarization parameters are tabulated in Tables X through XXIII,

and the total reaction cross-section is plotted in Figure 17.



47

APPENDIX A

Calculation of Reduction Formulas

In Figure 10, the origin of coordinates is located at the center of
the rear aperture of the collimator. The z-axig is the centerline of
the collimating slits, intersecting the beam line at z = RO. The beam
lies in the xz-plane, making an angle 60 with the z-axis. The edge of
the front slit is the line x = b, z = h, |

‘We direct our attention to a bundle of particles leaving an element
of the beam line dB, at distance B along the beam line from its inter-
section with the z-axis. The number of particles arriving at an area

element dS in the xy-plane is
-2
dY = Nn dB o{6) dS cos ¥ R (A.la)

where ¥ is the angle between the normal to dS and the ray to dB. In

terms of the angle & between the beam line B and the ray between dB

and dS,

dB =R d8/sind {A. 1b)
and dY =Nn c((e) cos X dS d6 /R sin® {A. lc)
where a(0) = {do /dD) lab (AL 2)
Furthermore,

cos ¥ x‘(Ro - B cos 80)/R (A.3)

R2 = (Ro -B coseo)2 + yz + (x - B sin 90)2 (A.4)
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R sinaez(R sin 8 - cose)2+ 2 (A.5)
o in o x o y D

On squaring the terms in (A.4) and solving for B, one obtains

B = {RO cos O+ sin eo) +{ (R; cos 8+ sin eo)2
- (ROZ + yz Fxo - RZ) )% (A.é)
Collecting terms
B==R0 cos 60+xsin BOiR cos B (A.7)

evolves, which gives on making the appropriate substitution of

Equation A.5

2
B =R_cosd +xsin8_ +(cos 6/sin 8){(R sin8_ - xcoss )
o 0 o—" o o o
2,3
Hy“E (ane)
It is obvious from Figure 11 that B < R_O cos 8 + x sin 90, so the
minus sign in Equation A.8is retained. It can also be seen from

Figure 10 that the limits on B are given by

(x - B sin eo)/(t{o - B cos eo) =(x ¥ b)/h (A.9)

Now, let£ =0 -0 , ¢ =cos 0 , S =g38in 0 . Then by a Taylor
(o} O o o} O

series expansion, one obtains
2 2 3
cat- @ =c /8 -E/S “-c E /S (A.10)
o o o o o) _

On making this substitution into (A.8) and expanding
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2 2% 2
{(RS -XC) +y}“::R,S {I-XC/R.S 'P'%(XC/RS)
©© © o 0 o oo o oo
Z 2
1 g Y
+3(y/R S )" -%lxc /R S )}
=R S_-xc_+3y /RS (A.11)
00 o * o o

. . 3 3
one obtains upon neglecting x andy terms

2 2
B =x/S -yzc/ZRSZ+§(R/S -xc /8 )--g’.Rc/S2
o o oo o o o o oo o
(A.12)
up to second order in £. Using
2 -1 2 2 el 2
in © = si S - + = + g - £
(R “sin 8) sme[Ro o xco) vy ] (SO e -8 /ZSO)/
2 2
: - = .. 13
[R S -=c) +y] (4..13)
2 2.-1 -2
r s - + = 5 1+ 2 S
“(Ro o % Co) y (Ro o) [ * Co/Ro o
2 2
+ 3(x cO/ROSO) - (y/ROSO) ] (A.14)

and (A. 12), one obtains, continuing the approximation
2 . -1
(R -Bcos® )/R sinp=(RS) (l+xc /RS
o) o o o ? o oo
2 2 -2 2 2
+ _J_n - 2 R - 2 » 15
t(xc /RS ) +3(c "-2RS) "y -87/2) (A.15)
Given (A; 9), one has the limits on B and can determine the

limits on €. This is accomplished by using (A 12} and temporarily

2
neglecting § terms and solving for £ with thc appropriate limits on B.

One obtains

" 2 2 2, -2
Ex~~(xFb)/hty co/ZRO SO-}-(x:Fb)h co/sO (A.16)

However, it can be seen from (A.12) that if
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2 2
E=-(xFDb)/h+y cO/ZRO S, (A.17)

then the extra term in (A.16) is of the order EZ.

Expanding

2
o(8) = c(reo) + gc-'{eo) + 3¢ o”(eo) (A.18)
and substituting (A.3), (A.4), andJA.5) into (A.1), one gets

-1
NndS [o(%) cos x (R sin 8) dg =

NndS(ROSO)—l [{oe ) +eo(s )+ !z-gag“(eo)} (A. 19)
-2 2

' 2 2 2
x {1 + XCO/ROSO + {x COIROSO) + %(Co —2.)(ROSO) y - £ /2} dE

Using_,(A. 17) for the limits on £, integrating over area A and continuing

the approximation, one obtains

-1 2 -1 2, 2 2. 2. 4, 2 .\
Nn(ROSO) Aa(® ) bh { lte x /SR +c_ x )&W/sO R_ +~g(c) -2
-2, 2

X/(ROSO) (Y )av ’

2

A6n" %) 1zt To(e ) /o(8 )1, /bt e (v), /SR Z (a.20)%

i co(xz)av/SORoh]-F\(c”(eO) /a(eo))(b2 J6n+(x?) zn%)}

-1 2
for the yield, where x = A F x dS, x
av : av

-1
=A | x* ds, and

2 -1 2
Voav © IYdS'

: 2
Noting from Equation A.20 thatif b /6h2 << 1, one can use

1

-1 -
(R 5 )" Ao (e ) zbh A.21
Nn(R S ) o fe) A )

except for small values of SO, an attempt is made to design the slit

*Kquation A.20 differs from Breit {1939) in that the xz/ 2h¢ term
should have a minus sign instead of the plus Breit et al. (1939) give .
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A

; t {A.21) is vali

a wa In considerine the additional
Lo vV L

s n consider ing the additional
terms in (A. 20), it is seen that terms without sO in the denominator

can be neglected at small angles and, in addition, X o terms are zero

if the slit is symmetric. Furthermore, it can be assumed that Ruther -

ford scattering is the primary contributor to the scattering at small

angles and has the cross section
(8 )=C/e 4 (Aa.22)
o 0 '

where C is a constant. Then for a rectangular slit with half width b,

one obtains

b
_1 )
Xav—bo‘[ x dx =5 (A.23)
b 2
2 1 2 b
Xav = ;EO x dx = '5 (A¢24)
2
-2 Ji
R o2
y ay 12 (A 5)

where £ is the length of the rear slit. Substituting Equations A.22

through A.25 in A.20, equating (A.20) to {A.21), and neglecting

b2/6h2, one obtains

(¢/20)° = 2(51%) " (0% + 4R b+ 20R %) (A.26)

Also, this equation has been derived with a high degree of accuracy by
Silverstein (1959). The high order corrections resulting from Silver-
stein's derivation are insignificant in comparison to the accuracy of
this experiment.
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APPENDIX B

Sample Calculation for Data Reduction

Run #23 on February 13, 1962 will be used in the sample calcula-

tion. The nominal energy of this run is 5 Mev. and the spectrum is

plotted in Figure 1l. We use Equations 3 through 9 and first calculate

G = ZblA/Roh = .08145x 1040875x2.54/4.79x2.3325 = 7.57 x10-4cm.

Vtx60/Rul. 602510 7= . 04901 x 5.023 x 60/.9985 x 10°x

-1 13
1. 402 % 10 9 =9.234 % 10 particles

N

8

6.5839 x 101 xP/T

n
P/T =.07911
The value of YS is obtained by subtracting N' from M' + N' and cor-

recting with the ratio of clock time over live time
YS =M’ x 337/333 = (13756 - 360) x 337/333

and the value of Yl_ is obtained by subtracting N from M + N and cor-

recting with the ratio of clock time over live time
Y =M=x 337/333 =(16028 - 1200) x 337/333
T

The value for 8  is found for 8, . = 35° and M, /M_ = 0.5 in Marion
cm lab 1" 2

and G%nzbarg (1949} and is equal to 51.67°. The value of dulab/d“cm

for this angle is . 5122 and sin elab = 0.57358. Combining these

quantities according to Equation 3, we get (do‘/dQ)Cm =.1093 barns/ ster.
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at 51.67° c.m. For the rccoil particle, we are able to find ecm by

subtracting 2 x © from 180°, which gives ecm = 110°. Using tan 8

lab
=.70021, we get (dG/dQ?zr; 0.0719 barns/ster. for 110° c.m.

lab

The value for the corrected energy of 4.955 MeV is found in
Table 1II for 5 Mev deuterons on 000 A nickel foil and 23.6 cm oil.
The relative error on the differential cross-section in the case

of the scattered particle is obtained by noting that the vector sum of

\/(M' + 2N' + [N ')2/16)= 1.11% and

[sin(e, ,+/2x . 1)(dQlab/dQcm)elab+ s2x .1 7o elab(dQ1ab/dQcm)elab]/

sin 6. _(dd

lab /d2 )

lab cm

=.306x /2%

give an rms error of + 1.0% for O'r when rounded off. In the case of the

recoil particle, we get M + 2N + Nz/lé = 2,21% and

[ta‘n(elab +/2x .1 - tan Glab]/tan 3] = /2 x .408%

lab

when added vectorially and rounded off, give an rms error of i 2.0%
for o The error in dead time correction and the error in the yield
due to an uncertainty in the laboratory angle is not significant at this
data point.

On this datc, the cnergy was known to be better than 3/1000,

which gives an rms error of + .015 MeV.
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APPENDIX C

Differential Cross-Section as a Function of the Elements

of the Collision Matrix

The derivation of the general equation can be found in many
dissertations [Sachs 1953). The analysis is made possible by the short-
range nature of the nuclear force. This enables one to solve the
.Schrd'dinger equation without a detailed knowledge of the form of the
nuclear potential, in that the solutions are outside the range of the
potential. Because of this, it is only necessary to include the long~
range Coulomb potential explicitly. The asymptotic solution of the
wave function is indeterminate within phase factors in its exponential
representation. These phase factors are called phase shifts and their
values are caused by the nuclear force that shifts their values from what
they would be in the absence of a nuclear potential (Evans 1955).

In the collision matrix representation of the differential cross-
section, it is possible to set up the wave function for the scattering
process by considering the asymptotic solutions to the Schrbdinger wave
equation, both the incoming part due to the incident beam and an outgoing
part, proportional to the elements of the collision matrix, due to scat-
tering. Since the ultimate goal is to represent the elements of the col-
lision matrix with a finite number of phase shifts in an open form, itis

necessary to extract the Rutherford part, which is dependent on all £



values. It is then possible, after proper normalization, to identify
the differential cross-section with the square of the absolute value of

the outgoing amplitude. The resultis

(do/aa)__,={n/k_ 2)| y &4 I(Z£+l)%exp(%i(o4£+ @, WU-1) __ ,Yffl(cr‘)

L, Rg‘ ,
+i-—= 8 O,I (C.1)
A
which is the same as Equation 10.11 of Sachs (1953) with cvﬂr- 2(1]2 —T]O)
~-2iM
and R = TT% e © p_ .
c o
< 1,1 ‘
@, = 2.2 tan (:l) the Coulomb phase shift with @ = 0
s=1 |

N = zz' ez/hv |

z is the atomic number of the incident particle
is the atomic number of the target particle
e is the charge of the electron

h is Planck's constant divided by 2m

k is the wave number in the center of mass

£ 1is the orbital quantum number

U is the ‘collision matrix

I is the unit matrix

!
v (¢) is the spherical harmonic of the outgoing wave given

. by Galonsky and McEllistrem(1955a)
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1
m' _ 3 (m'+|m*') 22" +1 (i'-fm’“i 2
Yo (0 =(-1) =l [ i )! ]

(& Joa
Im'| im'g at™ )Pﬁ_(cos )
x sin e T T {c.2)
d (cos 8)
where
£, 2 £
N1 d{x -1)
Pﬂ(n) ﬂzﬂu e (c.3)

o is the identity of the particle, including spin orientation -
5 denotes £ and m as well as &

primes refer to outgoing particles

unprimes refer to incoming particles

The Rutherford amplitude of the incident wave

R =-11 csc2(6/2) exp (i1 In csc2(6/2))

In Equation C.1, the U's are in an (S, 4, mg, mi) representation. In
order to finally evaluate the elements of U, it is necessary to make
the transformation to an (S, 4, J,mJ) representation (Blatt and Bieden-

harn 1952). This is accomplished by considering

By Mg

m
+S - :
J o Ased y 4,8) Y, X (c.4)

Y5 /, (J’mJ’ﬂ’s/mz"“fs

m tm =m

£ S J

‘which is the coupling of the eigenfunctions of the spin operator and
the orbital angular momentum operators to form a wave function that

is an eigenfunction of the total angular momentum which is a conserved
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quantity in the elastic scattering interaction. Equation C.4 is sug-

gested by Sachs (1953) in his Appendix 3 and differs from that of

+8S -
Blatt and Biedenharn in the phase factor iﬂ 5-7 where

(J,m_, 2 ,S/mﬂ ) ri’ls,ﬂ ,S) is the representation for Clebsch-Gordan co-

J

efficients defined by Condon and Shortley (1935). This modification
is necessary for the preservation of invariance under time reversal.*

Upon the conversion of (S',£', m
mJ_,‘T' m
(¥, 1ul ¥

',m£'|U|S,1,m ,rnz) to

S S

J £~

Y% a factor of i arises where £-4' =0, + 2 in the

4 0!
case of d-He -elastic scattering. This, when multiplied by :'L'e .

0,+4
originally in Equation C.1, gives i '— , which in all cases equals 1.

*Invariance under time reversal was neglected by Galonsky and
McEllistrem (1952a), which means the off-diagonal elements of their
collision matrix have the wrong signs. This oversight was of no con~
sequence in their case, in that they assumed they could neglect the
off~diagonal elements and would also be inconsequential in this dis-
sertation, since the sign could be absorbed in the phase of the coupling
parameter (Appendix A).

The invariance under time reversal concept is then academic,
but yet interesting. This is discussed in Baldin et al. (1961). §, 21,
the upshot of which is in using the time reversal operation in quantum
mechanics, we should get effects similar to that in classical mechanics.
For instance, if we have a dynamic equation that has proceeded accord-
ing to Newton's postulates, we should be able to retrace our steps by
replacing quantities such as position x by x and velocity v by -v. In
the case of magnetic field, it can be resolved, with a little thought,
that the field would have to be inverted in the time reversed equation
for a charged particle to retrace its steps.

It can be shown (Wigner 1932) that time reversal in quar}‘t}‘nphh .
mechanics is equivalent to an pogeration on the operator O of KV OVK,
where V is a unitary matrix, V  its hermetian adjoint, and K is the
complex conjugate operation. Itis also ghown in Baldin et al. (1961)
that an operation on the eigenfunction of VK 'i’o is equivalent to operating
on O. Furthermore, it can be shown that for rotational operators such
as the angular momentum operator L, , analogous to the situation in
classical mechanics, the operation K%TL ZVK = —LZ .
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Upon specializing the equation to d=IHe elastic scattering and defining

the parameters A through E in terms of (dc/dn)ms, ms,, one obtains
kz(do/dﬂ)_l_l’_H = kz(do/dﬁ)_l,_l = 1A|Z {c.5)
kz(drr/do.)o,o = |B|2 (C.6)
(k% sine)as/an), | = (kz/sinze)(dq/dﬂ)_l, = 1clére (C.7)
(kzlsinze)(dc/dQ)0'+l = (kZ/sinze)(dcr/dQ)O, S |D]2/2 (C.8)
(kz/ sin48)(dc/d€‘%)+l, S (kz/sin4e)(dc/d£2)_l’ e lE\Z/z (C.9)

In order to obtain the differential cross-section for an unpolarized
beam, we must sum the above equations over the outgoing channels and

average over the incoming ones, which gives
3k%(do /da) = 2.11A|2 + |5|2 + sin%9 { iCEZ + ]D\Z} + sin’o { lE]Z}
(c.10)

where

*%ia liv +
A = Raj(e® L4 ){ e 1 P, [(z+z)ui i+(z;z+1) y !

»Q,.Q

2+1

Fog 42 P
2,0+2

Hzt(ﬂ_ +1){2 +2)]'% U

S
+(£—1)Uﬂiﬂ ~2(20+1)]+e

Licig .
oF £-2 .

+ L [1§1-1)3%U1,i:; } | (c.11)
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1.
210!‘2 'E‘la'ﬂ £+1 ﬂ—l
_ : ' - (20+1
B —R+§ (e /2.1){e Pz[(“”uz,;z +4 Uz,z (22+1)]
i- 1-
1 - 21@ B
L+2 * 2+1 2 -2
- e P, +2[(£+1)(£+2)] Uy g4z ~© P, 5
+ [i(ﬂ-l)j%U -1 } (C.12)
£,8-2
2o, Bloy g+1 2
-3 (e iy {te * e eler )] Leler2) U, {2041 U,
1.
2 2-1- %42 : ; 3 2+l
- (£”-1) Uy 1T+ e P [(1+1)/(1+2)j Uﬂ,JHZ
Fio 1
€=-2 1 _ El L-2 C.1lz2
te Py DU, 0T | {c.12)
Le, 1. 1.
2% 2% £+1 -1, %42
= 7. /2 P! - + P!
D E,(e /Zl){e . [Uﬁ’ﬂ U, T+e (42
1 sio 1
A L £-2 | N 2-1
= [(e+1)/{e+2)] JHZ e P, , [2 Me-1)] Uﬂ’i_z (C.14)
1- 1= .
sl s
E =2 (e 'Q/Z\/Zi){[e e "/e(e+1)] [e(U £+1-(2£+1)U .
’ X ) YT, 1,40
2-1 3oy, 1 1+1
= g 2 1"
+ (2+41) U, 1+ (e JL(e+1){2+2)] )Plerz U, 42
1.
k=g le4 . .
-2, 2, £-1
r - 2 1" .
+ (e [Tee-nF P, U, T } (C.15)
where Uﬂji| is the element of the scattering matrix, conserving J

and going from an incident channel £ to a final channel £'.
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APPENDIX D

Single Lievel Formulas

In this appendix, the formulas used in the single 1eve1 approxima-
tion to each of the resonances will be presented. The formulés, when
used for those £ -values through which there are reactions in addition
to elastic scattering, are rather poor approximations to the data of
this dissertation, in that the reaction channels are neglected in the
formulas. The single level analysis, which is valid for resonances
removed from others of the same Jm, results from the following

(Galonsky and McEllistrem 1955a).

) . 2 . i
U, , = expl2ife, +67)3,(7 = 1) (D. 1)
041
2ip, T r (2ip™=")
u, o TRk L Rl oy ):{7=0x1)  (P.2)
2.1 T T -
A A
1
. 2
N B o AT WRWET)
g1z T e T
+1 +1
x 2i sin 87! explip? ), (0 = 0+1) [D. 3)

tan BJ = (I‘)\/Z)/(ER—E),(T)\ =T for I =14

Al

= + for J=4+1 D.4
W R W 1) (©-4)
. J2=(ky 2)/A 2 (D.5)

Ayl A2 .
=E +A D.6
Ep = B T4 (D 6)

Yy, 2

A)Lz— ; [g£+£] for J =1 (D.7)
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2
Y, 2 Y
_ AL ALl -
= - Sl + - Ngrr & + 4+2 f =4+
A,)\ = [gﬂ 2] = [gﬂiz £+2 Jfor J =4+1
(D.9)
d(ln A N
& © A(in (ka)) (D.9)
tan @, = - ‘Fﬂ/cl)a (D.10)
2
Y 2 is the reduced width of the ) level leading to
the decay of the Li6 state into a deuteron and
alpha particle
£ is the relative orbital angular momentum
17\ o4 is proportional to the probability for decay
——lz— is an inhibiting Coulomb and centrifugal
A
£ . 1
barrier factor = ———————
F A + G 2
£ 2
Fﬂ is the regular Coulomb function
C‘rﬂ is the irregular Coulomb function
k is the wave number
) is the hard-sphere scattering phase shift
BJ is the resonance scattering phase shift
Uﬂ £J| is an element of the scattering matrix
, :
a is the interaction radius in the scattering

From Equations D.4, D.5, D.6, and D.7, one obtains
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2
LY -
, 1=E (D.11)

‘ g +2 +
" & . A, tanBJ

The above equation was used to fit the phase shifts obtained from the

J J
phase shift analysis with the assumption that § = cpz + Bp_ o The

£
parameters g, and cpi were computed, using Kquations D.9 and D. 10,
from a knowledge of the regular and irregular Coulomb functions.

The limitations of Equation D.11 are worth repeating. In using
(D.11), we are in effect ignoring the possibility of tensor force coupling

or reactions through channels other than elastic scattering, both of

which are only approximately true in this dissertation.
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APPENDIX E

Tensor Polarization Parameters

The tensor invariants of the double scattering process, which
are tabulated in Tables X through XXIII,will be discussed and presented
in this appendix. The outgoing wave in elastic scattering of a polérized
beam is in a mixed state and can be represented as a linear combination

of the pure states }QS (Pondrom 1959),
m
s

< s
—_ 1
¥(m ) =) (m M|m_ "D x_ (E.1)
: s
m
S
where
Y(ms) is the outgoing wave
ern , is the eigenfunction of the Schrbdinger wave
s
equation with the operator SZ
m_ is the eigenvalue of the spin projection of
the polarized beam in the initial state
m is the projection on the z axis of the spin s

S

(ms ‘M]ms‘} is the transition amplitude from state m
s

to state m !

4
In that the dimension of the spin space is three for d-He elastic scat-
tering, it is possible to characterize the density matrix in terms of a
linear combination of nine (37) irreducible Hermetian operators TJM

(Lakin 1955}, which must be chosen to satisfy the commutators

(Racah 1942)
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1
i , = + M+ 1)17° i,
[(JX:1 Jy) TJM] L@+ MYT +M + 1) TJ,M_-_I'_l (£.2)
and
[JZ,TJM] =M T, (E.3)
where
+ M
= (- .4
T M (-1) TJ,_M (E.4)

These operators transform like spherical harmonics with their normal-
ization and orthogonality being chosen as

| ¥
C Tim Trome

T (E.5)

30 M, M

As a result, one obtains a tensor of rank zero (the identity matrix),

. three tensors of rank one, and five tensors of rank two:

= . X :

T, = gfs(sxﬂsy) (E.6)
T, o=-(2)s (£.7)
10 2 2 '
T,,= /33 +is )2 (E.8)

22 = pre y
- _ 1 . ' :
T, = L /3 [(sX +i sy) §_+8_ (sX +i sy)] (£.9)
and
1 )
T,o = F* (35 "~ -2 (E.10)

These are expressions for five of the matrices in terms of spin oper -
ator S, with the ones for negative M being determined from (E.4).
The Equations E.6 through E. 10 can be verified with [(E.2), (E.3), and

(E.5), realizing that the T's commute with the orbital part of the J's,
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The representations of the spin operators can be obtained by defining

1 0 0

S = 0 0 0
z

0 0 -1

0 1 0

s = = 1 0 1
x /2

0 1 0

and finally, with the use of the commutator, [SZ, SX] =iS

Y
0 -i 0
1
S = =~ i 0 -i
y /2
0 +i 0

By considering Equation E. 1, the expectation value for the T's

of a beam that is initially in the th substate can be written as
+
(| T|w) =‘§” BIM Wy BTz LMy |y
Y
_.1-
-z BIM ) wMly) BTy

in the Dirac bra and ket notation. For a beam thatis initially unpolar-

ized, itis now necessary to average over the values of
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(et 610} @+ iy Gl

1 1

1 Yoo,
=5 {zear B whin} 6Ty

which gives
(TY = T;l— % pB TB (E.11)
P gy PYBY
where
- 1 oMo M (£.12)

the By element of the density matrix and s, = 1, the initial spin state.

The value for M is

foe

M= f b -f

e g a
where

a=A
b=18
g =sin 8 C/ /2
f =sin®D/ /2
eﬁsinZ-BE/fZ

with A through E being defined in Appendix C, which results in

o =2 [lal® 43512+ 1gl2 + 112+ [e]2] (E.13)
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$(T,)) = (/2 [Trp) [imlbf) + Im(ge’) + Tm(ag )] (E.
(T,,> =(/4 / Trp) [2 Re (ac’) - 1£]%1 (E.
<T21> = f% [ Trp) [Re '(bf*) + Re(e*g) - Re(ag*)] (E.

(1,00 = (% see) Tlal® + 1)% + Jel® - 2 g]® [b1%) (=

<T10> =0 (E.

14)
15)
16)
17)

18)
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APPENDIX F

Sample Calculation for the Data Analysis

In this appendix, a set of starting values for the phase shift
analysis will be presented, using a program identical with that of
Appendix G with one exception. The program in Appendix G forces the
imaginary parts of the coupling parameter negative, whereas the pro-
gram that is used for this sample forced this parameter positive.

The angular distribution of interest is that of 7.968 MeV.

Some degree of analysis has already taken place, and it is now of

interest to find the effect of starting the program with the real parts

of the phase shifts equal to that of the best fit previously obtained,
2

3
but with the departure from the previous fit by using Im 62 < Im 62 .

In accord with the above, the values for the real parts are:

1 [+]
5 = 60,41
Z o
8, = -15.5
1
= 25, 8°
5, .5 8
0 o
5 = -15.5
3 o
5, = 171.25
2 o
8, = 136.19
g ! =111.09°
Z b .
e = -]1,28"°
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and the values for the imaginary parts are:

801 =0.0°
612 - =0.0°
6]1 =3.0°
610 =0.0°
623 = 16.0°
622 =22.0°
621 =5,0°
€ =0,0°

Case 2 of the program is chosen which docs not affect the real parte,

but does perturb the imaginary parts, resulting in:

501 - 0.0°

612 =0.81°
6, =5.95°
510 = 1.06°
523‘ = 29.95°
622 =10.90°
521 =0.0°

e =6.26°
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"Results for tensor polarization parameters and the total reaction cross-
sections are also obtained, but will not be presented here.

Upon plotting the phase shift parameters at this and other
energies, then fairing the data, one obtains the results tabulated in
captions of the Figures 13 through 17. One also obtains the tensor
polarization parameters tabulated in Table XXI.

It is now possible to calculate the level parameters of an energy
level, e.g. the Z+ level. It is decided to use 4.8 fermis for the inter -
action radius and it is now necessary to calculate ¢,, AZZ, g,s and k
(Appendix D) using a Burroughs 220 program coded for this computation.

2
It is then possible, using the values for the 62 phase shifts, to cal-

2
culate Bzz = 62 - Py The valuc for the excitation cncrgy is that at which
) :
BZ = 90°. This energy is 4.57 MeV. Next, Equation D.11 is used for
Ed = 3.0 to 6.0 MeV, and a series of seven simultaneous equations

are formed by pairing each of these obtained with the one obtained at

the resonating energy. This results in a total of seven values for

2
Yy, 4

a

;» ranging from 0,738 MeV to 1.083 MeV. The average of 0.981

MeV is used. On calculating the Wigner limit from

hZ

wa

3
2

one obtains

g T = L2t = 0,481
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APPENDIX G

Fortran Program for Data Analysis

This program is described in the section entitled '"'Outline of
the Analysis' and is presented in an abridged version in Figure 12.
In this treatment, a copy of the coding is presented along with a
 description of the input and the output format.
A definition of the input quantities is as follows:
NMAX is the total number of differential cross-sections
in the angular distribution
IMAX is the number of starting parameters used, where
the real and the imaginary parts of a phase shift
are two parameters
KW is the control word, indicating the case. desired; this
can be 1 through 9 with the function of each case
being described in the program comments
WGT is a weighting factor, that is set equal to one
T is the laboratory energy of the incident deuteron in MeV
SIGEX(N) is the experimental cross~section of the Nth
piece of d»ata
ANGLE(N) is the center of mass angle of the NICh piece of data
LMAX or MAXL is the maximum value of £ included in the

iteration; this is coupled with the case chosen to

some extent
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. th .
DELTA(I) is the I~ parameter in the program and is equal to:

1
ReSO I=1
Ref)lz F=2
1
R =
e61 I=3
0
Ref)1 I=4
3
Reé‘)2 I1=5
2
Re52 I=6
R 61 I=7
ed, =
R =
eel I1=28
3
Reéi3 I=9
2
=10
Reé3 I
Reez I-11

and to the imaginary parts of the above parameters for

I+ 25,

An abbreviated form of the final output results with each complete
iteration. The final output has the total reaction cross-section resulting
from s-wave alone, from s + p-waves, from s + p + d=waves, and from
s+p+d+f-waves, if LMAX = 3. The tensor polarization parameters

are printed out for each angle, as are the experimental and calculated
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2
cross-sections. In addition, a% for the fit is given and the final
DELTA(I) is presented in a column array.

The coding for the program follows:
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CHE(D)IHE CONTROL PROGRAM
“IDIMENSTION D{25),SX{50)+SA(50),5L(50,25),DELTA(25)4SIGEX(25),

I

9

260
201

13

131

wiG
91

81
121
111
wWIG

92

82

1ODELTA(25),SIGCA(SO) , ANGLE(SG) ySLOPE(S50,425),2(53)+R{5J),
20(10,50),P1{15,50),P2(10,50),TEMP(50),DELTAZ(25),
3ELTA(25),Y(10),SIGCAS(50,25),DELTA3(25),0DELT3(25),
4A(50) 48152} ,C150)4FI50),E1(52),A1150),B1(5C0),C1150),D1(50),E1L50),
SAZ(53),82153),L2(50),02(50),E2(50),A3(50),83(50),C3(50),403(50),
BE3(50)4ULI51,U2(5)4U3(5),U4{(5),U5(5),SANG(501}+SANG2(50),5ANG4(50)
TCANG(50) 3 CANGZ2{5) y TRHO(S5C) 3 TL1(50),722(52)+721(50),T221(53)
DIMENSTON ALPHA({17),WAVENQO(2}
JCOMMON Dy IMAX,NMAXSASRyPHPL P2y LMAX, Y s KW,y WAVEND, ANGLE,
1AsBCyFeEyULl,U2,U3,U4,U5,SANG2,5ANG4S
DEQUIVALENCE (DELTAN)Y, (IMAX,MAXT)}, (INMAX,MAXN),(SIGCA,SA),
LISIGEXySX) o {SLDPE,SL) 2 {WET W), (CHISQ,CID)
NREAD INPUT TAPE 5,200 NMAX  IMAXy KWy WGT» T, (SIGEXIN) »ANGLE(N],
1IN =1,NMAX)
I[5 =lmAx/s2
16 =26
I7 =25+41IMAX/2
READ INPUT TAPE 5,201,LMAX,{DELTA(I]
READ INPUT TAPE 5,201,MAXL,{DELTA(I]
FORMAT(314,2F10.5/¢2F10.5))
FORMATII4/(F1D.5))
DO 130 I=1,15%
DELTA(I+25)=DELTA(1+425)/57.295780
DELTA{I) =DELTA(I)/57.295780
DO 131 N =1,NMAX
ANGLE({N) =ANGLE(N)/57.295780
GO TO (9].192'93'9‘0'95'96'97'98'99)'KH
GLE REAL PARTS OF DELTAS L=0-2 AND EPSILON 1 (8 PARAMETERS]
1Pl 1
1p2 IMAX/2
IP3 1
GO 10 1
50 TO (21,31452)+KKH
GO 70 2
GO 10O 4
GLE IMAGINARY PARTS UOF DELTAS L=0-2 AND EPSILON 1 (8 PARAMETERS}
IPpl =26
IP2 =25+1MAX/2
Iep3 =1
G0 TO 1
GO0 TO (21931452)4KKHW

ol
NN

102 GO TO 2
112 GO Tu 4
WIGGLE REAL AND IMAG. PARTS OF DELTAS L=0-2 AND EPSILON 1 (16
PARAMETERS) '
93 [P1=26-1MAX/2

IP2 =25+IMAX/2
Ir3 =1
GO 70 1

83 [l =IMAX/2

0D 883 I =1,11
IP4 =25-IMAX/2+]

883 D{IP4) =0(1)

GO TO (21431952} +KKW

103 00 903 I=1,I11

1P4 =25-TMAX/2+]

303 O(11=D(1P4)
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GO TO 2

11=IMAX/2

DO 913 I=1,11
CIP4 =25-IMAX/2+]
DO 913 N =1,NMAX
SLINyIP4)=SLIN, I}
GO T0 4
WwIGGLE REAL AND IMAG.
54 [Pl = 3

IP2 =28

IP3 =25
‘ GO 10 1

84 GO TO (21431,52)KKW
1¢4 GD 1O 2

114 GO TO &
WIGGLE RFEAL AND 1MAG.

113

913

PARTS OF J=1,L=1,DELTA (2PARAMETERS)

PARTS NF J=3,L=3,DELTA (2 PARAMETERS}

95 IP1
1P2
IP3

IMAX/2
=25+1MAX/2
=25

G0

85 GO

105 GO
115 GO
WIGGLE
DELTAS
96 IP1

T0 1
TO (21431,52) KKk
T0 2

TO 4
REAL AND IMAG.
(& PARAMETERS)
=36

IP2 =41

IP3 1

GO 10 1

DI36) =D{9)
‘D(37) =D(10)
Di38) =pt2)

D(39) =D(34)
D(40) =D(35)
Bl4l) =D127)

GO TO (21431,52)4KKN
D{3) =D(36)

DL10) =nt37)

D(2) =D(38)

D{34) =D{(39)

D{35) =D(4DJ)

DI27) =D(41)

GO-T70 2
DO 126 N
SLIN,36)
SLIN,37)
SL(N,38)
SLIN,39)
SL{N,40)
SLIN,41)
GO TO 4
C WIGGLE REAL AND IMAG. PARTS UF J=3,L=3,J=2,0L=3,J=2,L=1,
C DELTAS AND EPSILON 2 (8 PARAMETERS)

PARTS OF J=3,L=31J=2'L:3pJ=29-L=1,

86

106

116 14 NMAX
LN, 9)
LINy1D)
LN, 2)
LINy 34)
L{N,35)

LING27)

| T T T L |

S
S
N
S
S
S

126

37 1P1
Ie2
IP3
GO

87 DI{3
D(3

=37

=44

1

1
=D{9)
=D(10)

TO
7)
8)
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127

C WIGGLE REAL AND IMAG.

Di33) =D{11)
D140} =0(2)
Di{al) =D(34)
D{42) =D{35)
Di43) =D(36)
Dl44) =D(27)

~73 ¢~

GO TO (21431452)4KKH

D(9) =037}
D(10) =D(38}
D{ll) =D(39)
Dt2) =0(40Q)
0(34) =Dts1)
D(35) =Dl42)
D{36) =D(43)
DI27) =0l44)
GO 10 2

DO 127 N = 1,NMAX
SLIN,37) =SLIN,9)
SLIN,38) =SL(N,10)
SLINy39) =SLINy11)
SLINy40) =5L1{N,2}
SLIN,41) =SLI(N,34)
SLIN,42) =SL{N,35)
SLIN,43) =SLIN,36])
SLINy44) =SLIN,2T)

GO TO 4

PARTS J=3,L=3,d=2,L=3,J=2,L=1,Jd=1,L=1

C DELTAS AND EPSILON 2 (10 PARAMETERS)

98

88

108

118

1Pl =37

IP2 =46

IP3 =1

GO TO 1
D(37) =D{(9)
0(38) =D(10)
Di{39) =DI11)
D(40) =Dl2)
D(41) =D(3)
D(42) =D(34)
DI43) =DI35)
Dl{a4) =D{(36)
0(45) =D(27)
D{46) =D{(28)

GO TO (21931452)¢KKW

0(3) =D(37)

0(10) =D{(38)
D{11) =D{(39)
D(2) =D(40}

D{3) =D{41)

L(34) =Dl42)
D(35) =D(43)
D(36) =D(44)
Dt27} =D{45)
D(28) =D146)

‘G0 TO 2

DO 128 N
SLIN,37)
SL(N, 38)

Wonu

1, NMAX
SL{Ns9)
SL(N,10)
SLINS39) =SLIN,11)
SLIN,40) =SLINy2)
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SLIN,41) =SL{N,3)
SL{Ny42) =SL(Ny34)
SL{N,43) =SL(N,35)
SLINs44) =SL(N,36)
SLINy45) =SLI{Ny2T7)
128 SLI{N,46) =SL(N,28)
50 TO 4 ,
WIGGLE RLCAL AND IMAG. PARTS OF ALL DELTAS THRU L=2 AND ALSO 4=3,L=3,
J=2,L=2,0ELTAS PLUS EPSILON 1 AND EPSILON 2
99 IP1 =26-1IMAX/2
IP2 =25 +IMAX/2
IP3 =1
GO - T0 1
89 [1 =IMAX/2
DO 889 1 =1,11
IP4 =25-IMAX/2+]
883 D(IP4)=DI(1)
GO TO (21431,52)KKW
109 DO 9C9 I=1,I11
[P4 =25-1MAX/2+1
369 R(I)=D(IP4)
GO 70 2
119 I1=IMAX/2
NO 919 I=1,I1
P4 =25~-IMAX/2+1
DN 919 N =1,NMAX
I19 SLIN,IP4)=SL(NsI)
G0 TO & '
1 CHISQI = 20. :
BETA =SQRTF((2#T}/(2.%931a141))n{la=(3¢nT)/(4.%2.%33]1.141))
WAVEND(1)=(2.#4.%BCTA®IE—12%931.141)/(1.9T73E-117{2.+%.))
WAVENOL2) =C.0
ETA =(2.#1.44E-13)/{1.973E-11+BETA)
DO 252 N=1,NMAX
ANG =SINF{ANGLE(N)/2.)
ANG2=ANG®ANG
TEM =ETA#LOGF(1l./ANG2)
N1 =N+50 )
ANGLE(NL) =3.0
Z{N)=COSF{(TEM)
ZIN+5D)=SINF{TEM)
TEM=-0.5#ETA/ANG2
RIN)=TEM#Z(N)
252 RIN+50)=TEM=eZ(N+50)
JMAX =LMAX +1

JP2=JMAX+2
DO 253 J =2,4P2
JP =4 -1

ALPHA(LY =0.0

253 ALPHAUJ)=ALPHA(JP)+2.#ATANF(ETA/FLOATF(JP))
00 254 N =1,NMAX
SANG(N)=SINF(ANGLE(N))
SANGZ2(N)=SANG(N)=SANG{N)
SANG4{N)=SANG2IN)#SANG2(N)
"CANG(N)=COSF(ANGLE(N))
CANGZ{N)=CANG(N)=CANGI(N}
JP2=JMAX+4
P{1yN} =1.0
PL2,N}=CANGIN)
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DO 254 J4=3,4P2

Jl1 =J4-1
J2 =4+1
J3 =J4=2
AJ =J

Adl =J1

2540P 13, NI=12.%A01-1. ) ZA0L»CANGINI #PEUL,NY=1AJ1-1.)/AJL%P(J3,N)

DO 255 N =1l,NMAX
P1{1,N) =0.0
PLL2,N) =1.0

JP2=JMAX+3

DO 255 J =3,J4P2
J1 =d-1

J2 =J+1

AJ =J

AJl =J1

2550P1(JyNI={AJ1#(AJL+1.)/(2.2A01+1.) )% (P(JL N}~PIJ2,N))/(1.-CANG2(N))

256

43
39
24

DO 256 N=1,NMAX
P2 {1,N) =0.0
P2(24N) =0.0
P2(3,N}) =3.C

JP2=JMAX+2

DO 256 J =64,JP2
J1 =J-1

J2 =Jd+1

A) =4

QP2(JeNI=AJI#(AJL+1 )/ (2.2A0141. )2 PLUJLN)-PLLJ2,N}I}/ (1. -CANG2(N)}

1+{2.#CANGIN)=P1{J,N)}/{1.—CANG2(N))
MAXJ =LMAX+3

DD 257 J=1yMAXYJ

TEM=ALPHA{J) /2,

Y{J)=COSF(TEM)

Y{J+10)=SINF(TEM)

KKW=1

KKK=1

RMS1=100.0

CALL XSECT

GO 70(8,8,898,8,8,8,8,8,898,8,8,100),KKK
KKK=KKK+1

CIQ=0.9

D0 26 N=1yNMAX
CIQ=CIQ+{{SXIN)=SAIN))I/{W=aSX(N)})=#{(SXIN)-SA(N)}/ (W=2SX{N)))
GO TO (22,30) ,KKW

GO TO(B1,82983,84985486,87488,89) KW
KKW=1 :

IF(CIQ-CHISQI)22y22,423
IF{ABSF(CIQ-CHISQI)-.05)22,22,25
D(33)==D{33)

DELTA3(33)=-DELTA3(33)

ODELT3(33)= -DDELT3(33)

DO 24 I=IPl,IP2,1P3
DDELTA(I)=.333=DDELT3(I)
DELTA(I)=DELTA3(I)+0DELTA(I])
DDELT3(I)=DDELTA(I)
IF(1-26)24443,43

IF(D(I1))39,24,24

DII)=0.0

CONTINUE

DELTA3({33)=-DELTA3(33)
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DDELT3(33)= -DDELT3(33)
D(33)=-D{33)

KKW=2
GO TO (101,102,103,104,105,106,107,108,100) KW
C SLOPE '

22 DO 259 N=1,NMAX
259 YEMPIN) =SIGCA(N)
15 =1IMAX/2
DO 260 I=1,15
IF(ABSF(DELTA(I))-.01/57.295780)32,33,33
32 ELTA(I)=401/57.295780
GO TO 34
33 ELTA(I)}=1.01=DELTA(I])
34 TF{ABSF{DELTA(I425))=-.G01/57.295780)35,36,36
35 ELTA{I+25)=.01/57.295780
GO TO 37
36 ELTA{I+25)=1.G1#DELTA(1+25)
37 DELTA2(I1+25)=DELTA(I+25)
260 DELTA2{I) =DELTA(I)
DO 262 ILM=1,15
DELTA{ILM+25)=ELTA(]ILM+25)
CALL XSECT
DO 264 NIL=1,NMAX
SIGCASINILsILM+25)=SIGCA(INIL)
2640SLOPE(NIL, ILM+25)=(SIGCASINIL, ILM+25)-TEMPINIL))/(DELTA{ILM+25)-DE
ILTA2(ILM+25))
DELTA(ILM+25)=DELTAZ (1L M+25)
DELTA(ILM) =ELTA(ILM)
CALL XSECT
DO 261 NIL =1,NMAX
SIGCASINIL,ILM) =SIGCAINIL)
2619SLOPEINILsILM) =(SIGCASINIL,ILM) -TEMPINIL)})/(DELTA(ILM) —-DELTA2(]
1LM))
262 DELTA{ILM) =DELTAZ2({ILM)
I6 =26
17 =25+IMAX/2
D0 263 N=1,NMAX
263 SIGCA(N) =TEMP(N)
GO TO (111,112,113,1144115,116,117,118,119) +KW
4 DO 11 I=IP1,IPZQIP3
TeEM=0.0
DO 10 N=1,NMAX
10 TEM=TEM+SLI(N,I1)#SLIN,I)
DDELTA({I1=0.0
DO 11 N=1,NMAX
11 DDELTA(I)=DDELTA{I)+{SXIN}-SA(N})*SLIN,I}/TEM
SuM = 0,0
DD 15 1 = IP1,1P2,IP3
15 SUM = SUM + DDELTA(I) == 2/FLOATF{(({IP2 - IP1)/IP3) + 1)
RMS = SQRTF (SUM}
IF(RMS-RMS1)50,50,51
50 RMS1=RMS
GO TO 54
51 KKWl=KKMW
KKW=3
GO TO (81482:83,84485,86¢87+88489),KHW
52 D{33)}=-D{33) :
DELTA3(33)=-DELTA3(33)
DDELT3(33)= -DDELT3(33)
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DO 53 [=1P1s1P2,IP3
DDELTA(I)=.333eDDELT3(1)
DELTA(I)=DELTA3{I)+DDELTAL{I)
DDELT3({I)=DDELTA(I)
IF([—26)53.49'49
IF(D(I}))44,53,53
D{I1)=90.0

CONTINUE
DELYA3(33)=-DELTA3(33)
NDDELT3(33)= -DDELT3(33)
D133})=-D(33)

KKW=KKW1

GO TU(101,1C2,103,104,105,106,107,108,139)4KHK
GO TO (81,82,83,84485,86,87,88,89),KK

WRITE OUTPUT TAPE 6,203,CHISQ,(DELTA(I),1=1,50]}
WRITE OUTPUT TAPE 6,204,RMS, (DDELTA(TI),I=1,5()
FORMAT(F10.5/{F10.5))
[F{RMS-.1/57.295780)100,100,40

40
41
42

b

75
7%

76

45
46
17

65

47
48
66

IF{RMS-3./57.2957801462,42,41
IF(RMS-20,./57.295780)65,65,60
KKW=2

GO TO &5

D(33)=-D(33)
DELTA3(33)=~DELTA3(33)
DDELTA(33)=-DDELTA(33)
DNELT3(33)= -DDELT3(33)

GO 77 I=1IP1,1P2,1P3

IF (ABSF{DDELTA(I))}-10./57.295780)77,77,75

IF(DDELTA(I})70,76,76
DELTA3(I)=D(I)
NDDELT3(I}=-3./57.295780
ClI)=D{1)-3,/57.295780
IF{[-26)T77,45,45
DELTA3(I)=DI1)
DDELT3{1)=3./57.295780
DUT)=D(1)+3,/57.295780
[F(1-26)77,45,45
IFIDIT))46,77,77
D(I)=0.0

CONTINUE
DDELTAU33)=-DOELTA(33)
DELTA3(33)=-DELTA3(33)
DDELT3(33)= ~-DDELT3(33)
D(33)1=-D(33)

GO 10 3

D{33)=-D1(33)
DDELTA(33)=-DDELTA(33)
DO 66 1=1P1,1P2,IP3
CELTA3(I)=0D(1)
ODELT3(1)=DDELTAL(I)
DII)=D{I)+DDELTALL)
IF(I-26)66y47147 )
IF(DIUI))4B,66466
ND{1)=0.0

CONTINUE
DELTA3133)==-DELTA3(33)
DDELT3({33)=-DDELT3(33)
D(33)==-D{33)
CHISQI=CIQ
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G0 170 (191,102,103,1064,105,106,107,108,109) ,KH

1567 00 132 1=1,18
DELTA({I+25)=57.295780#DELTA(I+25)

132 DELTA(I) =57.295780#0ELTA(I)

DO 133 N =1,NMAX

133 ANGLEI(N) =ANGLE(N)®*57.295780

POLARIZATION TENSORS
00 301 N=1,NMAX
ALIN)=A(N)

BLIN)=B(N)
ClIN)})={.707,0.C)*SANGIN)=C(N)
DL(N)}=(oaT707,0.0)#SANG(N)®#F(N)
EL{N)I=(.707,C.0)#SANG2(N)*E(N)
A2{N)=ABSF(AL{N)})
B2(N)=ABSF(B1(N))
C2(N)=ABSF{C1l(N))
D2({N)=ABSF(D1(IN))
C2(N)=ABSF(EL(N)) ,
TRHOUIN)={a667,0.0)2(A2(N)#A2(N)+1.5,0.0)%B2(N)*B2{N)+22(N)=#C2(N)+
I02(N)#D2(N)+E2(N)=#E2(N))
DI(N+53)}=-D1(N+50)
E1IN+50)=~E1(N+5D)
B3(N)=BLIN)=DL(N)
C3IN)I=CL(N}=EL1(N)
E3(N}=AL{N)=Z1(N)
CLIN#52)=-C1l{N+50)
A3(N}=AL(N)#C1(N)
TlLLUN)I=(14414/(1.T732aTRHO(N) }) = {B3(N+50)+C3(N+50)+A3(N+50))

T22(N)Y=11e/(1.732%TRHO(N) )} #(2.2#E3(N}~-DL(N)#DL{(N)-D1(N+S0)=2D1{N+50

1)) i
T2L{N)==(1.414/(1.T732«TRHO(N}})=#(B3(N)+C3(N)-A3(N))

3CL TZ20UIN)={11e4145040)/7113.40.0)#TRHOIN)))#(A2IN)®A2(N)+D2{N)=*D2(N)+
LEZ2(IN)#E2(N)-(24,0.0)2C2(N)=Z2(N)-B2(N)*B2(N))

REACTION XSECT

IPLG=LMAX+]

SIGRE={0.0,0.1)

0O 362 I=1,1IP1C

UA=ABSF{UL{TI))

UB=ABSF(uU21(1l)
UC=ABSF{U3I(1)
UD=ABSF(U&4(T)
UE=ABSF(USI(I])
X=1-1
OSIGRE=SIGRE+((34141,0.0)/(WAVENO*WAVEND) }#({(24,0.0)2#X4+{1.,0.))—((
1209000 #X4(3,,30ed))/13.40.0)2UC*UC~{(2.5040)2X+(10sGe0))/(3.50.0})»
2UB#UB={{(2440e0)8X=(1493.0)1)/(3.,0.0))%UARUA-({(2.,0.0)%X+(3.,0.0)
3)/7(3.04040))2UD#UD-{((2.5060)#X=(1.43.0)1/(3.+0.0))#UERVE)

302 WRITE OUTPUT TAPE 64303,SIGRE, (ANGLE{N) 4 T11(N),T22(N),T21{N),T20 (Nt
1)1N:1|NMAX) .

WRITE QUTPUT TAPE 64202, Ty {ANGLEI(N)ySIGEXI{N) 2SIGCA{N)y N=1,NMAX)
WRITE OUTPUT TAPE 6,203,CHISQ, {(DELTA{I),I=1,50)

202 FORMAT (1H125X20HPHASE SHIFT ANALYSIS///15X29HENERGY OF INCIDENT P
LARTICLE =F10.,5///2X20HCENTER OF MASS ANGLEZX26HEXPERIMENTAL CROSS
2SECTION2X24HCALCULATED CROSS SECTION///({5XF1l0.5,16XF10.5,18XF10.5)
37/77)

2030F0ORMAT(SXTHCHISQ =F1l0.5///25X18BHTOTAL PHASE SHIFTS///(30XF10.5))

3030FORMATIIHLI25X19HTENSOR POLARIZATION///15X29HTOTAL REACTION CROSS S
1ECTION=F10.5///2X20HCENTER OF MASS ANGLETX3HT119X3HT229X3HT219X3HT
22377/ 15XF10.5,9XF10.542XF10.542XF10.542XF10.5))

)
)
)
)

GO TO 9
END
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SUBROUTINE XSECT
?DIMENS[DN'AA(5).AB(5)oAC(S),BA(SY.HH(S)9BC(5),CA(5)vCB(S)'CC(5)9
1DA(5)'DB(S),DC(S)'EA(S)vEB(S)vEC(S)'Ul(S)vUZ(S)vU3(5)yU4(5)pU5(5)
2202510 A050),+B(50)4L(50)4F(50)4E(50),0ELTA{25),SIGCA(50) ANGLE(SO]
3R(501,P(13,50),PL{10,50),P2(10,52),Y{12),SANG2(50),SANG4(50)

COMMUN DELTA,IMAX'NMAX'SlGCAprPyPIyP2QLMAXrY,KH.HAVEND'ANGLE,
1A,ByCeFeEqULUZ24U3,UG4U5,SANG2, SANGS .

DO 207 N =1,\MAX

N1 =N+50

JP2 =LMAX +1]

DO 2C7 J =l.d4P2

PUJINL) =240

P1{J,N1) =Q.

P2(JsN1) =

GO TO(1l,1,

00 10 I =1,7

I[P =1 +25

2(I1) =-2.=DELTALIP)

D0 11 1 =26,32

IPp =1 =25

It1) =2.*DELTALIP)

I{8) =DELTA(R)

Z(33) =DELTA(33)

IP9 =3

U3t2) =EXPF(2(2))

u2t2) =EXPF(Z(3))

Ul(2) =EXPF(Z(4))

Ua({2) ={2.297e2)

US(2) ={J.047.3)

U3{3) =eXPF(Z(5))

U2(3) =EXPFIZI(6))

CUsS=COSF(Z2(8))

SYN=SINF{Z(8))

XP1=EXPF{Z(1))

XPT=EXPF(2(7))

UL{3)=(SYN#SYN)+ XPl+ CUS#CUS#* XP7

Ua(3) ={0.3,0.0)

US(3)=(eB53 e C)R(SINFI{2.4300)}%2(8)))#( XPl- XPT7)

U3(1)=CUS*#CUS* XP1l+SYN®SYN® XPT7

U2(1) =(03439C.0)

UL(1) =(DeD, .00

u4lli=us(3)

Us(l’ =(0.0'C;l0)

DO 1ul N=1,IP9

X =N-1

AAIN) =UUX+(2.40.))#UBINI+{{2440. )X+ {1.,y0e))#U2(N)+{X~-(1.,0.))2U1
1{INY=(2¢90.)0%{(20,0.)2X +{(1l.,0.)))

AB(NY =SQRTFLIX+11.,0))iX+(2,.,0.)))200(N)

ACIN) =SQRTF{X®#(X-({lesvel))®USIN)

BAIN)I=(X+{1evQe)2®U3(N)+X2ULIN)-({2¢90e)®X+(1luyD.))}

BBIN) =SQRTF{(X+{1le,C o)) n{X+{2.y00e)))2U4(N)

BCIN) =SQRTF{X2({X={1l.9J.)))=US(N)

14359646,6) KW

CCAIN) =UX*(X4(2.50.) 18U (NI={(2.5C)2X+{1er0o))wU2INI-(X#22-({14,0.

1)) sULINI )/ {XetX4{1ay0u)))

CRIN) =SQRTFI(X+{1esCa) )/ (X4(2443.)))%U4IN)
CCUN) =SORTFIX/(X=(1_,2.)))8US(N)

DAIN) =U3(N) =-UL(N)

DBIN) =SQRTF{(X+({1ayCa) )/ (X+(2050.))) %U4(N)
DCAN) =SQRTFIX/(X={lay3.)))2USIN)
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I CAIN)={X#U3 (NI~ ((2¢5Ca)eX+(10y0s) )t #U2INI+(X+{1.40.))%ULIN)II/Z (X"
LiX+{1lesD4)))
I EBIN) =U4IN)/SQRTF((X+({1lep0a))2[X+(2.40.)))
I LOS ECIN) =US{N)/SQRTF{X#(X=-11ey0al)))
GO TO 50
C CASE 5
4 DO 20 I =1,7
IP =1 +25

27 Z(1) ==2.#DELTALIP)
00 21 1 =26,32
IP =1 =25

21 Z(1) =2.=DELTA(IP)
Z(8) =DELTA(8)
Z(9) =-2.#DELTA(3%)
2(33) =DELTA(33)
2{34) =2.%DELTA(9)

—t Pt e

U3(4) =(0.2,0.0)
U2(4) =EXPF(Z2{9))
Ul(4) =(0.0,7.0)
U4(4) =(3.0y1.0)
Ust4) =12.0,0.0})
IP9 =4
GO TU 2
C CASE 6

500 301 =1,7
IPp =1 +25

33 (1) =-2.sDELTALIP)
DO 31 [=26,32
[p =1 =25

31 Z(1) =2.#DELTA(IP)
Z{8) =DELTA(8)
2(3) =-2.#DELTA(34)
Z{10) =-2.#DELTA(35)
I{(33) =DELTA(33)
Z(34) =2.20ELTAL(I)
2{35) =2.#DELTA(1")
U3{4) =(0.9,2.0)
U2(4) =EXPF(Z2(9))
Ull4) =EXPF(2(10))

et e e ey e

Usl{4) =(9.0,0.0)
US5(4) ={0.2,:.0)
IP3 =4

GO TO 2

C CASES 7-9
5 00 42 1 =1,7
IP =1 +25
40 Z(1) =-2.=DELTA(IP}
DO 41 [=26,32
1P =1-25
41 2(I) =2.=DELTA(IP)
Z(38) =DELTA(S8)
Z(9) =-2.*DELTA(34)
ZU1C) =-2.#DELTA(35)
Z{11) =DELTA(1l1l)
‘2{33) =DELTA(33)
2(34) =2.=DELTA(9)
Z{35) =2.#DELTA(10)
2(36) =DELTA(36)
I SYN=SINF{Z(11))
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CUS=COSF(z2(11))

XP2=EXPF{Z({2))

XP1O=EXPF{Z(10))
U3(2)=CUS#CUS* XP2+SYN®SYN® XP10O
u2(2) sEXPFlZ(3))
Ul(2} =EXPF(Z{4))
U4al2)=(.50,0.0)#SINF{{(2.,0.0)%Z(11))%{ XPLO- XP2)
Us(2) ={0.0,2.0)
U3(4) =(0.0,C.0)
U2(4) =EXPF(Z2(9))
Ul({4)=CUS®CUS= XPlO+SYN=SYN® XP2
Uu4s{4a) ={0.3,2.,0)
Ust&4)=U4{2)

1PQ =4
GD 10 3

2 JMAX =LMAX +1

N0 60 N =1,NMAX

A{N) =R{N)

BIN) =R(N)

CIN) =10.0,0.0)

FIN) =(0.0,0.0)

E(N) =(3.0,0.0)

00 6T J =1,JdMAX

K =J +2

IF{J-2)52,52,51

M =g-2

GO Tu 53

M =1
CAUNI=AINI*Y(J)/ 104094 ) (Y(J)2P{UyN)*AA(J)I+Y{K)2P(KyN)=AB(J)+Y(M)
1#P(M,N)#AC(J))
DBINI=BIN)I+Y{J)}/ {00,202 {Y(J)2P(JyN)2BA(JI)-Y(K)*P(K,N)#BB(J)
I-Y{M)#P(MsN)#BC(J))
QCINI=CINIHY I/ (0.032)12lY(J1uPL{J NI #CALII-YIK)ePLAK,N}SCBL )
1+Y{(M)=#P1(M,N)#CC(J))
DEIN)=FIN}+Y(J)/{D.0,2.)%{Y(J)#PL(J,N)=DA(J)+Y(K)=2PL(K,N)=DB(J)
1-Y{M)}=PL{M,N)«DC(J))
SEMN)Y=EIN)I+Y(J)/10.0,2.828)2(Y(J)2P2(JyN)REA(J)+Y(K)®P2(K,N)#EB(J)
1+Y (M) *P2{M,NI*EC(J))

DO 61 N =1,NMAX

AX=ABSF{A{N})

BX=ABSF(B{N)}

CX=ABSF(CIN))

DX=ABSF(FI(N)})

EX=ABSFLE(N))

SIGCAINI=((24 )0 ) #AX#AX+BX%BX+SANG2(N)#(CX#CX+DX#DX) +SANGL(N) 2EX»
1EX)/(({3e904)#*WAVENO®WAVEND)

RETURN

END
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Table I. Energy corrections for deuterium gas and 2500 A

nickel foil, with alpha particles incident. See text, p. 23.

Nominal Energy Corrected Energy
(MeV) 20 cm. -o0il 25 cm. ~0il
(MeV) (MeV)
6.000 5.875 5.865
7.000 6.887 6.878
8.000 7.895 7.887
9.000 : 8.904 ~ 8.897
10.000 9.909 9.903
11.000 10.916 10.910

12.000 11.920 11.915
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Table II. Energy corrections for helium gas and 2500 A

nickel foil, with deuterons as the incident particles. See text, p. 23.

Nominal Energy Corrected Energy
20 cm. -oil 25 cm. ~oil

{MeV) (MeV) (MeV)
3.000 2.958
5.000 4.973 4.971
6.000 5.976 5.973
7.000 6.979 6.977
8.000 7.981 T.979
9.000 8.982 8.981
10.000 9.984 9.982
11.000 10.984 10.983

12.000 11.986 11.984
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Table III. Energy corrections for helium gas and 5000 A

nickel foil, with deuterons as the incident particles. See text, p. 23.

Nominal Energy Corrected Energy
20 cm.oil 25 cm. =0il
(MeV) (MeV) {(MeVv}
5.000 4.956 4.954
6.000 5.962 5.960
7.000 6.966 ' 6.964
8.000 7.969 7.967
3.000 8.971 8.970
10.000 9.974 9.972

11.000 ' 10.975 © 10,974

12.000 11.977 11.975
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Table IV. Systematic Errors

a. Error in Geometric Factor

G = ZbA./ROh

Parameter Error {percent)
2b . 4
A «5
h . 005
R .1
G . 648

b. Error in Charge Collection

N = Vt/R
Parameter RMS Error {percent)
v .02
t .02
R » 1
N . 1039
c. Error in Particle Density
no (S.G.)p/T
Parameter RMS Error-{percent)
5.G. | .5
P o2
T el
n . 574

d. Error in Approximating Cross-Section Equation
Parameter RMS Error (percent)
ne)3m° .0948

Probable angular independent systematic error = 1.0

See text, pp. 25ff.



81

. in ¢ df
Table V. Error due to sin qlab (dQlab/ cm)

elab (degrees) RMS Error (percent)
12.0 1.5
15.0 1.0
20.0 -5
25.0 .5
30.0 «5
40.0 .5
50.0 .5
55.0 .5
60.0 .5
65.0 .5
70.0 .5
80.0 .5
90.0 .5

See text, pp. 27ff.
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FError due to tan elab

8 lab (degr ees)

12.0
15.0
20.0
25.0
30.0
35.0
40.0
45.0
50.0
55.0
60.0
65.0

70,0

See text, pp. 271if.

RMS Error (percent)

1.0

1.0

1.0
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+
Table VII. Single level parameters for the 2 level in Lib.
2
The units of v tabulated here differ from those described in the

. 2,
text, p. 61 , in that the units of v in the text are MeVe~cma.’

Level 2.+

Interaction Radius 4,8 termis

Reduced Width 0.981 MeV

Excitation Energy Ex = 4.57 MeV

Ratio to Wigner Limit ‘922':: yé'}f( 3h2 } = 0.481

2ua
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+
Table VIII. Single level parameters for the 1 level in Li6.
2
The units of y tabulated here differ from those described in the

text, pe 61 , in that the units of yz in the text are MeV~cm.

Level 1+

Interaction Radius 4.8 fermis
Reduced Width 1.005 MeV
Excitation Energy Ex = 5.62 MeV

2
2 2 3k
Ratio to Wigner Limit 92 =Y, /{

— ) = 0,492
2
2ua
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Table IX. Single level parameters for the ‘(lh) level in Li6.
The units of yz tabulated here differ from those described in the

. ) 2.
text, pe 61 , in that the units of v in the text are MeV-cm.

Level '(ln)

Interaction Radius
Reduced Width
Excitation Energy

Ratio to Wigner Limit

3.5 fermis

l.46 MeV
7.19 MeV
2
2_ 2,,3n"
el~v1/( &)-0.380

2ua



Tensor Polarization Parameters at E

Centor of Mass

Angle (degrees)

50.00000
60.00000
70.9G000
80.00000
90.00000
160.00000
110.000090
120.00000
130.00000

See Appendix E.
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Table X

i(T11)

-0,21539
-0.21781
-0.16706
-C.08516
-0.G0000
0.07094
0.12328
0.15830
0.17668

g = 2-935 MeV
(T22) (T21)
7.17050 -0.12616
0.22571 ~0.17298
0.25059 -0.16429
0.23897 -0.09963
0.20078 -0.00000
G.15332 0.10728
€.10957 0.20168
0.07475 0.27117

0.30878

0.04893

(120

0.17335
0.23764
0.24186
0.20701
0.16391
0.13979
C.14972
0.19698
0.27625



Tensor Polarization Parameters at E

Center of Mass
Angle (degrees)

50.00000
60.00000
70.00000
80.00000
90.00000
100.00000
110.00000
120.00000
130.00000

See Appendix E.
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Table XI

i (T11)

-0.30038
-0.29115
-0.21385
'0.08587
0.04877
0.14725
0.19710
0.20910
0.19736

{(T22)

€.05590
C.04639
€.02105
-0.03115
’0.10771

-{.18261
-0.22575

‘0-22595
-0.19162

d

= 3,441 MeV

(T21)

-0.19473
-0.25485
-0.24731
-0.15457
0.00820
0.1891C
C.33440
0.41733
0.43648

(T20)

C.04515
0.06909
0.04863
-0.01056
~-0.09101
-0.14797
—0e13686
~-0.04682
0.09989
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See Appendix E.

Table X1I
Tensor Polarization Parameters at Ed = 3,946 MeV
Center of Mass
Angle (degrees) i (T1D (T22) (T21) {T20)
$0.00000 ~0.46372 ~-0.,14906 ~0.35867 -0.09362
60.00000 -0.46150 -0.19379 ~-0.40459 -0.17396
70.00000 -0.36301 -0.194658 -0.37163 -0.1934¢
80.00000 ~0.16429 ~0.18328 -0.23215 -0.16124
90.00000 0.05518 -0e23093 0.0639¢C -0.19194
100.00000 0.18752 -0.34575% C.25690 -0.30982
-120.00000 0.20129 -0.40889 G.50740 ~-0.26128
130000600 0.16986 ~-0.32561 0.49509 -0.05796
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See Appendix E.

Table XIII
Tensor Polarization Parameters at Ed = 4,450 MeV

Center of Mass
Angle (degrees) i (T1l1) (T22) (T21) {T20)
50.00000 -0.55956  -0.34878  -0.47930  -0.18838
60.00000 -0.57039 -0.34696 -0.51028 -0.36952
70.00000 ~0.43249 -0.20628 ~0.40434% -0.29023
80.00000 -0.19900 0.11591 -0.19712 0.03626
90.00000 -0.03876 0.25528 -0.00281 0.205136
1060.00000 0.01260 0.10187 0.16581 0.04005
110.00000 0.02265 -0.17146 0.32647 ~-0.22840
120.00000 0.03653 —0e 33745 0.43335 -0.30605
130.00000 0.05270 -033500 0.44916 ~0.15860
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Table XIV

Tensor Polarization Parameters at E, = 4,731 MeV

Center of Mass
Angle (degrees)

17. 97000
22.44000
29.85000
37.20000
44.48000
51.67000
58.75000
65. 70000
72.52060
79.18000
8566000
91.95000
9802000
 103.88000
110.00000
120.00000
130.00000
140.00000
150.00000
156.00000

See Appendix E.

i (T1l)

-0.14381
-0.24087
-0.36355
-0.45742
—0053952
-0.599C5
-0.60164
-0.51106
-0.34561
-0.18610
-0.08905
-0.05243
'0.05071
-0.05991
-0.06419
-0.04148

0.00016

0.02960

0.03862

0.03635

d

(T22)

-0.01744
-0.04998
“Oc12856
-0,22611
-0.33307
-0.42039
-0.42357
-0.26829
0.02788
0.32058
U.48752
0.50787
0.41304
0.24665
0.04085
—0e22434
-0.29733
~-0.23688
-0.14263
-0.09233

{(T21)

~-0.04886
-0.11815
-0.23415
-0.33416
-0.41986
-0.48034
-0048781
-0.41522
-0.28029
-0.146506
-0.05260
0.01017
0.06491
0.12719
0.20455
0.32222
0.36880
0.33876
0.26719
0.21606

(T20)

0.07407
0.17655
0.21110
0.11794
-0.04554
-0.23385
~0.36690
-0.33179
-0.09869
0.19117
0.37485
0.40006
0.29412
0.11386
-0008926
"0027404
-0.19572
0.01390
0.21817
0.31465
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See Appendix E,

Table XV
Tensor Polarization Parameters at Ed = 4,955 MeV
Center of Mass

Angle (degrees) i(T1D) (T22) (T21) {T20)
17.97000 ~{.15703 -0.02388 -0.05794 G.14590
22.44000 -0.25265 -0.05881 -0.11962 0.22921
29.85000 ~0.37442 ~0.13899 ~0.21776 0.23193
37.20000 -(0.47219 -0.23839 -0.30271 0.12559
44 ,48000 -0.56014 ~0.34730 -0.37571 -0.04124
51.67000 -0.62291 ~0.43080 -0.42391 ~0.22666
58. 75000 -0.61728 -0.40954 -0.4_1754 -0.34301
65.70000 -0.50229 ~0.19894 -0.33286 -0.26704
72.52000 -0.31469 0.15420 -0.20188 0.00957
79.18000 -0.15661 0.46793 -0.09411 C.31046
85.66000 -0.07756 0.63C88 -0.03527 0.48255
110.60000 -0.12272 0.17603 0.10841 ~-0.00559
120.00000 -0.10398 -0,13298 0.21667 ~0.24694
136.00000 -0.04741 ~0.25566 0.28041 -0.22436
140.000060 0.00054 ~0.22201 0.27329 -0.04236
156.00000 0.02272 -C.13780 0.22154 0.15093
156.00000 0.,02567 -2,08993 0.18071 0.24399
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Table XVI

Tensor Polarization Parameters at Ed = 5.473 MeV

Center of Mass

See Appendix E.

Angle (degrees) i (T11) (T22) (T21) (T20)
17.97000 -0.17616 -0.03055 -0.05391 0.19661
22.44000 -0.26990 ~0.06473 -0.09147 0.23291
29.85000 -0.39031 -C.13888 -0.14543 0.19265
37.20000 -0.49130 -0.22973 -0.19005 0.08717
44 .48000 -0.57917 -0.32589 -0.22521 -0.05248
51.67000 -0.62867 ~0.38378 -0.23963 -0.18946
58+ 75000 ~-G.58113 -0.30789 -0.21278 ~-0.23489
65.706G00 -0.40329 -0.02283 -0.14083 -0.0856C
72.52000 ~-0.18526 0.35995 -0.06637 0.20430
79.18060 -0.05075 0.64040 -C.03146 0.44861
85.66000 -0.01762 ¢.76101 -0.03251 0.55836
98.02000 -0.10357 0.67380 -0.06328 0.44459

103.88000 -0.16422 0.52941 -0.06630 0.28281
110.00000 -0.21306 G.33187 -0.05022 0.07716
120.00000 -0.22122 0.00216 0.01672 ~0.20796
130.69000 -0.14736 -0.17820 0.08845 -0.27129
140.00000 -0.06399 -0.18630 0.11825 -0.15382
150.00000 -0.01349 -0.12233 0.10872 0.00138
- 156.00000 ¢.00111 -0.08098 0.09224 0.07951
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Table XVII

Tensor Polarization Parameters at Ed = 5.961 MeV

Center of Mass

See Appendix E.

Angle (degrees) i(T11) (T22) {T20) (T20)
22.44000 -0.27465 ~0.05¢&93 ~0.04938 0.14895
29.85000 ~-0.38263 -0.1151C -0.06576 0.09252
37.20000 -0.46943 "~0.18548 ~0,07581 0.00893
44 .48000 -0.53725 -0.25T42 -0,07975 -0.08524
51.6T000 ~-0.54957 -0.,28823 '0.8;315 -0.15935
58. 75000 -0.43812 -0.18637 -0.05%252 -0.13836
65.70000 -0.19755 C.09853 -0.02913 0.03832
72.520090 €¢.02250 0042313 -0.02546 0.27472
79.18000 C.10785 0.62354 ~0.04409 0.42704
91.95000° n.00891 Ce 67649 -0.10151 D.43178

100.00000 -0.12241 G.57180 -0.13272 029603
11C.00000 -0.27810 0.33298 -0.14543 0.02698
120.00000 -0.33636 0.04495 -0.10938 -0.23728
130.06000 -C.26132 ~(.13261 -0.04358 ~-0.32232
140.00000 -0.14524 -0:15205 C.00477 -0.23818
150.00000 =0.06367 -0.10108 €.02303 -0.11422
156.00000 -".03499 ~0.06687 0.02410 -0.05170
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Table XVII

Tanzor Polarization Parameters at &

q" 6.476 MeV

Centar of Maaa

See Appendix E.

Anzle (dogrees) i(T11) {T22) (T21) (T20)
17.97200 =-0.18068 -(e02227 ~0.,01802 0.05515
22.440Q0 =0.24980 ~(.04087 -0.03818 0.0323¢C
29.85000 =0.33008 ~0.07852 -0.00010 -0.01799
37.200300 -0.39292 ~0.12441) Q.010497 -0.06841
44248000 -0+43464 -0.17138 0.02369 -0.11712
51467000 -0.40892 -C.18537 0.03305 -0.13631
58.75000Q -0.238670 ~-0.08908 0.02333 -0.07114
6€5.7G000 - 0.04822 C.14187 -0.01901 0.09101
72.52000 0.2358¢6 0.35870 =0.07227 . 023353
19.18000 0.25838 G.46220 -0.11182 0.28329
85.66000 0.1906) 0.48338 -0.13833 0.26492
9195000 0.0874Q1 C.46174 ~0.,15847 0.20716
98.020G0 -0.03165 0.41362 -0.17540 0.12146

. 16G0.C0000 -0.,07317 0.39235 -0.18038 0.08720
103.88%00 ~0.15706 0.34205 -0,.,188680 0.01112
110.00000 -0.28800 0.23853 -0.19546 -0.12899
120.60000 -~0.42983 0.03146 -0.17254 ~0.34820
130.006000 -0.38933 -=0.10782 -0.10857 -0.4G725
140.00000 ~0.24944 ~-0.11931 -0.04%594 -0431G40
150.0G000 ~0.13427 -0.0762% -0.01846 -0.15170
156.000090 -0.G8833 ~0.04953 -0.00917 -0e13675
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Table XIX

Tensor Polarization Paramecters at E. =6.965 MeV

d

Center of Mas's

See Appendix E.

Angle {degrees) i(T11) {(T22) (T21) {T20)
17.97000 -0.15513 -0.01439 0.01118 ~=0.03822
22+44000 -0.2020% -0.02473 0.02244 «0.086605
29.85000 ~-0.25120 -0.04483 _0.04245 ~-0.09829
37.20000 =0.28652 ~0.058912 0.06289 -0.11877
44.,.48000 -0.30017 -0.09326 0.08028 ~(.12556
51.670400 -0.24038 -0.09421 0.07797 =-0.09769
58.75000 -0.02711 -0.01895 0.01970 =0.00439
65.70000 0.25400 0.13003 -0.08869 0410957
72.52000 0.37399 0.23680 -0.15566 0.145490
79.18000 034511 0.26974 -0.19350 0.11390
85.66000 0.26249 Ua26541 ~0.20028 0.05634%
91.950G0 0.16387 0.24548 -{.20248 ~0.,01248
S8.02000 0.405519.  G.21&51 -0.20534 -0.09551

10000000 Q.01612 0.206%50 -0.20857 ~0.12638
163.88000 -0.0566483 0.17704 -0.20909 ~0.19324
109.500090 -0.20087 " 0.125%24 -0.21099 ~0.30473
11000000 ~0.213%% CellS90 -0«21091 -C.31527
126.00000 -0.44519 -0.00358 ~0.19020 -Ge50T7G7

- 130.06000 -0.49536 - =0.09154 -0.12662 ~Le52947

140.00000 ~0.36114 ~-0.08965 -0.06380 -0.38943
150.00000 -0.21692  =-0.05350 -0.02923 -0.25241
15600000 ~-0.15246 ' =0.03375 -0.01819 ~=0.19582
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See Appendix E.

Table XX
Tensor Polarization Parameters at Ed = 7.479 MeV
Center of Mass

Angle (degrees) i(T11) (T22) (T21) (T20)
17.9700¢C ~0.11630 -0.00731 0.02693 -0.11229
2244000 -0.13951 -0.01139 0.04161 -0.13234
29.85000 -0.15565 -0.01840 0.06367 -0.139313
37.20000 -0.16123 -0.02607 0.08322 ~-0.13007
44 .48000 -0.14616 -0.03199 0.09322 -0.10087
51.67000 -0.06214 -0.02484 0.06425 ~-0.03309
58 75000 0.15453 G.018G2 -0.05489 0.06989
65, 70000 C.37921 C.08B044 -0.,20972 0.10855
72.52000 0.42806 G.10823 -0.27139 0.04776
85.66000 0.30778 0.09542 -0.24809 -0.11440
91.9500Q00 (0.23605 .08115 -0.23140 -0.19126
98.02003 U.15806 C.06446 ~0.21963 ~0.27486
1¢3.88000 0.06375 C.04403 -0.21145 ~0.37214
109.50000Q -0.05610 C.01847 -C.20380 -0.48423
130.02000 -0.55267 -C.07999 -0.10414 ~0.69606
1446.00000 -0.47348 -0.06308 -0.04418 ~0.48944
15G.C0000 -0.31118 ~(0.03363 -0.01689 -03109%
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See Appendix E.

Table XXI
Tensor Polarization Parameters at Ed =7.968 MeV
Center of Mass

Angle (degrees) i{(T11) (T22) (T21) {T20)
17.67033 -0.(178G4 -C.03271 C.03597 -0.15485
22.44909 -3.08390 -0.00335 0.04993 -0.16039
29.85700 -~ Q7559 -0.00355 Q0.067T49 -0.14135
37.200630 -0.05963 -(:.00281 0.07892 -0.10702
44,4800 -C.02636 -0.00027 C.07310 -0.05G39
51.6700% 0.06154 0L.J609 C.01134 N.04255
58.,7500C (e24484 f.01610 -C.15838 0.13345
65.7006G0 N.40630 0.01913 -0.32879 C.09421
72.520u) C.42417 0.01206 ~-0.35738 -0.03512
79.18009 0.38276 ¢.02308 -0.31945 -0.14671
85.660G0 0.33822 ~-3.00534 -0.27790 ~-0.23363
97 OO0V 0.30967 -G,011C8 -0.25468 ~-0.28802
91.95020¢ 0.29658 -0.01379 -C.24557 -0.31298
9845200 Y r..25039 -u.02321 -0.22159 -0,39773
100.00000 D.232C¢C ~-0.,02671 -G.21488 -0.42891
123.88000 t.18787 -2.03437 -0.20261 -0.49681
1u9.50000 C.09535 -£.04750 -{.18488 -0.61303
11e..00n00 ND.0B496 ~0.04878 -C.18318 ~0.62433
12¢.0UNCO -t.21182 ~-0.07391 -0.13664 -0.84675
13C.00C00 -.53348 -0.07531 -0.06381 ~0.85893
14050080 ~(.55364 ~0.04646 -0.01233 -0.60217
15¢.C0008 ~0.35586 -7.02119 0.00255 -0.37697
156.CC000 -(.29803 -(.01199 r,00388 -0.29487
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Table XXII

Tensor Polarization Parameters at Ed = 8.481 MeV

Center of Mass _
{(T22)

See Appendix E.

Angle (degrees) - i (T1l) (T21) (T20)
17.97C00 -0.04245 €.00026 0.04073 -0.17524
22440060 -0.03305 C.0011¢C €.05121 -0.16083
29,.,85009 -0.€00723 0.0G30G2 6.05986 -0.11391
37.20000 C.0(2245 0.00513 0.05824 ~0.05694
44 ,4800C .06339 ¢.00591 0.03112 0.02060
5167000 0.13909 ~C 00046 —0.,066GC Cel2534
5875000 0.27151 -¢.02560 ~-0.,27635 0.18700
65. 70000 N.38C49 -0,05925 -0.44504 C.0685¢8
7252000 035574 -0.,07334 -0.43272 -0.11549
79.18200 037915 ~Ul.07475 -(.35990 -0.24359
85.66C00 Ue364T4 ~:,07433 -{.29625 -0.33206
91.95000 {:e353327 -0.07534 ~(3.24916 -C.40930
98.02060 C.337¢4 -N.07834 -£.21380 -0.49162

160.C6U00 0.32S64 -0.07978 -0.20361 -0.52210
163.880C0 0.30664 ~-0,08321 ~0.18460C -0.58892
11¢.00000 (.23813 =-0.08986 -0.15433 -0.71646
120.00000 -0.02545 -(.09746 -0.09092 ~-0.95513
130.006000 -G.43797 -0.€7981 -0.01C9¢6 ~1.00832
140.00000 -0.59752 -0.04114 C.C3086 -(.73406
150.5C000 -".47498 -Nr.01567 £.02957 ~0.45962
156.000C0 ~(i.36882 -6,0C806 0.02293 -0.35717



Tensor Polarization Parameters at E

Center of Mass
Angle (degrees)

17.97000
22.44000
29.85000
37.20G0C
44.48000
51.67000
58.75000
65.70000
72.52000
79.18000
85.66000
90.G0003
91.9500%
98.52000
103.8800G0
1G3.88000
109.50000
110.00000
114.87C00
120.920000
130.60000
140.00009
150.00000
156.00000

See Appendix E.
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Table XXIII

i(T11)

-0.01638
fL.00135
0.03547
0.C6963
0.1C911
16741
0.25915
T e34445
7.37719
T .38829
0.36615
G.40727
N.41C70
T.41739
Je41C1l2
~.41012
7,37533
" .37019
1.29536
Te15417

-3.28853

-3.58113

-0.52340

=N #2034

(T22)

€.00153

~.00250

C.00375

f.00365
-t.00113
-0.02C29
-C.06688
~C.12395
-N.11555
-L.1N721
-3.10362
~3.10257
~C.10141
~0.10293
-3.10293
~L. 106707
-N, 10639
- 1091"
-G410650
-0.08938
~0.04661
-0.01722
-3.00859

d

= 8.971 MeV

(T21)

€.03924
C.04361
t.03986
0.02224
-C.02708
-0.15102
-~0+37333
-0.51730
~(.46515
-C.36322
-0.28218
-0.22497
-C.18062
-0.14467
-0.14467
~-0.11115
-0.10807
-0.07635
-C.03852
0.03660
C.06451
0.04845
t.03539

(T20)

-0.16557
~5.12894
~1.,05726

0.01566

G.1C249

£.19913

0.21363

0.02645
-0.32516
-0.40625
-0.45293
-0.47418
-0.54744
-0.63615
-0.63615
-0 74475
-0.75563
-0.87036
~G.99667
~1.1C740
-0.87155
-0.57016
—044492C
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Figure 1. Energy level diagram for Li6 with the level assign-
ments of Ajzenberg-Selove and Lauritsen {1959). For the revised
level assignments, see Tables VII through IX. Also see text,

pp. 1lff.
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Figure 7. Bias supply to moving counter from the Tennelec
model #100 preamplifier. A negative bias was supplied at
point C and proved insufficient for the low resistivity lithium
diffused counter with the standard 22 M resistor in the
preamplifier, so the resistor was replaced with a 2.2 MQ
resistor, The n]oving counter with a much highe.r resistivity

was biased through an unmodified preamplifier. See text,

p. 17.
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4 4
Figure 9A. Kinematics for He (d,d)He , where ES/EO is
the curve that gives the relative energy of the scattered
particle in the laboratory system and Er/Eo is that for the

recoil particle in the laboratory system. See text, pp. 23ff.

' Figure 9B. Kinematics for Hg(oz,oz)HZ, where ES/ED’ is

the curve that gives the relative energy of the scattered
particle in the laboratory system and Er /E0 is that er the
recoil particle in the laboratory system. Only the recoil
particles were used for cross-section calculations, in that
the scattered particles are either too close to the recoil
particles at angles such as 19° or the spread in energy seen
by the counter is too great at angles such as 30°.

See text, pp. &3ff.
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Figure 11. Typical spectrum from d-He4 elastic scattering,
using a lithium drifted detector. The alpha and the deuteron
peaks are labeled, where
M is the number of residual counts in the alpha spectrum
after background is subtracted
N is the number of background counts in ﬂuaaipha spectrum
M' is the number of residual counts in the deuteron
spectrum after background is subtracted
N'is the number of background counts in the deuteron

spectrum

See text, p. 19.
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Figure 12. Simplified block diagram of phase shift analysis pro-
gram. A thumbnail de scription of the program is as follows.
After choosing a case out of the nine available, the values that

do not vary during the iteration are calculated starting at point 1.
Then cross-sections are calculated for the various anglés and a
XZ = { (Ge(N) - Ue(N))/ GC(N) }2 is calculated from the cross-
sections. Next, slopes are calculated from which we can obtain
changes in parameters according to Equation 13, and from these
an rms value is calculated. The course the program then takes
depends mainly on the rms value and secondarily on the value of
X’ . The rms value is compared with the previous rms value,
which has been saved or is set equal to 100 radians, for the first
iteration. If the rms value is larger than the previous value,

the program will scan intermediate values between this set of
parameters, (8, As) and those of the previous iteration, (8',0817),
and will continue on, when the rms value is less than the previous
one. The choice of 100 radians insures that the program will
get past this point the first time. If the rms value meets this
requirement and is less than 0.1°, the program will print its
calculated values after determining polarization parameters and
tolal reactlion cross-section. If 0.1° < rms =< 39, the program
will modify v and compare XZ with the previous value after setting
a control index KKW = 2. If xz ils larger than the previous value,
another scanning is used until this requirement is met. If .

3°< rms < 20°, XZ. is not checked. And in the event rms is
greater than 20°, + 3° is added in the appropriate direction to
those parameters whose changes are greater than + 10°.

See text, p. 34 and Appendix G.
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RMS 1 = RMS

INPUT
ENERGY <
ANGLES
DELTAS
CASE
>
CALC. AS L s
CALC. RMS AB -3
CALL XSECT
X SUBROUT INE o
CRISQI=20 CALC. SLOPES 8=¥+48 M
FOR IMAG. 8
CALCULATE CALL XSECT N
PARAMETERS gUBRUU”NE o
INDEPENDENT ALC. SLOPES
OF DELTA FOR REAL 8§ =
‘ 3
KKW = |
RMSI =100
2y
CALL XSECT
SUBROUTINE CALC. |
CALCULATE [ chisa = +2 AS:3 A
XSECT =X
GO TO 2 -
§:=3"+ AS ¢———
GO TO 2
5 = §
A8 = AS
! T
5=8 + A3
4, 3
GO TO 2
< CHISQI=ZCIQ g
Ad = +3° A8 =

CALC. TENSOR
POLARIZATION
PARAME TERS
AND TOTAL
REACTION XSECT

:

WRITE OUTPUT
REACTION XSECT

TENSOR POLARIZATION

ENERGY, ANGLE
EXP B CALC XSECT

END




Figure 13. Real parts of 60‘ and 62' phase shifts and ¢,

the tensor coupling parameter.
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See text, pp. 33ff.
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3 2
» O

1
2 and 62 phase shifts. The

Figure 14. Real parts of 62
dashed line is that of Galonsky and McEllistrem (1955a).

See text, pp. 38ff.

E 623 622 621
(MeV) (degrees) (degrees} (degrees)
2.935 170,0 8.0 - 3.0
3.441 170. 0 20.9 - 4.0
3.946 170.0 39.5 3.8
4.450 170.0 65.0 15.0
4,731 170.0 78.5 Z22.5
4,955 170.0 88.0 29.5
5.473 170.0 105.2 44.5
5.961 170.0 116.5 59.5
6.476 170.0 123.6 74.2
6.965 170.0 129.1 87.4
7.479 170.0 133.5 100.0
7.968 170.0 137.0 110.0

8.481 170.0 140.2 119.5

8.971 170.0 143.0 126.5
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Figure 15. Real parts of 612, 611 and 610 phase shifts.

See text, pp. 38ff.
E 61“ 611 610
(MeV) (degrees) (degrees) (degrees)
2.935 - 7.0 - 7.0 - 7.0
3.441 - 9.1 -12.0 - 9.1
3.946 -11.5 -14.3 -11.5
4.450 -13.5 -10.5 -13.5
4.731 ~-14.0 - 7.2 -14.0
4.955 -14.8 - 4.4 -14.8
5.473 -15.8 2.4 -15.8
5.961 -16.0 8.5 -16.0
6.476 -16.2 14.7 -16.2
6.965 ~16.2 21.0 ~16.2
7.479 -16.0 27.7 -16.0
7.968 -15.9 33.9 -15.9
8.481 -15.8 40.0 -15.8

8.971 -15.2 46.7 -15.2
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Figure 16. Imaginary parts af623, 62& and 62 .

See text, pp. 38ff.
E 623 622 621
(MeV) (degrees) (degrees) (degrees)
2.935 0.0 0.0 0.0
3.441 0.0 0.0 0.0
3.946 0.0 0.0 0.0
4.450 0.0 0.0 0.0
4,731 0.4 0.2 0.2
4.955 0.9 0.5 0.0
5.473 2.7 1.7 0.0
5.961 5.5 3.0 0.0
6.476 10.0 4.7 0.0
6.965 15.5 6o 7 0.0
7.479 22.7 8.9 0.0
7.968 30.5 11.4 0.0
8.481 40.1 14.9 0.0

8.971 51.0 18.2 0.0
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Figure 17. Total reaction cross-section. See text, pp. 38ff.

E o
(MeV) (barns)
2.935 0.0
3.441 0.0
3.946 0.0
4,450 -
4.731 . 0.0137
4.955 0.0298
5.473 0.0796
5.961 0.1318
6.476 0.1879
6.965 0.2309
7.479 0.2610
7.968 0.2771
8.481 0.2867

8.971 0.2874
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Figure 18. Differential cross-section in the center of mass

vs. center of mass angle at 2.935 + 0.006 MeV.

. . Calculated Experimental rms
angle a{8) a(8) error
(degrees) {mb/sr) {mb/sr) (percent)

50.0 .1317 . 1231 2.0
60.0 . 1007 . 0980 2.0
70.0 . 0857 . 0860 2.0
80.0 .0795 .0769 Z.0
90.0 .0790 L0762 2.0

100.0 .0819 .0771 1.5

110.0 .0868 .0822 1.5

120.0 .0923 .0898 1.5

130.0 .0978 .0954 1.0

See text, p. 21 and p. 46.
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Figure 19. Differential cross-section in the center of mass vs.

center of mass angle at 3.441 + 0.010 MeV.,

G'C. . Calculated Experimental rms
angle a(9) a{8) error
{degrees) {mb/sr) {mb/sr) (percent)
50.0 . 1155 .1100 2.5
60.0 .0872 . 0859 2.5
70.0 .0703 . 0735 2.5
80.0 .0618 . 0655 2.0
90.0 . 0603 .0626 2.0
100.0 . 0649 .0629 2.0
110.0 .0749 .0734 1.5
120.0 .0896 . 0905 1.5
130.0 . 1080 .1018 1.0

See text, p. 21 and p. 46.
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Figure 20. Differential cross-section in the center of mass vs.

center of mass angle at 3.946 + 0.012 MeV.

S’c.m. Calculated Experimerital rms
angle a(8) ' a(e) error
(degrees) {mb/sr) (mb/sr) (percent)
50.0 . 1204 1222 2.0
60.0 . 0841 . 0868 ' 2.5
70.0 . 0602 .0653 2.5
80.0 . 0474 . 0520 2.5
90.0 . 0442 | . 0449 2.5
100.0 . 0500 .0544 2.0
110.0 . 0655 . 0697 1.5
120.0 .0919 . 0946 1.5
130.0 . 1293 . 1288 1.0

See text, p, 21 and p. 46.
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Figure 21. Differential cross-section in the center of mass vs.

center of mass angle at 4.450 + 0.013 MeV.

G,C. m. Calculated Experimental rms
angle c_\{e) a(9) error
(degrees) (mb/sr) {mb/sr) (percent)
50.0 . 1325 . 1410 2.0
60.0 . 0845 .0879 2.5
70.0 . 0591 .0619 2.5
80.0 . 0500 .0537 2.5
90.0 . 0507 . 0562 2.5
100.0 . 0574 .0615 2.0
110.0 .0719 .0761 1.5
120.0 .0993 . 1009 1.5
130.0 . 1443 . 1485 1.0

See text, p. 21 and p. 46.
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Figure 22. Differential cross-section in the center of mass vs.

center of mass angle at 4.731 + 0.005 MeV.

8, c.m. Calculated Experimental rms Pa?ticle
angle o(8) o(8) crror Observed
(degrees) (mb/sr) {mb/sr) (percent)
17.97 . 9067 . 7907 3.0 d
22.44 . 5406 . 4770 1.5 d
29.85 <3399 .3210 1.0 d
37.20 .2415 .2260 1.0 d
44,48 . 1714 1627 1.0 d
51. 67 . 1200 . 1131 1.0 d
58.75 . 0856 .0814 1.5 d
65.70 . 0656 .0661 1.5 d
72.52 . 0566 . 0585 1.5 d
79.18 . 0547 . 0580 2.0 d
85. 66 . 0565 . 0559 2.5 d
91.95 . 0600 . 0620 2.5 d
98. 02 ' .0642 . 0642 3.0 d
103, 88 . 0694 . 0654 4.0 d
110.0 .0774 .0695 o
120. 0 . 1005 .0911 2.0 o
130.0 . 1422 . 1295 1.5 o
140.0 e 2042 . 1995 1.5 o
150.0 . 2798 .2610 1.5
156.0 .3256 .3030 3.0

See text, p. 21 and p. 46.
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Figure 23. Differential cross-section in the center of mass vs.

center of mass angle at 4.955 + 0.015 MeV.

8, c.m. Calculated Experimental rms Particle
angle a(8) o(8) error Observed
(degrees) {mb/sr) {mb/sr) {percent)
17.97 . 9020 . 800 3.0 d
22.44 . 5497 .489 1.5. d
29.85 .3458 .322 1.0 d
37.20 . 2420 . 223 1.0 d
44.48 . 1685 . 1577 1.0 d
51.67 . 1159 . 1093 1.0 d
58.75 .0818 L0772 1.5 d
65.70 .0634 .0628 1.5 d
72.52 . 0564 . 0554 2.0 d
79.18 . 0566 .0564 2.0 d
85.66 . 0601 . 0576 3.5 d
98.02 --- .0691 5.0 d
110.0 .0801 .0719 2.0 o
120.0 . 0999 .0922 1.0 o'
130.0 . 1379 . 1309 1.0 o
140.0 . 1968 . 1857 1.5 o
150.0 «2702 . 2580 1.5 o
156.0 +3153 .3020 3.0 o

See text, p. 21 and p. 46.
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Figure 24. Differential cross-section in the center of mass vs.

center of mass angle at 5.473 1+ 0.005 MeV.

8, com. Calculated Experimental rms Particle
angle o(8) o(8) error Observed
(degrees) {mb/sr) (mh/sr) {percent)
17.97 . 8421 . 707 3.0 d
22.44 . 5227 . 449 1.5 d
29.85 .3253 . 2825 1.0 d
37.20 .2220 .1956 1.0 d
44,48 . 1504 . 1378 1.0 d
51.67 .1011 . 0948 1.5 d
58.75 .0711 . 0679 1.5 d
65.70 . 0568 . 0540 1.5 d
T2.52 .0536 . 0490 2.0 d
79.18 .0568 .0519 2.5 d
85. 66 .0622 .0566 2.0 d
91,95 L0675 .0608 2.5 d
98.02 .0715 . 0644 2.5 d
100.0 - .0616 1.0 o
103.88 . 0747 . 0656 3.5 d
110.0 .0786 .0675 2.5 o
120.0 .0918 .0831 1.5 o
130.0 . 1209 . 1075 1.5 o
140.0 . 1700 . 1578 1.5 o
150.0 .2340 . 2040 1.5 o
156.0 2741 . 2520 2.5 o

See text, p. 21 and p. 46.
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Figure 25. Differential cross-section in the center of mass vs.

center of mass angle at 5.961 + 0.018 MeV.

9, c. Calculated Experimental rms Particle
angie . a(e) o(8) error Observed
(degrees) (mb/sr) (mb/sr) (percent)

17.97 . 7669 . 6557 3.0 d
22.44 . 4822 .4175 1.5 d
29.85 .2990 . 2680 1.0 d
37. 20 . 2007 . 1887 1.0 d
44.48 .1331 . 1258 1.0 d
51. 67 . 0875 .0861 1.0 d
58.75 .0611 . 0595 1.5 d
65.70 . 0500 . 0479 2.0 d
72.52 . 0495 . 0447 2.0 d
79. 18 . 0545 . 0492 .0 d
85. 66 .0610 . 0577 4.5 d
91.95 . 0663 .0601 3.0 d
100. 0 . 0703 .0616 3.0 o
110.0 .0730 . 0666 2.0 o
120.0 . 0811 . 0747 2.5 o
130.0 .1043 .0981 1.5 o
140.0 0 1472 . 1392 1.5 o
150.0 .2056 « 1907 2.0 o
156.0 L2428 . 2247 2.5 o

See text, p. 21 and p. 46.
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Figure 26. Differential cross-section in the center of mass vs.

cenler of mass angle al 6.476 + 0.006 MeV.

8, . m. Calculated Experimental rms Particle
angle a(9) o(8) error Observed
(degrees) {mb/sr) (mb/sr) (percent)
17.97 .7033 .5930 3.0 d
22,44 . 4507 .4050 1.0 d
29.85 .2798 .261 1.0 d
37.20 . 1841 .1710 1.0 d
44,48 .1180 .1128 1.0 d
51.67 . 0746 .0713 1.5 d
58.75 ~ .0510 . 0499 2.0 d
65.70 .0431 .0393 2.0 d
72.52 . 0457 L0421 2.0 d
79.18 .0531 . 0467 2.0 da
85. 66 .0610 . 0551 2.0 d
91.95 . 0666 . 0590 2.5 d
98.02 . 0689 . 0625 3.0 d
100.0 . 0690 . 0600 3,0 o
103. 88 . 0687 . 0624 3.0 d
110.0 .0674 .0633 1.5 o
120.0 .0698 . 0675 1.5 o
130.0 . 0872 .0816 1.5 o
140.0 . 1257 . 1190 1.5 o
150.0 . 1815 . 1663 1.5 o
156.0 .2180 - 1880 2.5 o

See text, p. 21 and p. 46.
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Figure 247. Differential cross=-section in the center of mass vs.

center of mass angle at 6,965 1+ 0.021 MeV.

8, - Calculated Experimental rms Particle
angle ' a{9) a(8) error Observed
{degrees) {mb/sr) (mb/sr) (percent)
17.97 . 6506 . 5940 3.0 d
22.44 4224 .3825 1.0 d
29.85 .2614 . 2505 1.0 d
37.20 . 1684 .1614 1.0 d
44.48 . 1043 . 1039 1.0 d
51.67 .0632 .0634 1.5 d
58.75 . 0425 . 0411 2.0 d
65.70 L0377 L0377 2.0 d
72.R2 .0432 .0401 2.0 d
"79.18 . 0530 .0472 2.0 d
85. 66 .0623 . 0557 ' 2.5 d
91.95 . 0682 .0616 2.5 d
98.02 . 0697 . 0655 3.5 d
100.0 . 0694 .0659 1.5 o
103.88 0677 . 0639 4.5 d
109.50 .0641 . 0602 4.0 d
110.0 .0638 .0621 1.5 o
120.0 . 0603 .0615 1.5 o
130.0 .0715 . 0686 1.5 o
140.0 . 1043 . 1022 1.5 o
150.0 . 1560 .1438 1.5 o
156.0 . 1908 1761 2.5 o

See text, p. 21 and p. 46.
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Figure 28. Differential cross-section in the center of mass vs,

center of mass angle at 7.479 i 0.007 MeV.

0, com. Calculated Experirpental rms Particle
angle a(8) *{(8) error Observed
(degrees) (mb/sz) (mb/sr) (percent

17.97 . 5982 . 5220 3.0 d
22.44 .3930 .3540 1.5. d
29.85 . 2430 .2200 1.5 d
37.20 . . 1541 . 1404 1.5 d
44.48 . 0927 .0870 1.5 d
51.67 . 0541 .0501 1.5 d
58.75 .0358 .0316 2.5 d
65.70 .0334 .0301 2.5 d
72.52 | . 0410 . 0367 2.5 d
79.18 .0524 . 0489 2.0 d
85. 66 .0628 . 0585 2.5 d
91.95 . 0689 .0634 2.5 d
98. 02 .0700 . 0646 2.5 d
103. 88 . 0669 .0634 3.5 d
109. 50 .0615 .0618 4.5 d
120.0 .0529 . 0540 3.0 o
130.0 . 0582 . 0507 2.5 ot
140.0 . 0847 .0782 1.5 o
150.0 . 1305 .1142 2.5 o
156.0 . 1623 . 1357 4.0 o

See text, p. 21 and p. 46.
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Figure 29. Differential cross-section in the center of mass vs.
center of mass angle at 7.968 + 0.024 MeV. Data of Burge et al.
(1952) at 8 MeV are represented by <.

8, . m. Calculated Experimental rms Particle
angle a(8) a(0) error Observed
(degrees) (mb/sr) (mb/sr) (percent)
17.97 . 5487 .5310 3.0 d
22. 44 . 3649 .3560 1.5 d
29. 85 2273 .2220 1.0 d
37.20 . 1438 . 1340 1.0 d
44,48 . 0856 .0787 1.0 d
51.67 . 0491 .0438 1.5 d
58.175 .0321 .0279 2.0 d
65.70 . 0305 .0266 2.0 d
72.52 . 0385 . 0349 2.0 d
79.18 .0503 .0488 2.0 d
85. 66 . 0609 .0592 2.0 d
90.00 . 0658 . 0606 4.0 o
91.95 .0673 . 0665 1.0 d
98. 02 . 0684 .0681 2.5 d
100.0 .0678 . 0656 2.0 .d
103. 88 . 0652 .0634 3.5 d
109.50 .0593 .0608 4.5 d
110.0 .0587 L0590 1.5 &
120.0 . 0485 . 0482 - " 2.5 o
130.0  .0495 L0497 L5 o
140.0 .0700 .0703 1.5 o
150.0 . 1086 . 1064 1.5 o
156.0 . 1362 . 1316 2.5 o

See text, p. 21 and p. 46.



(BARNS/STER.)

NTHAL CROSS SECTION

=
[

ER

1 .00 |

.90

0.80

.70 }

0.60

0.50

0.40

0.20 ¢t

010

128

H
re
(

O
X
o

-gf~ 99 0~ ]
AN .,Q ® .\. ./
.\ ./
Ll

| | | i | i |

-

20 40 60 80 100 (20 140
CENTER OF MASS ANGLE (degrees)



129a

Figure 30. Differential cross-section in the center of mass vs.

center of mass angle at 8.481 + 0.008 MeV.

9, c.m. Calculated Experimental rms Particle
angle a(®) o(e) error Observed
(degrees) {mb/sr) (mb/sr) (percent)
17.97 .4972 4707 3.0 d
22.44 .3349 . 3295 1.5 d
29. 85 L2111 . 2067 1.0 d
37.20 . 1343 . 1225 1.0 d
44,48 . 0800 .0670 1.5 d
51.67 . 0457 .0368 2.0 d
58.75 . 0295 .0224 2.5 d
65.70 .0279 .0213 3.0 d
72,52 . 0355 .0325 2.5 d
79.18 .0469 . 0443 2.5 d
85. 66 .0574 .0570 2.5 d
91.95 . 0640 .0656 2.5 d
98.02 .0656 .0652 3.5 d
100. 0 L0651 L0649 5.5 2
103. 88 . 0629 . 0649 3.5
110.0 . 0567 .0528 5.5 o
120.0 . 0457 . 0423 3.5 o
130.0 . 0434 . 0402 3.0 o
140.0 . 0576 .0574 2.0 o
150.0 .0879 .0859 3.0 o
156.0 . 1102 . 1049 4.5 o'
See text, p. 21 and p. 46.
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Figure 31. Differential cross~-section in the center of mass vs.

center of mass angle at 8.971 + 0.027 MeV.

' m. Calculated Experimental rms Particle
angle a(e) a(8) error Observed
(degrees) (mb/sr) (mb/sr) (percent)

17.97 .4528 .4680 3.0 d

22.44 .3100 .3280 1.5 d

29.85 . 1992 .2023 1.0 d

37.20 . 1286 . 1186 1.0 d

44 .48 .0776 .0614 1.0 d

51.67 . 0448 .0298 2.0 d

58.75 .0288 L0173 2.5 d

65.70 .0266 .0211 2.5 d

T2.52 . 0333 .0318 2.0 d

79.18 . 0440 . 0444 2.0 d

85.66 . 0541 . 0580 2.0 d

90.0 .0591 L0613 3.0 d

91.95 . 0607 . 0663 2.0 d

98.02 .0628 . 0689 2.0 d
100.0 _—— .0636 2.5 o
103. 88 . 0607 .0681 2.5 d
103.88 . 0607 .0670 2.5 d
109.5 . 0557 . 0587 3.5 d
110,.0 . 0552 . 0553 2.0 o
114, 87 . 0497 .0493 5.5 d
120.0 . 0442 . 0445 2.0 o4
130.0 .0397 . 0395 2.0 o
140.0 .0488 .0529 2,0 o
150.0 0719 .0794 2.0 @
156.0 .0896 .0998 3.0 o

See text, p. 21 and p. 46.
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Figure 32. Differential cross-section in the center of mass vs.

center of mass angle at 9.482 + 0.009 MeV.

g, . m. Experimental rms Particle
angle a(e) error Observed
(degrees) {(mb/sT) {percent)
17.97 .4520 3.0 d
22.44 .3140 1.5 d
29.85 . 1939 1.0 d
37720 . 1072 1.0 d
44.48 . 0557 1.5 d
51.67 . 0252 2.5 d
58.75 . 0140 4.0 d
65.70 .0175 3.5 d
72.52 .0314 2.5 d
79.18 . 0436 2.5 d
85. 66 .05h8 2.5 d
91.95 . 0648 2.5 d
28.02 . 0656 3.0 d
100.0 . 0655 4.5 o
110.0 . 0553 4.5 o
120.0 .0368 3.5 o
130.0 .0343 2.5 o
140.0 . 0432 2.0 o'
150.0 .0670 2.5 o
156.0 . 0824 4,5 of

See text, p. 21 and p. 46.
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Figure 33. Differential cross-section in the center of mass vs.

center of mass angle at 9.973 + 0.030 MeV.

9, .. m. Experimental rms Particle
angle a(9) error Observed
(degrees) (mb/sr) {percent)
17.97 . 4420 3.0 d
22.44 .3190 1.0 d
29.85 .1913 1.0 d
37.20 . 1056 1.0 d
44.48 .0509 1.5 d
51.67 .0211 2.0 d
58.75 .0123 3.0 d
65.70 L0173 2.5 d
72.52 .0287 2.5 d
79.18 . . 0436 2.0 d
85.66  .0563 2.0 a
90.0 . 0649 2.5 o
91.95 . 0645 2.0 d
a8.02 -0708 2.0 d
100.0 . 0670 2.0 o'
103.88 .0621 2.5 d
109.50 . 0554 3.5 d
110.0 .0518 3.5 o
120.0 . 0415 1.5 o
130.0 .0329 1.5 o
140.0 .0411 1.5 o
150.0 ' . 0627 2.0 o
156.0 .0782 3.0 o

See text, p. 21 and p. 46.
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Figure 34. Differential cross-section in the center of mass vs.

center of mass angle at 10.474 + 0.032 MeV.

6, c.m Experimental rms Particle
angle =(8) error Observed
(degrees) {mb/sr) {percent)

‘ 17.97 .4310 2.0 d
22.44 .2900 1.5 d
29.85 . 1841 1.0 d
37.20 .1034 1.0 - d
44,48 « 0449 1.5 d
51. 67 .0180 2.5 d
58.75 .0101 3.5 d
65.70 .0143 3.5 d
72.52 .0272 2.5 d
79.18 .0414 2.0 d
85. 66 . 0536 2.5 d
91.95 . 0605 2.5 d
98.02 .0639 2.5 da
100.0 .0522 2.5 @

103. 88 . 0630 3.0 d

109.50 . 0564 3.5 d
110.0 . 0522 3.0 o
120.0 . 0387 2.0 o

130.0 .0298 1.5 o

140.0 . 0364 1.5 o

150.0 . 0504 4.0 o

156.0 . 0696 3.5 o

See text, p. 21 and p. 46.
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Figure 35. Differential cross-section in the center of mass vs.

center of mass angle at 10.975 _-_I-_ 0.033 MeV.

' e, Experimental rms Particle
angle o(e) error Observed
(degrees) (mb/sr) {percent)

17.97 .4310 .2.0 d

22.44 .3020 1.0 d

29.85 . 1860 1.0 d

37.20 .0946 1.0 d

44.48 . 0430 1.5 d

51.67 .0156 2.5 d

58.75 .0086 3.5 d

65.70 L0146 3.0 d

72.52 . 0273 2.5 d

79.18 . 0425 2.0 d

85. 66 .0534 2.5 d

90.0 . 0629 3.0 o

91.95 . 0606 3.0 d

98.02 .0648 3.0 d
10040 . 0682 2.5 o
110,0 . 0543 2.5 o
120.0 . 0370 2.5 o
130.0 .0271 2.5 o
140.0 .0321 2.0 o
150.0 . 0489 2.5 o
156.0 . 0648 3.5 o

See text, p. 21 and p. 46.
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Figure 36. Differential cross-section in the center of mass vs.

center of mass angle at 11.475 1+ 0.034 MeV.

9, c.m. Experimental rms Particle
angle _ a(8) error Observed
(degrees) (mb/sx) {percent)
17.97 .4150 2.0 d
22.44 .3040 1.0 d
29.85 . 1823 1.0 d
37.20 . 0934 1.0 d
44.48 .0392 1.5 d
51.67 .0141 2.6 d
58.75 . 0072 4.5 d
65.70 .0140 d
72.52 .0241 3.0 d
79.18 . 0397 2.5 d
85. 66 . 0509 3.0 d
91.95 . 0580 2.5 d
98.02 . 0590 3.5 d
100.0 . 0625 3.0 o
103. 88 . 0544 4.0 d
109.50 .0531 4,5 d
110.0 .« 0528 3.0 o
120.0 . 0347 3.0 o
130.0 . 0263 2.0 o
140.0 . 0304 1.5 o
150, 0 v . 0443 2.5 o
156.0 . 0574 3.5 o

See text, p. 21 and p. 46.
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