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The interaction of ®Li with éLi was found to yield three ‘He nuclei via a direct process, as
well as through intermediate ’Be states. Large peaks attributed to direct interactions were
observed in the experimental data at bombarding energies of 2.0, 6.0, and 13.0 MeV. These
peaks were fitted using a simple model which assumed an « + d cluster structure for the SLi
nuclei and an interaction potential which acted only between the deuterons.

1. INTRODUCTION

When two nuclei interact and rearrange so as to
produce three nuclei, the reaction often goes in
two steps, where the second is the breakup of an
unstable intermediate nucleus. We present data!
for the 2 5Li— 3« reaction which show that the
cross section for a one-step process is appreciably
greater than that for the formation and subsequent
decay of a ®Be nucleus. In the theoretical model
which is used to fit the data, the a particles are
not allowed to interact and thus no intermediate
®Be nucleus can be formed. The model predicts a
maximum yield when one of the three « particles
experiences no momentum transfer during the
course of the reaction. If this « particle comes
from the beam, it is found at small angles moving
with a velocity equal to that of the beam. If it
comes from the target, it leaves the reaction with
zero energy. This feature is also characteristic
of quasielastic scattering.? One feature of the re-
action described here that is not shared by the
quasielastic types is the production of two high-
energy particles by what could be called a two-
nucleon-transfer process.

The first experimental indication that a one-step
process was occurring in the 2 ®Li— 3« reaction
was published by Kamegai.> He found a large en-
hancement in the cross section where two of the
a particles shared almost all of the available en-
ergy. Since he used only one beam energy (2.0
MeV) and had only limited resolution, his results
were compatible with the assumption of a state
at about 20 MeV in ®Be. He emphasized, however,
that this hypothesis would require the cross sec-
tion for the production of such a state to be 23
times that of the ground state.

Berkowitz, in a more thorough study of the same
reaction,* looked for the process described here
by searching for evidence of a particles with zero
momentum transfer. He saw large peaks in ap-
proximately the right regions, but could not deter-
mine with certainty whether this process was oc-
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curring or not. He did not have a theoretical ex-
pression for the cross section as a function of
angle and energy to compare with his data, and the
angular uncertainties and cumulative errors in the
experiment prohibited the necessary quantitative
study of the data as a function of momentum
transfer.

Frois et al.® used the hypothesis of a quasimo-
lecular state in the Li-%Li system to fit their sin-
gle-parameter, a-particle energy spectra. Their
model resembles in some ways the one presented
here, but it is not clear how it could be extended
to predict the @-«a angular correlations.

2. THEORETICAL MODEL

The model had detail sufficient to include the
essential features of the reaction, but did not in-
clude any extra features to help improve the fit to
the data. A brief outline of the model is as follows:
The final state consisted of three plane-wave «
particles. The initial state contained two plane-
wave ®Li nuclei. Each °Li nucleus had a cluster
structure composed of an « particle and a deuter-
on bound by a square-well potential. The interac-
tion potential was a point interaction between the
two deuterons; there was no interaction between
the « particles.

For convenience all computations were per-
formed in the lab system. Consider a three-body
reaction, B+ T—~F+P +U. The differential cross
section for particle F, i.e., the energy spectrum
when particle F is detected in a detector with solid
angle, Q, at an angle of 6, and particle P is de-
tected in a detector with solid angle, Q,, at an
angle of 0 ,, may be written in the form

d’c 2rp 2
o aae, @k PEDIME, (1)

where u is the reduced mass, mpmy,/(mg+my),
and 7k is the relative momentum of the beam and
target particles. The phase-space factor, p, is
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given in terms of the particle momenta,®

1 MMMy P p°
217 (mp+my)pp: +mp(Dr — D) *Dp

p(EF):(

(2

The matrix element, M, between the initial and
final states in the plane-wave Born approximation
is

M=<¢f| V| ¢{> .

In this model we assumed that the only interaction
which occurred during the reaction was the forma-
tion of an a particle by the two deuterons from the
SLi nuclei. The nuclear potential, V, was taken

to be a zero-range potential between the deuterons,

-

V=v,6(dy -d,).

The initial state was approximated by products of
internal wave functions and incoming plane waves,

b; =6, (dy — ag)e’ s lade (dp - ap)e’fr it

and the final state by products of outgoing plane
waves and an internal wave function for the « par-
ticle which was formed from the deuterons,

-

iR oo K e AR 5 - =
Yp=e'"B %Be " %r e ta % d (dg —dy).

The coordinate definitions are shown in Fig. 1.
Vectors HB and d, locate the deuterons in the beam
and target nuclei, respectively. Vectors '&B, ET,
and @, point to the o particles. In terms of these
coordinates the centers of mass of the °Li nuclei
are

= - m - -
Lyr=0gr+—2—(dgr - Gg).
BT B m, | BT T BT

The independent set of variables chosen to facili-

tate the integration was

dp=dg,
ry=dg —dg,
- - -
Tp=dg —ag,

- ] -
Tp=dp—ap.

When the appropriate substitutions were made, the
expression for the matrix element became

M :f dd, ot (g+ip R p-K 7 R+ Tp
XV, f AT, B(F,)b(F,) e-ilir-Ryr iR 1Ty
XI dT g &6 (Fp) =ik =Kp) Ty
xdeTéeLi('fT)e"(;}'fr)'?r , (3)

where Eé_T =maEB‘T/(ma+md). The first integral
of Eq. (3) contains the requirement for conserva-
tion of momentum in the reaction. The second in-
tegral was made into a constant by the choice of

a b function for the potential between the two deu-
terons. This was justified by noting that the a-
particle wave function, ¢ ,(¥,), is strongly peaked
about the origin as a function of the internal deu-
teron coordinates. Thus, even for a potential
other than a § function, the value of the integral
would be only a slowly varying function of the mo-
mentum transfer. To obtain specific expressions
for the internal ®Li wave functions so that the third
and fourth integrals of Eq. (3) could be evaluated,
the nucleons in each ®Linucleus were postulated to
have a cluster structure composed of an a particle
and a deuteron bound by a square-well potential.
Antisymmetrization effects were incorporated by

INITIAL-STATE COORDINATES

FINAL-STATE COORDINATES

FIG. 1. Coordinates for the theoretical model.
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using a 2S wave function, as explained by Wilder-
muth.” The third and fourth integrals of Eq. (3)
are each given by:

28 \"?1 {sin[(y - A)R] sin[(y+A)R]
S(A)=<1+BR> Al 20-8) T 206+D)
+_(§%3(B sinAR + AcosAR)% ,
where

2m 172 2m 172
Y=[F(V0—Ee)] ) 5=<ﬁ—zEe> ,

and R is the radius of the square well, V, is its
depth, and Ej is the binding energy and m the re-
duced mass of the a +d cluster.

The functional form of the matrix element may
be shown by rewriting Eq. (3) as

M=Vi9(|k; - Ky ) 8(kp - Ky )

The symmetrization of the wave functions gave the
complete matrix element which has the form

M=v;{9( ks - K N8(|kp - K, |) +9(| ks - K,))]
+9(1ky - K, D9 &kp - Ky ) +9( K5 - K, )]

+9(1%kg - K, D8] Ky - Ky ) +9( | kp - K, )]
(4)

The laboratory energy spectrum of particle F pre-
dicted by this model was given by the expression
which resulted when Eqs. (4) and (2) were substi-
tuted into Eq. (1).

The only free parameter in the theoretical mod -
el was the radius of the square well. The value
R=3.2fm (V,=-38.2 MeV) was chosen for the
calculations. The results were essentially the
same in the range 2.4 fm <R <4.0 fm for the bom-
barding energies which were studied. This sug-
gested that the shape of the nuclear potential for
the ®Li nuclei was not a critical factor and that
the relatively sharp peaks of the calculated energy
spectra were produced by the long tail of the bound-
state wave function.

3. EXPERIMENT DESCRIBED

The data which initiated this study were taken
for a different purpose at a beam energy of 6.0
MeV by F. D. Ingram. The experimental arrange-
ment was similar to that previously described.?
Two small detectors were fixed at 6., =+15°and
6r,=+30° on one side of the scattering chamber
and a movable 30° wide position-sensitive detec-
tor was located on the other side of the chamber.
Data were obtained at all angles in the ranges -10°
< 60p<=170%(6F,) and -25°< 6, < ~150%(6,,) for coin-
cident events between the position detector and one
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or the other of the fixed detectors. A detailed
analysis showed that there was a large anomalous
peak in each of the fixed-detector energy spectra
for a narrow angular range (~40°) near 6,
=~160%(0p,) and 6, = —=140%(05,).

It was found that these peaks corresponded to
no known levels in the ®Be nucleus if the assump-
tion of sequential decay was invoked. However,
the energies and angles of the peaks were correct-
ly given if a direct interaction was assumed for
which zero-momentum transfer to the beam «
particle occurred.

Additional experimental data were obtained so
that the theoretical model could be tested in detail.
Two detectors were used: a small fixed detector
with circular apertures which subtended a 5° angle
relative to the center of the target and a larger
position-sensitive detector with a rectangular
aperture which spanned an angle of 31°in the re-
action plane. Each coincident event in the detec-
tors corresponding to a three-body nuclear reac-
tion gave three pieces of information: the energy,
Ep, of the particle incident on the fixed detector,
the energy, Ep, and the angle, 6,, of the particle
incident on the position detector.

The use of a position detector is clearly advan-
tageous in coincidence experiments of this type.
The running time is greatly reduced, since data
are collected simultaneously at a number of differ-
ent angles. Plotting 6, versus Ej is valuable,
since variations of the E. spectrum are shown as
a continuous function of angle. Details become
evident which might otherwise be overlooked.

The theoretical model predicted that for a fixed
detector angle of 6,=+30°, the anomalous peaks
in the Ep spectra would rise and fall as a function
of angle only in the range from -120°< 6, < -150°
for E5=2.0 MeV to -70"< 6, <—145"for E; =13.0
MeV. Runs were made at the following beam ener-
gies and position detector angles:

-120°, -145°;
6p==95°, —120°, —145°;
6p=-95°, —120°, —145°,

2.0 MeV, 0p=
6.0 MeV,
13.0 MeV,

In addition a run was made at 6,=+90°and 6,
=-T0°for E; =2.0 MeV. This corresponded to a
portion of the angular range which was studied by
Kamegai® at this energy.

The details of the equipment used and the pro-
cedures followed in acquiring and analyzing the
data may be found in the Appendix.

4. RESULTS DISCUSSED

A FORTRAN IV program was written which dis-
played the experimental data together with the re-
sults of calculations using the theoretical model.
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The format of the experimental data at each angle
setting was a 6, vs E, contour matrix. The data
for each bombarding energy were normalized
using the overlapping angles of the position detec-
tor. A theoretical 6, vs E, matrix was construct-
ed by calculating energy spectra for the 6, values
after correcting for the thickness of the beam-
stopping foil in front of the fixed detector. The
experimental and theoretical energy spectra were
obtained by summing the appropriate 5° wide seg-
ments of the respective 6, vs E, matrices. Since
the experimental measurements and the theoreti-
cal computations were concerned only with the
relative values of the cross section, experiment
and theory were normalized to the maximum
height of the peak that corresponded to zero-mo-
mentum transfer to the target o particle (the high-
energy direct peak).

The theoretical computations reproduced with
reasonable accuracy the large direct interaction
peaks which were found in the experimental data.
The energies of the majority of the peaks were
well predicted and their relative heights were fair-
ly well predicted. In general, however, the widths
of the experimental peaks were narrower than the
theoretical peaks. The experimental direct peaks
rose from background to their maxima and fell
again below background extremely rapidly as a
function of angle. Typically this range was ~40°
for the high-energy direct peak and ~25° for the
low-energy direct peak. This angular variation
was followed very well by the theoretical model.

To be sure that the peaks attributed to direct
interactions were not due to sequential decay pro-
cesses, the behavior of the excited states in ®Be
which could possibly produce peaks in the region
of the experimental direct peaks was carefully
checked as a function of 6, for each bombarding
energy. When 6, was plotted versus E,, the al-
lowed loci occurred either as straight lines (con-
stant E) or as curved lines where E, varied rap-
idly with small changes in §,. In contrast, the
energies of the direct peaks changed slowly with
angle in the regions where they appeared. The
relative cross sections of the observed states in
®Be were between a tenth and a twentieth of the
maximum observed for the direct peaks. The
states which were unambiguously identified in the
experimental spectra were the 0.0-, 2.9-, 16.6-,
16.9-, and 22.5-MeV levels. Those which could
occur in the region of interest were the 2.9-MeV
state for E;=2.0 MeV, the 2.9-, 11.4-, and 22.5-
MeV states for E;=6.0 MeV, and the 2.9-, 11.4-,
16.6-, 16.9-, and 22.5-MeV states for E;=13.0
MeV. Since the J" of these states are 2* and 4*,
their relative cross sections could not have
changed as rapidly with angle as did the experi-

mental direct peaks. Moreover, peaks due to
these ®Be states should have been clearly visible
for angles other than those for which the experi-
mental direct peaks were observed. As pointed
out above, most of the angular range, 0°<§,<180°,
was studied for E ;=6.0 MeV and there was no in-
dication that peaks due to these states developed
an appreciable cross section for any of these an-
gles.

As the bombarding energy changed, the levels
in question came into the region of interest in dif-
ferent ways. There was no evidence that the ex-
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FIG. 2. Experimental (——) and theoretical (----)
angle versus energy contour maps. The count level of
the first contour line for 6,=+30° is 3 counts and that
for 0p=+90° is 13 counts. Each succeeding contour line
corresponds to the indicated multiple of the first count
level. The areas between the dotted lines were summed
to form the energy spectra shown in Fig. 3.
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perimental direct peaks changed in the way that
would be expected if they were due to ®Be states.
In addition to the detailed study made at the 2.0-,
6.0-, and 13.0-MeV bombarding energies, data
were also obtained at beam energies of 4.5 and
8.0 MeV. The experimental peaks attributed to
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y
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FIG. 3. (a)-(c) Experimental (....) and theoretical
(—) Ep spectra. The arrows indicate the expected
locations of peaks corresponding to excited states in
®Be. The absence of experimental points indicates that
no counts were observed.
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direct interactions were a prominent feature of

the data for all five bombarding energies. We con-
cluded, therefore, that the anomalous peaks which
were observed were due primarily to direct inter-
actions and not to sequential decay processes.

Presentation of the Data and the Computations

The contour maps are shown in Figs. 2, 4, and
5 Solid lines were drawn through the experimen-
tal data points and dashed lines through the theo-
retical values. The energy scale gives the labora-
tory energies following the foil over the fixed de-
tector. The angular scale gives the laboratory
angles from the position detector. Figures 3 and
6 show energy spectra which were obtained by
summing the 5° wide bands indicated by the dotted
lines in the contour maps. Three 5° wide bands
for the 6.0-MeV data are shown in Ref. 1. In these
plots the experimental data points are shown to-
gether with smooth curves calculated using the
theoretical model. The possible locations of peaks
from the sequential decay of levels in ®Be are indi-
cated by arrows. These were calculated from
three-body reaction kinematics and were corrected
for the energy calibration and foil thickness of the
fixed detector. The excitation values which stand
alone refer to peaks formed by events in which the
initial particle was incident on the fixed detector
and one of the decay particles was incident on the
position detector. The bracketed values corre-
spond to peaks formed by the initial particle strik-
ing the position detector and one of the decay par-
ticles striking the fixed detector. The subscript,
B, on the brackets means that both decay parti-
cles were detected, one in each detector, and the
initial particle was not observed.

2.0-MeV Bombarding Energy Data

See Figs. 2 and 3. The agreement between the
experimental data and the results of the theoreti-
cal model is fair for this bombarding energy. The
energies of the direct interaction peaks predicted
by the theoretical model differ from experiment
by as much as 2.0 MeV for 6, =+30°, though for
6, =+90° the difference is less than 0.2 MeV.
However, as a function of 6,, the experimental
direct peak shows only one maximum, while the
theoretical model predicts two maxima. For 6,
=+30° the energy of the experimental peak in-
creases by about 2.0 MeV as ¢, increases. For
the same range of 6,, the energies of the theore-
tical peaks decrease by about 3.0 MeV as 6, in-
creases. A detailed comparison between the data
for 6,=+90° and the data obtained by Kamegai® is
given in Ref. 9.
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6.0-MeV Bombarding Energy Data

See Fig. 4. The good agreement between experi-
ment and theory is evident in this case, although
it should be noted that the direct interaction peaks
predicted by the theoretical model are broader in
both energy and angle than the direct peaks in the
data. Out of the total angular range of 25 to 150°
and energy from 4 to 16 MeV, the only large peaks
are those shown in Fig. 4. An additional feature
which is evident in the complete data is a tendency
for sequential decay processes to have a smaller
cross section for those angles where the direct
interactions are larger. Perhaps there is some
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FIG. 4. Experimental (—) and theoretical (—=——-)

angle versus energy contour maps. The count level of
the first contour line is 91 counts. Each succeeding
contour line corresponds to the indicated multiple of
the first count level

sort of interference occurring between the direct
mode and the sequential processes. The smaller
peaks in Fig. 4 which are not predicted by the the-
ory and which do not seem to correspond to states
in ®Be are somewhat mysterious. Perhaps a more
complete theory of the direct interaction effects
could explain these peaks as well.

13.0-MeV Bombarding Energy Data

See Figs. 5 and 6. For this bombarding energy
the agreement between experiment and theory is
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FIG. 5. Experimental (——) and theoretical (----- )

angle versus energy contour maps. The count level of
the first contour line is 17 counts. Each succeeding
contour line corresponds to the indicated multiple of

the first count level. The areas between the dotted lines
were summed to form the energy spectra displayed in
Fig. 6.



1178 L. L. GADEKEN AND E. NORBECK

moderately good. The energy of the high-energy
direct peak predicted by the theoretical model is
in fairly good agreement with experiment. The
energy of the experimental low-energy direct peak
deviates from the prediction of the theoretical
model by about 2.5 MeV and the relative peak
heights disagree by a factor of 2. The magnitudes
of the relative cross sections of the experimental
and theoretical peaks do not change in quite the
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FIG. €. (a)—(c) Experimental (----) and theoretical
(—) Ep spectra. The arrows indicate expected loca-
tions of peaks corresponding to excited states in ®Be.
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same way as 6, changes. Again, the cross sec-
tions for the sequential decay processes decrease
when the direct interaction effects become large.
There are also unexplained peaks which perhaps
result from more complicated direct interaction
effects.

5. CONCLUSIONS

In the 2 ®Li~ 3@ reaction, an important contri-
bution to the differential cross section is due to a
direct interaction. The portions of the experimen-
tal energy spectra in which the direct peaks ap-
peared were reproduced reasonably well by a theo-
retical model which included only the essential
features of one particular type of direct reaction
mechanism. Even better agreement with experi-
ment should be possible by using more realistic
nuclear potentials and by including Coulomb forces
and a-a interactions.

APPENDIX. EXPERIMENTAL APPARATUS
AND PROCEDURE

The °Li beam was produced by the University of
Iowa’s HVEC Model CN Van de Graaff positive-ion
accelerator. Details concerning the beam trans-
port system may be found in Ref. 9. The beam
entering the ORTEC Model 600 scattering chamber
was collimated to a maximum diameter of 3.4 mm
at the target. Two target holders were used. The
normal holder was used only with a radioactive
source for calibration purposes. During the accel-
erator runs, a special holder with an integral vac-
uum lock was used so that metallic ®Li targets
could be transported from the target preparation
area to the scattering chamber without exposure
to the atmosphere. The targets were composed of
approximately 50 pg/cm? of isotopically pure SLi
metal which had been deposited on about 200 g/
cm? of copper foil.

The detector mounts were attached to rotating
plates fastened to the top and bottom covers of the
chamber. Two silicon surface-barrier detectors
were employed in this experiment. The ORTEC
50-mm? fixed detector was 958 pym thick. The
circular apertures of the collimator telescope to
which it was fastened defined an acceptance angle
of 5°at 4 cm from the center of the target. The
4x20-mm position-sensitive detector, made by
Nuclear Diodes, was 240 um thick. The rectangu-
lar aperture behind which it was mounted spanned
an angular range of 7°x31°at 3 c¢m from the tar-
get.

Each detector was covered with aluminized
Mylar foil in order to stop the scattered beam.
The thickness of the Mylar was determined to be
3.36 mg/cm? by noting the energy loss of the 6.05-
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and 8.78-MeV « particles from a thorium C (ThC)
source. One thickness over each detector was
sufficient for the 2.0- and 6.0-MeV runs, but a
double thickness had to be used over the fixed de-
tector for the 13.0-MeV runs.

The electronics are shown in Fig. 7. The energy
signal from the position detector was derived from
the front face of the detector. The position signal
was taken from one end of the resistive layer on
the back of the position detector. The other end
of the resistive layer was grounded through a
2000- metal-film resistor. This ensured that
the position signals from particles incident near
the grounded end of the detector were always above
electronic noise and the threshold setting of the
analog-to-digital converter (ADC). The energy
signals, E, and Ep, and the position signal, Pp,
were initially processed by ORTEC preamplifiers
and sent to Canberra linear amplifiers. E, and
E also went to ORTEC timing filter amplifiers
which optimized the wave forms for presentation
to ORTEC constant fraction timing (CFT) dis-
criminators. For Ej the resulting pulse rise
times were approximately 15 nsec. For E the
rise times varied continuously, from about 40
nsec for particles incident near the ends of the
position detector, to about 80 nsec for those strik-
ing near its center. The CFT discriminators were
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set for a fraction of 0.3 with shaping delays of
T,E;) =8 nsec and T,(Ep) =31 nsec. Their timing
outputs were fed to an ELRON time-to-amplitude
converter (TAC) and to EG &G pileup gates.

A coincident event was assumed to have occurred
when the time delay, T, between the E; and Ep
timing signals was less than 150 nsec as mea-
sured by the TAC. The T pulses were sent to a
Mech-Tronics integral discriminator which put
out logic pulses that opened Mech-Tronics linear
gates. This allowed the E,, Ep, Pp, and T signals
to pass to Nuclear Data ADC’s for analysis and
subsequent storage by a Control Data computer.
The pileup gates prevented the analysis of real
coincident signals that had been distorted by other
pulses occurring within a time interval of 11 ysec.

The amplitude and rise-time compensated timing
techniques that were used in conjunction with the
TAC gave excellent results. The peak-to-back-
ground ratio of the timing peak was usually great-
er than 150 to 1. The maximum time resolution
for the whole position detector was 12.5 nsec, full
width at half maximum (FWHM). The time delay
had a small dependence on the location of the event
in the position detector. The resolution for any 5°
wide segment of the position detector was less
than 5 nsec FWHM.

To establish an accurate energy calibration, the
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FIG. 7. Block diagram of the electronics used in this experiment. Note: All connections are RG-62/cable unless
marked by a *,
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detectors and the electronics were calibrated with
the 6.05- and 8.78-MeV « particles from a ThC
source. The zero intercept and the response line-
arity of the ADC’s were carefully checked using a
pulser. In addition, a single-parameter spectrum
from the ®Li +°®Li reaction was recorded for the
fixed detector at each energy. Several proton and
deuteron groups stood well above the continuum
and provided excellent calibration points.

The angular calibration of the position detector
was obtained by using « particles from a ThC
source and a special collimator with nine vertical
slots. The slot widths and their separations were
precisely measured by means of a traveling mi-
croscope.

A general purpose, four-parameter data ac-

o

quisition and reduction program was used with

the on-line computer to store the data on magnetic
tape in time sequential fashion and to monitor the
progress of the experiment. The experimental
data were later completely and efficiently reduced
by using the University of Iowa’s IBM 360/65 com-
puter. FORTRAN IV programs read the data, divid-
ed out the energy dependence of the position
signal,’® generated spectra of Ep, Ep, Pp, and T,
and contour matrices of E, vs Eg, Pp Vs Eg,

T vs Ep, Ppvs Ep, TVvs Ep, and Ppvs T. The
spectra and matrices were printed out and were
also stored on a direct-access disk file. These
reduced data and the energy and angular calibra-
tions were used with other programs to compare
the experimental data with the theoretical model.

*Work was supported in part by the National Science
Foundation.
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