- — A N . o - . W o, AL S o o b [ oo St b e 2t .

This dissertation has been
microfilmed exactly as received 68=15,618

EMERSON, Sidney Thomas, 1941~
FINAL STATE INTERACTIONS IN THE

98¢ + p— d + 23 REACTION,

Rice University, Ph.D., 1968
Physics, nuclear

University Microfilms, Inc., Ann Arbor, Michigan




RICE UNIVERSITY

Final State Interactions in the
9
Be + p~-pd + 200 Reaction
by

Sidney Thomas Emerson

v A THESIS SUBMITTED

IN PARTIAL FULFILLMENT OF THE

REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

Thesis Director's signature:

’
A

S5

Houston, Texas
June . 1968



II.

III.

Iv.

TABLE OF CONTENTS

_ Page
INTRODUCTION == === o e 1
EXPERIMENTAL APPARATUS AND PROCEDURES----- 7
A. The Scattering Chamber———=—=————m————-

B. Targets—===———mmemmee e 9
C. Electronics-~-——-—-———m—m—cmmemm— e e 10
D. Calibration and Data Reduction

Techniques—=====m———r————r e 13
E. Cross-Section Calculations--—--======- 20
THEORY -—=——— e m e e e e e e e e e e e e 22
A. Reaction,Mechanisms ——————————————————— 22
B. Kinematics for Three-Body Break-Up---- 23
C. Kinematics for Sequential Break-Up---- 25
D. Effect of the Available Phase-Space-~-- 26
E. The Cross-Sections for Sequential

Break-Up-—=———======———————— o 29
F. Density of States Functions---===———-- 34
EXPERIMENTAL DATA-—————==——m——————— e e 37
RESULTS AND CONCLUSIONS—====m———e—— e —— 40
APPENDICES === mm e e e e e e e e e 44
A. Kinematics for Three-Body Decay------- 44
B. Kinematics for Sequential Decay------- 46
C. Density of States Calculations—=====—~ 49
D. Angular Correlation Factors-—=——————=—=—= 52
REFERENCES —~———— == === m = m o e o e 55

ACKNOWLEDGEMENT'S — == == = mm e m e e e e 59



I.  INTRODUCTION

Few-nucleon systems have been the object of many in-
tensive investigations in récent years. The resurgehce of
interest in this field by both theorists and experimental-
ists has been sparked in part by the development of new
technologies which permit the investigation of many-body
final states in greater detail than ever before. The
development of multi-parameter pulse-height analyzers, par-
ticle detectors of high resolution, time-of-flight
measuring techniques, and in particular, the on-line
digital computer, have made possible many previously im-
possible experiments. Many of these experiments have been
aimed at improving our understanding of nuclear reactions
involving three particles in the final state. An under-
standing of these three-body reactions is of fundamental
impor tance- when various models of the nucleus are considered.
If these reactions proceed sequentially via a pair of two-
body disintegrations, then a two-body cluster model of the
nucleus would seem appropriatel). A significant contribution
due to simultaneous three-particle disintegration however;

would necessitate the inclusion of clusters of higher order.
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The reaction 9Be.+ p—»d + 20 has been studied by a

2) measured elastic and

number of authors. Blieden, et al.
inelastic cross sections from 3.5 MeV to 12.5 MeV bombard-

ing energy. Similar measurements have been made by Morita,

3) 4)

from 1 MeV to 4.6 Mev,-and.by Ishiwari
5)

et al. from

6.1 MeV to 7.3 MeV. Laugier, et al.

measured cross
sections, and deduced levels and widths of 6Li* and 8Be*,
for bombarding energies of 7.0, 8.0, and 9.0 MeV. Beckner,

Jones, and Phillips6)

studied the energy spectrum of deuter-
ons emitted at 180° to the incident beam at a bombarding .
energy of 5.205 MeV. A low-energy anomaly was observed in
this spectrum in the region of Eex = 0.75 MeV, with a yield
in this region of approximately 1% of the intensity of the
8Be ground state yield. This anomaly has also been observed
by Hay, _§.§;,7), and has not been accounted for by any
known states of 8Be or 6Li.

The great disadvantage of this type of experiment is
that, while the energy and momentum of one of the final
state particles-is determined, nothing is known of the way
in which the remaining momentum is shared by the other two
pérticles. Such an experiment integrates over all possible

recoil states, and it is difficult to obtain detailed infor-

mation about reaction mechanisms from such an experiment.
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A complete specification of a three-body final state
in which the masses of the three particles are known; re-
quires the knowledge of nine scalar variables, i.e. the
three components of momentum for each particle. The con-
servation of energy, and of the three components of linear
momentum may be used to eliminate four of these variébles.
Thus measurement of the directions of the momentum vectors
of two of the particles (four scalar variables) plus the
kinetic energy of one of'them should be sufficient. However,
since the energy conservation equation is quadratic, it is
necessary to measure both kinetic energies in order to
determine the final state without ambiguity.

In the case of three identical particles in the final
state, the conservation laws restrict the observed coinci-
dences to a calculable locus in the El—E2 plane. (See
Appendix A.) The distribution of events along this locus
provides a sensitive measurement of the mechanism of the
reaction. If the reaction proceeds via a direct three-
particle disintegration, one would expect the distribution
of events along the locus to be proportional to the volume
of phase space available to the particles at that point on
the locus. 1If however, the reaction proceeds sequentially
via a pair of two-body disintegrations, one would expect to

observe peaking in the distribution corresponding to the
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formation of metastable states in the intermediate nucleus.

If the three particles in the final state are not
identical, not one but several loci will be obsérved if the
detectors are sensitive to all particles and cannot dis-
tinguish the particle type. If, for example, all three
particles are charged particles observed with ordinary solid
state detectors, and no two particles are identical, one
would observe six loci, correspohding to the six types of
two-particle coincidences.

In the case of the reaction 9Be + p-s=d + 20, three
loci are observed, corresponding to d-alpha, alpha-d, and
alpha-alpha coincidences respectively. These loci are not,
in general, well separated in energy, and it is very diffi-
cult to obtain spectral information from a simple coincidence
experiment which does not involve particle identification.
Further, a particle identification system suitable for this
study must have a very broad dynamic range, since the par- -
ticles exhibit a broad continuum of energies.

This particle identification has been accomplished by
measuring the angles of emission and kinetic energies of two
particles detected in coincidence, together with the time-of-
flight of one of them. If the energy, E, and the time-of-
flight, t, of 'a particle are measured simultaneously, then

the product Et2 is proportional to the particle mass. In
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order to make this measurement, one silicon surface barrier
detector was situated very near the térget, with another a
good distance away. Three-parameter data were taken, re-
cording the energies El and E2 of particles detected in
coincidence, together with the time-of-flight difference
(tl_té)' These data were then edited by digital computer
into three parameter data of the form (El,Ez,Elti), where
the computer has corrected the measured time (tl—tz) for
the time-of-flight of the particle detected in the hear
counter, as well as for the errors in the timing measurement
(walk) caused by varying pulse size in the detectors, and
has formulated the product Elti

Two-dimensional spectra were then extracted, requiring that

for each coincident event.

the particle detected in detector 1 be a deuteron (or
alternatively, an alpha particle). - In the case of the
d-alpha locus, this technique provided a complete separation
of the kinematic locus. The alpha-d and alpha-alpha loci
could not, in general, be separated over the entire kine-
matic range, but did not exhibit large regions of overlap.
In addition to providing the necessary particle identifica-
tion, this technique provided a significant reductién in the
background of accidental coincidences, permitting the use of

much higher beam currents than would normally be used. Com-
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plete details ofvthe particle identification technique are
contained in reference 8.

.In this thesis, the following aspects of three-body
decay wili be discussed:
a) An experimental study of the 9Be + p-ped + 200 reaction,
in which a complete determination of the kinematics of the
final state is made.
b) BAn analysis of the data in terms of sequential decay and
the density of states of the intermediate nuclear syétems.
c) A discussion of knowledge gained from this type of ex-
periment, aﬁd an indication of how similar experiments may
be used as a spectroscopic tool to study particle unstable

states in greater detail.



II. EXPERIMENTAL APPARATUS AND PROCEDURES

A. The Scattering Chamber

The experiment was performed using. the 9.0 MeV proton
beam from‘the Riée University 12 MeV tandem Van de Graaff
accelerator. The scattering chamber was a brass cylinder
of 30.5 cm inside diameter and 10.16 cm high, and is shown
schematically in figure 1. The beam was collimated by four
circular apertures in tantalum discs distributed over a
distance of 43 cm. As the beam approached the target it
passed through apertures of 3.18mm, 2.38mm, 2.38mm, and
3.18mm respectively. The final 3.18mm aperture was located
5.1 cm from the target center. A quartz and gunsight
assembly immediately in front of the beam collimator, and a
guartz at the chémber exit facilitated chamber alignment.
In addition, a quartz could be inserted in the target holder
to assure that the beam struck the target center. The target
could be rotated about a.vertical axis from outside the
chamber. A.Faraday cup employing permanent-magnet electron
suppression was located at the rear of the chamber, and was
used to monitor and integrate the target current.

Three silicon surface barrier detectors were used in
the experiment--two for the coincidence measurement, and the

third to monitor protons elastically scattered from 9Be.



Figure 1. Schematic drawing of the reaction
chamber showing the near and far
counters, monitor counter, beam col-

limator, and target assemblies.
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The "near" counter was mounted on the chamber 1lid a distance
of 5.3 cm from the target center, and could be moved to any
angle from 20° to 160° to the incident beam. The slit tele-
scope associated with this counter consisted of two 3.18 mm
circular apertures in tantalum discs located 5.1 cm and
2.56 cm from the target center respectively. The "far"
counter could be affixed to any one of fifteen’ports in the
chamber wall; located at 10° intervals from 20° to 160° to
the incident beam. The surface of this counter.was 72 cm
from the target center. The slit telescope associated with
this counter cdnsisted of a 13.5 mm aperture located 71 cm
from the target center and a 3.8 mm aperture located 17.8 cm
from the target center. These two counters subtended solid
angles of 3.07 x lO_3 sr. and 2.83 x 10-4 sr. reépectively.
The monitorAcounter could also be affixed to any one of the
fifteen side ports in the chamber, and was held a distance
of 18.4 cm from the target center. The slit system for the
monitor counter consisted of two 3.18 mm diameter circular
apertures in tantalum discs located 15.2 cm and 17.75 cm
from the target center respectively. This counter subtended
a solid angle of 2.33 x 10_4 sY.

Because of the necessity of making very fast timing
measurements, the solid state detectors were selected with

great care. These were silicon surface barrier detectors of
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1,000 micron deplétion depth, and were selected so as to
minimize the Charge collection time. The "near" counter was
a 3,000 ohm-cm device operated at 900 volts bias, and had a
surface area of 25 mmz. ‘The "far" counter was a 200 mm2
deviée, of 9,500 ohm-cm resistivity, and was operated at 450
volts bias. These detectors had gold‘dead layers of

0.3 mg/cm2 thickness.

B. Targets
Self;Supporting 9Be foils were prepared by evaporating
beryllium metal under high vacuum onto clean glass slides
coated with tépbl, a commercial detergent. A tungsten boat
was used to heat the beryllium for the evaporation. The
foils were then fioated off the glass in a warm water bath
and deposited on the target holders. Great care was taken
to avbid personal contact with the beryllium metal br in-
halation of‘ﬁhe vapor, due to the poisonous properties of
the element. The targets used in ﬁhe experiment were ap-
proximately 50 KeV thick to the incident protons. Principal
impurities were carbon and oxygen. The target was insulated
from ground and held at several hundred volts poéitive bias

to prevent low energy electrons from reaching the detectors.



10.

C. Electronics

The signals from the detectors were processed by the
circuits shown in figure 2. An overall timing resolution
near 1 nanosecond was necessary to effect the desired mass
identification over the full energy range. Such time reso-
lution is not possible at the current state of the art
using double delay line clipped amplifiers and zero cross-
over timing. Therefore it was necessary to use a timing
signal derived from the leading edge of the pulse. The
inherent timing error in this type of time pick—off due to
varying pulse size (walk) was greatly reduced by the teéh—
nique described in the next section. . Ortec Model 260 time
pick-off units were used. However, the current pulses from
the detectors were too small to trigger the time pick—off
units directly for particle energies below about 3 MeV.
This difficulty was overcome by inserting the time pick-off
pulse trénsformer in series with the cathode of the third
cascode amplifier stage of the Tennelec Model 100 charge
sensitive preamplifier. This provided sufficient gain to
lower the time pick-off threshold to about 0.5 MeV.  The
inductance of the time pick-off pulse transformer was suf-
ficieﬁtly small to have negligible effect on the butput

pulses of the charge sensitive preamplifier. The time pick-



Figure 2. Block diagram of the electronic cir-

: 2
cuit used in the Et measurements.
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11.
off units provided output pulses of -0.5 volts, with a rise
time of less than 2 nanoseconds and a width of 10 nano-
seconds. These signals were fed into EG&G Model TR104 fast
trigger modules, which were used to shape the pulses
appropriately for the time-to-amplitude converter. The
EG&G Model TH200 time-to-amplitude converter was used in the
experiment, and was operated on the 0 to 300 nanosecond
scale., This device had a time resolution of better than 0.1l
nanoseconds, and an integral linearity of better than 0.2%
in the upper 90% of its range. A constant delay of 100
nanoseconds was inserted in_the stop signal to insure that
all pulses of interest were in the upper two-thirds of the
TAC range.

The signals from the two Tennelec Model 100 preampli-
fiers were then fed to Ortec Model 410 linear émplifiers
operating in a double delay line clipped mode. The TAC
signal was amplified by a Tennelec Model TC200 linear ampli-
fier in an RC shaped mode. The bipolar outputs of the Ortec
amplifiers (with appropriate delays inserted) were ﬁhen
placed in triple slow coincidénce (1 microsecond) in a
Cosmic Model 900 coincidence circuit. This provided a
gating signal for the Rice 3-parameter 1,000 x 1,000 x 1,000
channel computer analyzerg). In addition, it provided added

flexibility in several ways. First, free spectra could be
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taken from the detectors merely by changing the analyzer'
program‘from multi—éarameter to single-parameter data
éapture and relaxing the coincidence gating requirement.
Second, windows could be set to avoid recording accidental
coincidences which lay outside the region of ekperimental
interest. Third, a slow bias was set slightly above the
fast bias of the time-pick~-off units to avoid distortion of
the data due to slight drift which might be present in the
fast circuits, and to reduce background due to noise in the
time-pick-off circuits.

The signals from the monitor counter (which was set
at 120° for these experiments) were fed into a Tennelec
Model 100 charge sénsitive preamplifier, and an Ortec Model
410 linear amplifier operating.in a double delay line clipped .
mode. The amplified signals were then fed into a Cosmic
Model 900 single channel analyzer set about the peak of
protons elastically scattered from 9Be. Pulses inside this
window were recorded in a scaler which was automatically
gated off during analyzer dead time. This provided an
accurate measurement of the ratio of the elastic and in-
elastic scattering cross-sections for the d + 20 channel.

The Rice University three-parameter computer analyzer
was used to record the three-parameterbdata. The device

consisted of two Astro-Data Model 3000 analog-to-digital
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converters, each with 1000 -channels output. .These were
operated in a multiplexed configuratioh to provide the
three-parameter data capture capability. Digital inter-
facing provided directnéccess-to a magnetic core data buffer
in the IBM 1401 on-line computer. Two hundred three-~
parameter events were required to f£ill the. data buffer.

When the buffer was filled, the data were automatically
written to magnetic tape, a 25x25 channel two-parameter
coarse sort of the data was up-dated, the buffer was cleared,

and the capture resumed. Additional details of the computer-

analyzer may be found in reference 9.

D. Calibration and Data Reduction Techniques.

The. task éf converting the data from the capture
format on magnetic tape into sets of usable two-dimensional
spectra in which the mass of one particle was known required
careful and accurate calibration of all experimental parame-
ters. Particular care was required to obtain an accurate
calibration along the'timing axis,Asince this provided the
key to the mass identification scheme. The slope of the
time channel was obtained by starting the time-to-amplitude
converter with a 10 nanosecond width logic pulse, and
stopping it with the same pulse delayed by a known amount.

By repeating this procedure through several such delays, an
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accurate linearity check of the timing circuitry was made.
Thé linearity of the circuitry associated with the two
energy axes was checked using a BNC Model RP-1 tail pulse
generator. The linearity of all these circuits was better
than 1%. Absolute calibrations of the two energy axes were
obtained by programmiﬁg the computer-analyzer in a single
parameter data capture configuration, and relaxing the
coincidence gating requirements, thus taking free spectra
from each detector. These free spectra were taken for
several angles of the detectors, and generally were checked
periodically during a long data capture run.

An absolute calibration of the timing axis was ob-
tained by scattering protons from a thin deuterated poly-
ethylene foil. This reaction produces knocked out
deuterons at 30° to the incident beam which are coincident
with elastically scattered protons at 90°. A series of such
runs was made, varying the proton bombarding energy from
2.0 MeV to 11.0 MeV in steps of 1.0 MevV, aetecting the d-p

coincidences, and measuring the three parameters E E and

1> 72?2
tl—tz, where Ei is the energy of the particle in detector i,
and ti is its measured time-of-flight from the target to the

detector. The two counters were then physically reversed

(the 30° counter placed at 90° and vice versa) and the

measurements repeated. The calculated time-of-flight
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difference was then plotted vs. the measured time-of-flight
‘difference. A tYpical result is shown in figure 3a. The
result is not a single straight lihe, but two lines, with
slightly different slopes. This is a consequence of the
leading edge timing technique, which has an inherent timing
error (walk) due to the finite time required for the pulse
to rise to the discrimination level. Since a fixed voltage
discrimination level is set to obtain a timing trigger pulse,
a time walk will be observed which is, to a first approxima-
tion, invéréély proportional to the pulse height (and hence,
to the energy_of the incident particle). Since the two pulse
heights are aléd’measured, it is possible to correct each
measured time difference for the error due to the inherent
walk of the leadiﬁg edge discriminators. Figure 3b shows
the same data as figure 3a after a linear correction for
discriminator errors has been applied. The result is a
single straight line of the proper slope. The point at
which this line intersects the horizontal axis gives an
accurate measure of the total electronic delay in the
circuit.

A simple least-squares fitting program was written
which calculated the best correction constants and the timing
intercept, from the p + d elastic timing data and the slope

of the time channel. These constants were then used by the



Figure 3.

Two-body calibration data for time-of-
flight measurements for proton bombard-
ment of a deuterated polyethylene foil
with elastically scattered protons and
deuterons detected in coincidence.
Figure 3a (upper graph) shows the cal-
culated time-of-flight difference for
p-d and d-p coincidences, without cor-
recting for the discriminator timing
error. Figure 3b (lower graph) shows

the same data with the timing correction.
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Et2 edit program described below.
The quantity which we wish to determine for each
coincident event is the product of the energy E1 of the

particle in detector 1, and the square of its time-of-flight

t (Elti)' However we have measured not t

17 but t. -t

1° 1 2
where t, is the time-of-flight of the particle in detector

2
2 knear detector). If the particle in detector 2 is a very
energetic light particle, theﬁ its time-of-flight will be
small compared to the time-of-flight of the particle in. the
far detector. However, for low energy start particles one
should not ignore the time-of-flight of the start particle.
Since we do not know the mass of the start particle, we
cannot calcuiate its time-of-flight exactlyf However, we
have measured its energy, and we know that for the reaction
under study, the_sﬁart particle must be-either an alpha
particle or a deuteron. Suppose that we assume the start
particle to be an alpha particle. This assumption should be
correct for approximately 2/3 of the coincident events,
. since there are two alphas and a deuteron in the final state
of the reaction under study. If, however, the start particle
were not an alpha particle, but a deuteron, our incorrect
assumption will cause us to calculate a time-of-flight for

this deuteron which is too large by a factor of 'V 2, If

this time is added to the measured time, the result squared
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and multiplied by El’ the resulting value of E t2 will also

171
be too large. But for the reaction under study, if the
start particle were a deuteron, the stop particle was
necessarily an alpha particle, and the calculated value of
Elti for this alpha was in ertor in the direction of greater
separation of deuterons from alphas. The effect of the
error in the mass assumption for the start particle has
actually helped, rather than hindered the separation of
deuterons from alphas.

An Et2 data edit program was written for the IBM 1401
computer which converted the data from the captﬁre format
(El’Ez’tl-té) into the form:

. E (T - T +C /9E, - C /B + C3/E2)2
1°72? N

where T is the experimentally measured time, To is the

constant delay in the electronic circuit, C, corrects for

1
the time-of-flight of the start particle (assuming it to be

and C. correct for the time walk of

an alpha particle), c, 3

the discriminators, and N is a normalization constant.
This function very closely approximates the mass invariant
uantity E t2

q y l l'

A three-parameter to two-parameter data edit program

was then used to edit these data in the Et2 format to a
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two-parameter format, with limits on the third parameter.
The data reduction technique was as fdllows: First the
three-parameter data from the data capture program were
edited to thrée—parameter data in the Et2 format. Second,

a two-dimensional spectrum of Elti vs. El was obtained,
using the three-parameter to two-parameter edit program.

A typical spectrum of this type is shown in figure 4, and
its projection on the Elti axis is shown in figure 5. Bands
of counts occur corresponding to deuterons and alpha par-
ticles from the three-body reaction. 1In addition, low
energy protons are observed from the four-body reaction
~9Be + Pewpmp + N % 20.. The appropriate limits on the Et2
parameter were.then chosen, and the three-parameter to two-
parameter edit program was used to extract energy-energy
spectr;, requiring alternately that particle 1 be an alpha
particle or a deuteron. The calculated kinematics curves
were then plotted on the spectra, and the intensities
examined.

Aside from providing the necessary particle identifi-
cation, the Et2 technique provided a significant reduction
in the background due to random coincidences. These random
coincidences, for continuum particles whose energy is more

or less continuously dispersed over energy bands extending

and E and with

uniformly to the maximum energies E
1 max 2 max
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171 1l
Note bands of intensity corresponding

Figure 4. A typical spectrum of E_t. vs. E

to deuterons and alpha particles.
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Figure 5. Projection of the data of figure 4

2 .
on the Eltl axis.
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time—of—flight'differences extending uniformly to the maxi-
mum time-of-flight observable, have the property that they
populate eéﬁa; increments of Et2 more or less equally.

Since the data were digitized so that the thr;; parameters
were each recorded in 1,000 channels, the total dynamic.

range for random coincidences, D_, of Etz‘is lO9 (channels)3.

R’
C s 2 2
However, for true coincidences, Et = l/2mAd , wWhere

m_ = A

. mproton’ and d is the flight distance, and this guan-

tity has a much smaller dynamic range, DT' For example,
if a distance d = 70 cm is chosen, E = 10 MeV, and T = 300

, while D_ = 2550A MeV-

nsec, then DR-= 9 x 105 MeV-nsec2 T

nsecz. Thus thé background improvement factor is
DR/DT = 350/A. |

Figures 6, 7, and 8 illustrate the effectiveness of the
particle idéntification technique. Fiéure 6 shows a typicai
energy-energy coincidence spectrum without particle identi-
fication, taken with a coincidence resolution IE = 30 nsec.
Figures 7 and 8 show data taken under identical conditions
except that counter 1 has been moved from 5.7 cm to 71 cm
from the target, its slit telescope has been changed so as
to maintain the same solid angle, and the Et2 technique
with a 300 nsec time window has been used to identify the
particle in detector 1 as either a deuteron (fig. 7) or an

alpha particle (fig. 8). It is noted that very good mass



Fiqure 6.

Coincidence spectrum for 9Be + p
without particle identification. The
two detectors have bands of over-
lapping (d—d), (x-d), and (@-o.) coin-
cidences as well as a background of
accidental coincidences. 6., = 30°,

1
®. = 100°, E_ = 9.0 MeV.
2 p
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Figure 7. Data taken under identical conditions
to that of figure 6, but with the Et2
particle identification system used

to identify particle 1 as a deuteron.
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Figqure 8.

The same data run as in figure 7,

but using the Et2 particle identifi-
cation technique to require that
particle 1 be an alpha particle. 1In
addition to the (g~d) and (g-0) three-
body loci, a background of alpha
particles from the four-body reaction

9 . )
Be + p—3p + n + 20 is also evident.
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separation has been attained with very low accidental back-
ground. The alpha particle spectrum (fig. 8) shows a con-
tinuum of iow energy alpha particles from the four-body
reaction 9Be + p—swp + n + 20,. Comparison of the accidental
backgrounds of figures 6, 7, and 8 shows that the Et2 par-
ticle identification has afforded a background reduction of

more than a factor of 15.

Ef Cross~Section Calculations

For all of the experimentai data presented, the dif-
ferential cross—sections were measured in ratio to the
elastic scattering cross-section of protons from 9Be at a
fixed monitor couhter angle. This monitor counter angle was
chqsen so as to assure separation of protons elastically
scattered from 9Be from the elastic protons from 12C, a
principal target impurity. The laboratory angle selected
for the monitor counter was QM = 120°. The differential

cross-section for the three-body decay was then calculated

using the relation:
d6eips (O)
Cl?‘. (-rl ’ ‘n'l ) 02) —_— N'z(®' ’®°’) d \Q’M
dT, 40, di, Nu(®,) AT, AD, ALY,

A,
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where
le(el,ez) = Number of counts on the three-body locus in
the energy increment AT, at laboratory
angles 6. and 6_ and solié angles Aﬂ:l and
1 2
ALY,
NM(GM) = Number of counts in the elastic proton peak at
laboratory angle 6, and solid angle AOIM.
do (e_)
eéi;" M Differential cross-section of protons elas-
M tically scattered from 2Be at laboratory
angle GM.,

The elastic scattering cross-section was taken from the

data of Blieden, et gi.z) as

(e,,)

elas. M = 18 + 3 mb/sr.
dO:M -

at 120° lab., and bombarding energy of 9 MeV.
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IIT. THEORY

A. Reaction Mechanisms..

Protons incident upon a 9Be target could interact to
produce a d + 20 final state yia several mechanisms. One
expects a priori Ehat one or more of the fellowing

mechanisms will contribute:

/*d + 20, (simultanecus break-up)
9Be + p——bloB* - 8

d + Be* —»=d + 200 sequential
\ 6 two-body
o + Li* —»=d + 20 decay

Be + p——pmd + 8Be ——a=d + 200 (neutron pick-up with 8Be
as spectator)

Much experimental evidence indicates that, for light
nuclei and for bombarding energies below about 15 MeV, the
sequential two-body decay mechanisms are dominant. (See
references 10-16.) For most reactions of this type, strong
resonances between pairs of pérticles exist, and these final
state interactions contribute strongly to the yield. The
matrix elements for this process are fairly well understood,

17)

primarily due to the work of Watson °, Migdalla) , and

Phillips~>) .
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The neutron pick-up mechanism would not be expected to
contribute significantly to the coincideﬁce yvield if the 8Be
spectator is left in its ground state, since the alpha par-
ticles from this decay would be below the energy threshold
of the detectors. If however, the 8Be spectator were left
in the 2.90 MeV state, or higher states, this decay could
be seen in a coincidence experiment.

20) 21)

Jackson have found evidence for

and Niiler
direct single-nucleon knock-out in the p + d—s=2p + n
reaction. However, since there is no proton in the final
state of the 9Be + p-=d + 20 reaction, this mechgnism can-

not contribute. Valkovic g;_gl.zz)

have considered the pos-
sibility of higher order mechanisms, including the effect
of rescattering of the final state particles, but little
experimental evidence is available concerning these higher
order mechanisﬁs.
B. Kinematics for Three-Body Break-Up

The loci in the energy—energy plane for the detection
of two particles from a three-body nuclear reaction are a
function only of the angles of the detectors, the energy
and mass of the beam particle, the Q-value of the reaction,
and the masses of the final state particles. It is possible

to calculate these loci directly from the conservation of

energy and linear momentum. This calculation is done in
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Appendix A. .There are six loci for three non-identical
particles, but these degenerate to three loci if two of the
particles ére identical, and to one locus for three identi-

cal particles.

A convenient coordinate system for the description of

14)

3

the three-body final state is that used by Simpson et al.
and is shown in figure 9. Here ei is the angle between Ei
(the lab momentum of particle i) and the beam axis, 50 is the
momentum of the beam particle (directed along the z-axis),
and ¢i is the angle about the beam axis measured in the x-z
plane from the positive x-axis. The incident beam particle
has momentum 50, mass m_, and kinetic energy TQ. The three

final state particles have masses m and m momenta

22 3
T

10 °

and kinetic energies T

Pl’ Pz, and P 1° Too and T3° In

this coordinate system, the locus (in momentum space) for

3’

P_. as a function of P

2 is given by

1' 2
p - ~BxfyB"-4ac

1

2 2A
where
S bl
-3 2
1 . .
B = m3 [Plc,oselcosg2 + P151n9151n92cos(Wl—gz)—Pocoseé]

.2/ 1 2 (1 1 1 o
c= [Po (2m - 2mo) + Pl (Zml + 2m3) - mB[PoPlcosel] - Q]



Figure 9. Diagram showing the convention

adopted for measuring the detector

angles. The z-axis coincides with

the beam axis. -
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and Q is the Q-value for the three-body break-up. Using
this momentum relation, the locus for T2 as a function of

Tl is readily calcuiable. The above equation represents a
closed curve in momentum space, but since only particles
with positive momentum (i.e. those traveling toward the de-
tectors) will be observed in the coincidence experiment, the
entire locus may not be seen.
C. Kinematics for Sequential Break-Up

There are three possible sequential two-body decay
mechanisms, corresponding to particle 1, 2, or 3 being the
first emitted, leaving the other two particles in an inter-
mediate state which subsequently decays. For each point on
the locus, it is possible to calculate the internal energy
in this intermediate state fdr each of the three sequential

decay mechanisms. - These relations are derived in Appendix

B, and the results are quoted below:

1 2 2
B3 =T Q-1 - om, (P, + Py = 2P P, cOs6,)
+ R | 2 2 +
E13 T +Q T-2- 2m13 (Po + (P2) 2POP200592)
+ Pg Po +
By, =T, +Q - ——; + ;— (Plcosel + PE'cosez)
1( _1 + 2 +
-3 (m m, { + (PZ) + 2P1P'2"[coselcose2

+ sinelsinezcos(ﬁl—gzé}
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whereE23 is the internal energy in the (2,3) system,
assuming aequential decay with particle 1 first emitted,
etc. The + signs indicate the branch of’the quadratic
momentum relatian given in the preceding section. If a
resonance exists in one intermediate system, this will pro-
ducé peaking in the observed yield at the point on the locus
corresponding to the resonant energy in the intermediate
system.

D. Effect of the Avaiiable Phase-Space

Several authorsl4’20’23’24)

have considered the prob-
lem of calculating the volume of phase-space available to a
three-body disintegration as observed in the laboratory
reference frame. An understanding of the effect of the
available phase-space is of great importance in interpreting
three-body reaction data. This is particularly true since
a simultaneous three-body disintegration is expected to pro-
duce a laboratory yield proportional to the available phase-
space. Therefore, a brief derivation of the phase-space
factor will be presented here.

Consider the probability of finding particle 1 in‘

solid angle ()1 with momentum between P. and P.+dP. when

1 1 1
particle 2 is detected in solid angle ()2, assuming that
this probability is proportional to the available phase-

space. Due to the experimental conditions, only the case of
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planar break-up will be considered. However; the argument

is easily generalized for the non-planar case. Denoting

d§i by P:dPid‘)i,vthe total phase-space volume Nt may be
written as

N S TR

N 1_) ﬁ 1_) 8 (BE- E zmj) 6(KEI;- —Po)dPlszdP3

where E is the total energy of the three-body system, and
the delta‘functions conserve energy and linear momentum.

Integrating over P_ we obtain

3 ,
.2 2 e = e = = =
S g Py By (P -P-P,)- (P ~-Py-P,) _ _
Nt - (E_ 2m T 2m )= 2m dPldPZ
P, 1 2 3
f f f P12 P, 11 1 - = = = = =
N, = $ (B- — - —=—[— + =] + =[P,°P +P,.-P -P.-P_])
t 2m 2 'm m m l "o72 071 "2
PiﬂiPiﬂh 1 2 3 3
2 2
p,” »,° ap d(lldp af

The above delta function may be changed to a delta function

of P, using the appropriate Jacobian:

2
5 (£ (2.)) 8 (P,-P, (Py,6,,))
2 . af-l
692
_ 8 (PP, (Py,6,,))
- S S 1 '
l 2( + - ) - - (Pocosez-Plcoselz)

T2 73 3
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where P2(Pl,912) is the solution pf the three—quy kine-
matics for P2 as a function of Pl and 912 derived previously,
and 912 is the angle between particles 1 and 2. Substitu-

ting this delta function in the above, integration over P

2
yields
: 2_ 2
| g‘f ~ my[P,(P),0,,)1 7Ry 040
Ne = moFi3 dp,ded,dis,
Pf“i‘b IPZ(,m2 )—Pocosezﬂ?lcose12

The integrand of this equétion then serves to define the

differential phase-space volume N(Pl3(}1") ).

2 . 2
00 mgP, [P, (Py,8,,)]
‘n(p,,8b ,{} ). g M+m3 l
1 1 2 P (P 12)( - ) Pocos92+Plcos912

2

This may be simply expressed as a function of the energy T

l:
w(r,, 4} ,41,) a'rl N(P,, ﬂv )
mm_P_[P_(P.,© )]2
1 3'1""2"71°"12
I m2+m3 : I
PZ(Pl’el2)( mz )—Pocos92+Plcose12

°

3/2
1 3 [ ™™™ Ty 2
NT B EKZH) m. +m_-+m m_ -4 _-+m +Q
, 1 72 73 1 2 '3

The integrated value of NT is given by23)°
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where m, is the mass of the target nucleus and T, is the
bombarding energy. Therefore the percentage of the total

phaée—spacé available in the energy increment ATl and solid

angles Aﬂ and AQ is given by: .
A['Sl Y AnzN(T l,nz)d'rldﬂldﬂz
Ny =T N

T

ihis distribution is typically a smoothly varying curve
peaked at the maximum energy kinematically allowed for
particle i;

E. .The Cross-Sections for Sequential Break-Up.

In thié'secﬁion, the theory of sequential two-body
decay of the three-body system will be given, under the
assumption of iﬁcoherent decay through the various meta-
'stable states of the intermediate nuclei. The discussion
will assume that no interference between the various
mechanisms; and no interference between different manifes-
tations of the same mechanism contribute significantly to
the yield. It is convenient to introduce five different
coordinate systems as follows:

l. The laboratory coordinate system, in which the experi-
mental variables are represented by upper-case letters, thé
supscripts denoting the detector for the emitted particle,

i.e. particlé’l»in detector 1 at angles ()l’ In all

8-
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cases, particlé'3vis the undetected particle.
2. The three—bédy system center of mass, or SCM, repre-
sented by lower-case letters, with subscripts as above.
3. .The different recoil center-of mass (RCM) systems,
correéponding to particles 1, 2, or 3 as the first emitted |
particle. Variables in these coordinate systems will be
represented by lower-case letters, with subscripts as above,
and superscripts denoting which particle is first emitted.

The reaction is assumed to proceed via a superposition

of the followihg’mechanisms:

A + B—mC* 1+ (2,3) —»=1 + 2 + 3 (1)
2 + (1,3) —d=1 + 2 + 3 (2)
3+ (1,2)—w=1 + 2 + 3 (3)

We consider the systems (2,3), (1,3), and (1,2) to be meta-
stable states of internal energy‘El, E2, and E3 respective-

ly, localized within radii r and r_. We suppose that

1 fa2o 3

there is unit probability that the respective metastable
systems will héld together just long enough for the first
emitted particle to escape the intéraction radius. Under
these assumptions we may write the cross-section for the
first emitted particle in terms of the density of states

functions (see reference 19) pl(El,rl), pz(Ez,rz), and

3 . .
p3(E ,r3) describing the respective recoil systems, the
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.Hamiltonians for each channél, and the initial and final

state vectors:

k
1 1 MaH1*y 1 2
c(EY) =p (B ,r)) » 54— <(2..,3)+1,E IHl A+B,E2)
41 Bk,
MaM K
2 ‘a2t 2 2
o (B%) = p2(E2,r2) - B2, 3)42,8% A+B,EA>
an“nk,
k
< 3 o \s 3 2
G‘(EB) =p_(E ,r.)) - —A2—3-‘-1—3— <(1,2)+3,E H A+B,E)
-3 3 annx s a
A

If more thén one metastable state in the intermediate recoil
nucleus may decay to the same final state, then the
pi(Ei,ri) must be considered as a sum over each channel.
The channels are taken to be incoherent, so that inter-
ference 5etween the channels is not considered. The
appropriate guantum numbers for each metastable state must
be inserted in order to calculate the angular dependence of
the yield. We shall denote these metastable states of the
intermediate nucleus by,xi, and their appropriate quantum
numbers by {)‘i} , where the subscript denotes the first
emitted particle.

Let us consider for the moment only reaction mechanism
(1). The differential cross-section of the first emitted

particle in the system center of mass (SCM) may be written as:
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A, £33
i, 1 i 2 1
A%
The angular factors fi are treated in Appendix D. We

now calculate the probability that the recoil (2,3) system

with internal energy El will emit particle 2 into angles

o) (1)

LD in recoil center of mass (RCM) system 1, when

particle 1 is emitted at 91, ¢l° This probability may be

written as:

\ 3 2 {3 2
1,1 1 ot ¥ (1) (1)
N .

where the coordinates of particle 1 are written in the SCM,
while those of particle 2 are in the RCM. This expression

may be transformed to the SCM by multiplication by the

IR LU S )
Jacobian Jl=-| a(tl )

, and from the SCM to the

2°®)
laboratory by multiplication by the Jacobian

a(tl,el,cplagz,coz)

B(EZ,QQZ) ’CPZ(Z) )

. These Jacobians, as well as

3 ,(3) (3)
o(E",0,7 0,

9(t;,0,,0,) ’

J =
2 a(tl,gz,cpz)

and J

3=

(appropriate for the other two sequential mechanisms) have
been calculated by Bronson and Simpson (references 12 and

14), and the results are quoted below:
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2
oqm, pél) AP, tPy¢088,
1
plp; )
J, = J
2 (2) "1
PPy
2
;o _Mpl(pz) [ 1
3 m,, D p(3) Ap2+plcos§12
371 ‘ |
P (P )2 Ap_.+p.,cosd
R i R 2771 2" 12
L pl(pz)z 'AP2+Plcos()12—POcos()2
where 612 is the SCM angle between the velocity vectors

for particles 1 and 2, upper-case letters represent labora-

tory quantities, lower-case letters without superscripts

represent SCM'quantities, lower-case letters with super-

scripts represent RCM quantities, A

M= ml+m2+m3.

(m2+m3)/m2, and

We may now write the general expression for the cross-

section under the assumptions given as:

c = {}l+623)

z

| lg" .

A 3
2 1,1 1 1

y I
| A3 N 4N
2 2t 2
+{(1+613) zl £ (el,cpl)' o, (& )lf2
KZ
I {X;} 5 A
+ 41+, ,) ;\3 £ (93,«)3)' o4

(1)
2 )

, |
| JlJL}

} |
2 (ez(z)scpéz))lszJL}

3, 3 Y 3) (a2
(2 )If2 0,7,y )SI 3 I
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where.bij =1 ifvparticles i and j are identical, and zero
otherwise. This expression must be integrated over the
experimenﬁél solid angles and size of the target spot in
order to predict the observed yield.

.Details of the calculation of the density of states
functions are given in the next section, and in Appendix C.
The angular dependence is treated in Appendix D.

F. Density of States Functions

The generalized density of states’functions have been
treated in detail by Phillips and his co—workerslg). For a
system which has only sharp bound states of energies En’ the

density of states function is given by:
1 1
p (E7) =z 5 (E -En)

The extensibn-to continuum states is made by arguing that
the probability fbr particle 1 to be emitted to produce a
continuum'State (2,3) is proportional to the probability
that 1 and 2 be localized within a spherical volume 6f
radius rys which includes the interaction volume of 1 with
(2,3). This probability is calculated from the wave

function of the relative motion:

\P =1N(El) [U(El,r)/r]‘fi (Qél)awél))
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where U(El,iyk'is the radial wave function normalized in the

spherical volume of radius ry-. The factor N(El) relates

the generalized density of states function to the usual

density of states function Py = prl/nhzk through the

1

relation:

P (El,ri) = po(El)N2 &)

Applying the normalized external wave function for the‘L#h

/2,

partial wave Uz'= (2/rl)l y Sin(&t +@L), the renormalized

density of states function is given by:

dAg
2
| ok
1 ) d 1,1 2
p, (B ,r )= — N (6,+p,) - S(T— - )sin 2(6,+p,)
L 1 ﬂhzkz ak, LA 2k, A, L
: 2
. 92 9ng 2y
- X, (ag bk2 37 " 3o 3k2 sin (6"+cpb))]

where 5q, and<¢l,are the.lfth wave nuclear and hard sphere

phase shifts respectively for the scattering of particle 2

2
from 3, and AL = (FL + Gi)l/z, with EL(El,rl) and GLjEl,rl)

the regular and irregular partial wave solutions for the
coulomb scattering of 2 from 3. The hard sphere phase shift
is given by:

@L(El,rl) = tan_l(Eh/%z)
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.For the case in which Ul/ is independent of energy in

the region r \(rl, the above expression reduces to:

og (8",r,) = constant (sin’(s,+y,)/By)

where PL = kzrl/Ai is the penetrability factor for the ,&th

partial wave. This result has also been obtained by

17)

Watson by a time reversal argument.
The details of the calculation of these functions for

metastable states in 8Be and 6Li are given in Appendix C.
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IV. EXPERIMENTAL DATA

Figures 10, 11, and 12 present typical energy-energy
spectra in the form of rough contour maps with different
plotting symbols indicating different yield intensities.

The EEZ method has been used to identify the particle in
detector 1 as either a deuteron or an alpha particle, and
histograms of the yield projected on the energy axis of the
identified particle are shown below the contour maps. The
yield in each cell of the contour maps represents the dif-
ferential cross-section d4c/d \ﬂlld ﬂszlde multiplied by the
cell "volume" ATl AT2 Aﬂl AL}, where ATl and AT2 repre-
sent the energy widths of the cells, and Aﬂl and Aﬂz are
the experimental solid angles. For convenience, the gain
settings of the amplifiers were adjusted to 1 MeV/100
channels in the 1,000 channel configuration. The sorting
program then grouped the data 10 channels per cell. Thus
the final energy-energy spectra are presented in 100 x 100
cell form, with each cell 0.1 MeV in width.

The histograms of the projected yield as a function of

the identified-particle energy represent a differential
cross-section d30/dTld\ﬂldn2 times the "volume" A'I'l A-Ql
Aleo The absolute cross-section measurements were made

using the technique described in section II-E. The strong



Figure 10.

Contour maps of energy-energy
épectra for particle 1 identified

alternately as a deuteron, or as

an alpha particle. The histograms

are integrated projections of the
intensity on the energy axis of
the identified particle. Strong

final state interactions through

- the 2.184 MeV state in 6Li and the

2.90 MeV state in 8Be are evident.

- The cross-hatched region indicates -

that portion of the a-d and a-o loci
which could not be resolved without

ambiguity.
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Figures 11 and 12.

Contour maps similar to

figure 10. 1In addition to

"the final state interactions

previously mentioned, a strong
yield‘through the 8Be ground

state is evident.
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38.
peaks due to final state interactions in metastable states
of 8Be and 6'Li are identified on each histogram.

Figures 10, 11 and 12 show strong evidence of sequen-
tial decay via the 2.184 MeV state in 6Li and the 2.90 MeV
state in 8Be. In addition, the spectra of alpha-d coinci-
dences of figures 11l and 12 show large peaks due to final
state interactions in the grouhd state of 8Be.

| A better overall view of the extent to which these
final state interactions dominate the yield can be had from
figures 13-24. These figures present in isometric view,
families of histograms of yield projected on the identified-
particle axis, as a function of.the angle of the detector of
the unidentified particle. The smooth curves indicate the
positions where peaking due to sequential deéay through the
indicated metastable states is expected. 1In addition to the
states mentioned above, the expected positions of the
4.57 MeV state in 6Li are also shown, although the evidence
for sequential decay via this channel is weak.  The cross-
hatched regions on both the histograms and the isometric
figufes indicate regions in which the alpha-d and alpha-alpha
kinematic loci were not sufficiently separated that a posi-
tive determination of the yield on each locus could be made.
This difficulty could be overcome by doing particle-

identification on both coincident particles, but the present



Fiqures 13, 14, 15, 16.

Isometric drawings of
families of d-alpha
histograms, for deuteron
angles of 20°, 30°, 40°,
and 50°. The smooth
curves indicate the ex-
pected positions of en-
hanced yield due to final
state interactions in the

indicated states.
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Piqures 17,

18, 19,

20.

Isometric drawings

for families of alpha-d
histograms, for alpha
angles of 20°, 30°, 40°,
and 50°. The cross-hatched
region indicates that
portion of the alpha-d
locus which was not unam-
biguously resolved from

the alpha-alpha locus.
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Figures 21, 22. 23, 24. Isometric drawings

for families of alpha-
alpha histograms, for
alpha angles of 20°, 30°,
40°, and 50°. The cross-
hatched region indicates
that portion of the alpha-
alpha locus which was not .
ambiguously resolved from

the alpha-d locus.
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39.
data are sufficient to determine a great deal about the
reaction mechanisms.

The striking impression of all these data is that
wherever decay via the 2.184 MeV state in 6Li or the ground
state or 2.90 MeV state of 8Be is kinematically allowed, a
large enhancement of yield is observed. 1In other regions
there is little or no yield. The reaction is dominated by
sequential decay through metastable states in the inter-
mediate nuclei, and no evidence is seen for a significant

yield due to simultaneous three-body disintegration.
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- V. RESULTS AND CONCLUSIONS

As has already been indicated, the experimental data
-are dominated byvstrong final state interactions through
the ground state and first excited state of 8Be, and through
the 2.184 MeV first excited state of 6Li. No conclusive
evidence of decay through the 6Li‘state‘at 4,57 MeV is
present.

Figures 25 and 26 present density of states fits to
sample spectra in which the final state interactions through
all of these channels are seen. The sinz(qL+Qi)/QL form of
the density of states was used in these calculations. The
renormalized fbfmlof the density of states did not repro-
duce the Shape_of the spectra as well as did the
sin2(§t+¢‘)/gb form. The remérkable fits to the shape of
these spectré'indicate that the density of states factors
are able to reproduce accurately the final state inter-
éction amélitude as a function of excitation energy.

Figures 27 and 28 represent attempts to fit the
angular depeﬁdence of the 6Li 2.184 MeV state and the 8Be
2.90 MeV state, for a fixed deuteron detection angle of 30°.
The angular factors are given with each figure. The angle
B is the angle between the recoil axis and the detected

6
particle from the ©Li or 8Be break-up respectively, as seen



Figure 25.

Density of states fit to the d-

alpha yield for ©_, = 30°, Qa = 100°.

The two large peaﬁs are due to

final state interactions in the 6Li
2.184 MeV state and the 8Be 2.90 Mev
state. The small peak on the high
energy end of the spectrum is due to
the rapidly rising phase-space in
this region of the locus, and the ob-
served yield at this point is a
sensitive function of the energy

threshold of the alpha particle

detector.
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Fiqure 26.

Density of states fit to the alpha-d

yield for €6 = 120°, ©_ = 30°, The

two

end

8Be

due
the
end

6Li

d
sharp peaks near the low energy

of the spectrum are due to the
ground state, the broad peak is
to the 8Be 2.90 MeV state, and
sharp peak near the high energy
of the spectrum is due to the

2.184 MeV state,
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Figqure 27.

Plot of the integrated yield of

‘the 6Li 2.184 MeV state, together

with the least square fit to the

‘angular dependenee. B is the angle

between the detected deuteron and
o 6
the 6Li recoil- axis in the Li

recoil center of mass system.
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Figure 28.

Plot of experimental intensity

of the 8Be 2.90 MeV state, to-
gether with the least square fit
to the angular dependence. B is
the angle between the detected
alpha particle and the 8Be recoil
axis in the recoil_sBe center of

mass system,
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in the recoil center of mass system. The complexity of
these angular factors is the highest permitted by the
gquantum mechanical selection fules for the decay under the
assumption of compound nucleus formation. The coefficients
of the powers of cosg were determined by a least square fit
to the experimental data,

-The fit for the angular dependence of the 6Li
2.184 Mév state is relatively better than that for the 8Be
‘2.90 MeV state, but neither is able to reproduce the data
well. This is probably due to a significant contribution to
the yield from a direct reaction first step,- followed by a
strong final state interaction, rather than the compound
.nucleus formation which is assumed by the theory. Excita-
‘tion functions of the yield of deuterons and alpha particles
in the region of 6 to 10 MeV bombarding energy show no
strong resonance structgre, indicating the absence of strong

2)

compound nucleus resonances. Further, Bleiden et al. have
observed the aﬁgular distéibutions of alpha particles from

the 6Li 2.184 MeV state and of deuterbns from the 8Be

ground state at 9 MeV bombarding energy. The deuteron spectra
show extremely strong forward peaking, indicating that the
neutron pick-up mechanism is a strong channel for the ground

8
state Be yield. Unfortunately, the large width of the 8Be

2.90 MeV state coupled with the deuteron continuum from the
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three-body reaction prohibits investigation of the angular
distribution of}the yield of.deuterons from the 2.90 MeVv
state. The present results seem to indicate however, fhat
a significant portion of this yield is yia a neutron pick-up
first step.

| The angular fit for the 6Li 2.184 MeV state is con-

siderably better than that for the 8Be 2.90 MeV state. A
triton pick-up first mechanism would be necessary for a single
step direct reaction to contribute to this yield. One would
expect the triton pick-up to be less strong than a single
nucleon pick-up mechanism, since there is little evidence for
a significant (t + 6Li) cluster in the 9Be target nucleus.

The conclusion that a direct-reaction competing
mechanism contributes to the strong angular dependence of
the 8Be 2.90 MeV state yield is further reinforced by the
results of Taylorzs). He has used the same formalism (in-
cluding the same computer prog?am) to fit the angular de-
pendence of the 8Be 2.90 Mev state from the 9Be + 3He-a-3m
reaction, where compound nucleus formation should be more
probable. He achieves remarkably good fits to the experi-
mental data.

Another possible explanation for the poor quality of

the fits to the angular dependence of the yield is that

interference effects exhibit a strong angular-dependence.
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Bronson g;_gl.lz) have observed such interference effects in
the llB + p—w30 reaction. No attempt has been made to in-
clude these effects in the théory presented here, but -
efforts to iﬁclude these effects are currently underway.

It is evident that three-body reactions present chal-
lenging problems both from experimental and theoretical
standpoints. Many nuclei possess particle-unstable states
whose properties can only be studied in detail by“an experi-
ment which completely determines the kinematics of the final
state of the decaying many-body system, Considerable progress
has been made in understanding these processes in the last
few years. The present results, coupled with those of

Simpsonl4) 20) 26)

, Jackson , and Aldridge , indicate that the
‘density of states formalism is quite successful in predict-
ing the shape of the final state interaction.yield. Further,
when the reaction proceeds through a strong compound nucleus
resonance, the angular dependence of the yield can be treated
using the theory of Goldfarb34). However, competing mech-
anisms can produce enhancement of yield, and the theoretical
treatment of the yield due to these competing mechanisms

deserves further study.
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APPENDIX A
Kinematics for Three-Body Decay

s

It is desired to calculate the loci of all possible

values of 'I‘2 (the kinetic energy of the particle in detector

2 at laboratory angles © ﬁz to the incident beam) as a

2’
function of Tl (the kinetic energy of the particle in de-

tector 1 at angles Ql’ Wl). The momentum and energy conser-

vation requirements may be written as follows:

» 3
Po =i£l Pi cos ei (1)
- 3 in 6 . 5
= iEl P, sin @, sin ¢i (2)
0 3 in © @ 3
= iEl Pi sin 6, cos @, (3)
2
: Po 1 3 Pi2
2-+0=% 3 (4)
2mo 2 i=1 ml .

where the i subscripts refer to the three particles in the
final state, and the zero subscripts refer to the beam
particle. We can eliminate ¢3 using equations (2) and (3)

yielding:

2 . 2 . . . . 2
P3 sin" @8, = [PlSln Gl sin ¢1+P251n 92 81n¢2]

. . 2
+[P151n 91 cos ¢1+P2 sin 92 cos ¢2]

(5)
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Combining equations (5) and (1) and substituting the result

into (4) Yields:

2 1 1 P
P2 E;; + 3;;1 + ;; '[Plcosel cosGZ+P131an 51n92 cos(¢l—¢2)
—PO cosez]
2, 1 1 2,1 1 _1 _
Py G T ) Y% Gnl T am) T m, P08 - Q=0
1 3 3 o 3
We may now calculate P2 as a function of Pl for fixed angles
gl’ 92, gl, gz:
p - =B * VBZ-—.4AC
2 2a -
where
A= [2; * 2i1
3 2
L - ; o -
B —»mB[Plcosel cose2 + Plslnel s1n92 cos((zfl Qz) Pocosez]
2, 1 1 2, 1 1 1
C= I[P, Gu ~2m ) * P Gn *2n) " & BoPa®0se; -
3 o 1 3 3

Thus the solution is double valued, and solutions will be

+ .
referred to as P2 and Pz, corresponding to the two branches

of the quadratic. From this relation, T2 may be easily cal-

culated as a function of Tl’ but with the restriction that

only positive momenta represent particlesAtraveling toward the

detectors, and hence only when both Pl and P2 are positive will

the solution correspond to a detectable portion of the locus.
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APPENDIX B

Kinematics for Sequential Decay

The kinematic relations of Appendix A are, of course,
valid irrespective of the mechanism of the reaction. How-
ever, it is possible to derive the intefnal energies of the
various two-particle systems in the case in which the re-
action proceeds sequentially via a pair of two-body
disintegrations.

Consider the reaction proceeding in two steps:

a) A+ B-w=i + (3k)

‘b) - i+ (jJk)=—==i + 3j + k
where we may éilow any possible permutation of the indices

i, j, and k. Applying the conservation of momentum and the

conservation of energy we obtain:

T+ Q = Ty o+ Ty o+ By | | (1)
PO = Picosei + ijcosejk (2)
0 = Pisinei sin¢i + ijsiank sinqjk (3)
0 = Pisinei cos¢i + ijsinejk cosﬁjk (4)

‘where Tjk is the kinetic energy of the cluster (jk) and Ejk

is its internal energy. Since the two-body kinematics

restrict the first breakup to a plane,
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Using this relation, both ﬂi and gjk may be eliminated be-

tween equations (3) and (4):

2 . 2 2 , 2
ij sin ij = Pi sin Gi
We may also eliminate ij using (2) and (3):
2 2 2 2
= i + -P, .
‘ ij Pi sin Qi (Po Plcosel)
' 2
P. 2 = P + P.2 - 2P P, cosO,
jk o i o1 i
Thus
T, = L (P 2 + P.2 - 2P P,cos®8,)
jk 2m o) i o i i

jk
and using equation (1) we obtain the result:

2
L (P 2+P. - 2P P.cos®6,)
o i o i i

Ejk = T0+Q - Ti T 2m

jk
If particle 1 (the particle in detector 1) is the

first emitted particle, then the internal energy in the re-

coil (2-3) system is:

_ 1 2 2
E —T0+Q Tl. P———'(Po +P

23 o 1 " 2PoPlcosel)

23

Thus E is a single-valued function of T

23 1
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If particle 2 is the first emitted particle, then

the energy in the recoil (1-3) system is:

1 2 2
Ejg3 = T +Q - T, - 2m13 (Po + P, - 2P0P2cosez)

This is a single-valued function of T but since T, is a

2? 2
double~valued function of Tl, E13 is also a double-valued
function of Tl. The two solutions for E13 as a function of
Tl are given by

+ + 1 2 +, 2 +
E13 = TO+Q - TE - 2m13 (PO + (Pz) - 2POPE'cosez)

Similarly, if particle 3 is the first emitted particle, the
internal energy in the recoil (1-2) system is a double-

valued function of T and is given by:

1° :
P02 Po +
Eié = T0+Q = om + — (PlCOSQl + PE cosez)
3 3
1 1 1 2 +. 2
EEI TRl SRR
3 12

+ . .
+ 2P1P2 [cose1 c0592 + 51n91 51n92 cos(ﬁl—dz)]}.
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APPENDIX C

Density of States Calculations

Phillips, Griffy, and Biedenharnlg) suggest several

different forms of the density of states functions. Fits to

the 9Be + p data were attempted with two of these:

BAZ
2
U a 1.1 Ak
I. p,(E,a) = [——(6 4p,) = (& - ——)sin 2(5,+#,)
L n'ﬁzk 1 g A 2'k Ag, L1

d%a d34, °A
- T];-{AL 3e gk - arl bkl sin2(61+¢z’)} (renormalized

form)
sin® (5,+7)
L
II. pL(E,a) = 29; > [ P ' ] (sin2 form)
mhy L

Here 6L and gt are the nuclear and Coulomb phase shifts,

2 2.1/2 .
AL = (Fl + GL) , with ?L and G‘ the regular and irreqular

Coulomb wave functions, and yz is a constant. In the event
the phase shift of the resonance is given by the Breit-

Wigner single level formula (t:an_l élé%) then y2 is the
o

reduced width of the resonance.
The calculations for the alpha-alpha interaction were
made using the alpha-alpha experimental phase shifts as

summarized by Russell, Phillips, and Reich27), based on

their own measurements together with lower energy measure-

28)

ments of Cowie, Heydenburg, Temmer, and Little , and
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higher energy measurements by Nilson and Jentschke. For the
extremely narrow 8Be ground state.resonance‘at 94 kev, a
Breit-Wigner form was assumed for the phase shift using a
center of mass width of 6.8 eV as quoted by Lauritsen and

29)

Ajzenberg-Selove , and the effective radius of 7.5 F

calculated by Beckner, Jones, and PhillipsBo); The density
of states factors were calculated in steps of 0.1l eV across
this ground state resonance.
1 The extremely nérrow width of this resonance presented
some calculational problems. The fitting program must take
energy steps which are small compared to the rate of change
of the density of states factors in order to avoid computa-
tional errors. However, to take energy steps small compared
to the rate of change of the density of states across this
narrow resonance would require an inordinate amount of com-
puter time. Therefore, the density of states function was
integrated over the resonance, and replaced by a gaussian
curve of width 800 eV, whose integral was the same as that
of the "real" resonance. This width still appeared ex-
tremely narrow to the fitting program, but the computation
time was reduced to manageable proportions. The calculation
of the density of states functions for the 2.90 MeV state in
Be was carried out in a straightforward manner using the

experimental phase shifts previously mentioned, and an



51.

effective radius of 3.5 F as calculated by Beckner

et al. 30)

The deuteron-alpha density of states functions were

calculated using the experimental phase shifts of Galonsky

31)

and McEllistrem , based on the work of Galonsky, Douglas,

Haeberli, McEllistrem, and RichardsBz)° A Breit-Wigner

form for the 2.184 MeV resonance was assumed, using a width
of 25 keV and an effective radius of 3.5 F as given by

Galonsky ggng;.Bl)
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APPENDIX D

-Angular Correlation Factors

The problem of calculating the angular dependence of
successive radiations by a quantum mechanical system has
been considered by a number of authg;s. (See references 33

33)

through 36.) As Biedenharn points out, the difficulty

lies in the fact that a system which sequentially radiates
to a final state of three or more pafticles has no naturai B
axis of quantization, due to the effects of recoil, so that
it is difficult_to invoke symmetry relations to simplify

the problem. |

34)

Goldfarb 35)

and Devons énd Goldfarb have treated
the problem by making use of angular momentum and parity
properties of'nuclear systems, and their symmetry properties'
under spatial rotation and time-reversal. A summary of these
results will be given here, as they relate to the three-body
sequential decay of an excited nucleus.

The notation is as follows: A projectile with spin

i
o]

1 bombards a target with spin E; with relative angular

-

momen tum ﬁl, to form a compound nucleus with total angular

momentum b. The spins of the beam and target are coupled
L I

to form a channel spin 3 = g,10,-

cays by emitting a particle of spin

The compound system de-
L d
s

1 and relative angular
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Lol

momentum l;, leaving a recoiling metastable nucleus with

spin'gt The channel spin of this intermediate system is
- -
s.+c.

e
denoted by j = 1

Subsequently, the recoil system breaks

up into two particles of spin T and 5. respectively, and with

2 3
relatiVE'angular“mOmentum‘zg. 75'='3; +'§5. If the beam axis is
chosen as the axis of quantization, the angular correlation

of the successive radiations as derived by Devons and

Goldfarb35) is:

a—b"-{-sl+[2"7-j—c—c +m A2A 2 A A AA AA

Wz (-1) S S AN N R B
(llollo|kb0) ([20,{20|k20) (13013Q|kj0)

w(j j' ¢ c'lkjsl) W(c c' 13 },élkjm). W(llli b b" k, a)

A oo

]
Lé 3!
k

2 j b

l. ') [ r - L] n
z Gnkyh |0 (el,efl)yk'j’ (04,03)

A

where the quantities k represent (2k+l)l/2

, and the primed
numbers represent the values of the quantum numbers after
the emission of any unobserved radiation. For the case of
three-body decay under the assumptions given, the primed

gquantum numbers and the unprimed guantum numbers are equal.
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The ang;es-(e‘,ﬁi) are expressed in the system center of
mass system, whilev(e",ﬁg) are in the recoil center of

mass system.
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