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Abstract: Both in-plane and out-of-plane angular correlations of
coincident C and o particles have been measured for 65 MeV 164

bombardment of an 27A1 target. Exploitation of the
time-of-flight method enabled measurement of very low energy
alpha particles at back angles. Results from the present
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observed. A small number of alpha particles from the break-up of

160* yere detectad at angles around that of the carbon detector.
Less than 107% of the alpha particles detected are of
pre—equilibrium origin. This is in sharp contrast to earlier
results.
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I. Introduction

In the past several years, there has been an increased
interest 1n prowmpt or pre-equilibrium light particle emission in

heavy ion reactions1 0. Light particle emission often
accompanies peripheral collisions in which a projectile-like and
ﬁargec-like product are also produced. These light particles can
either be produced during the collision itself or can arise from
sequential decay of the target—like or projectile-like products.
The sequential decays can possibly be pre-equilibrium if the decay
occurs .ptior to complete equilibration of the dissipafed energy,
or evaporative 1if equilibrium has been attained. For not too
heavy reaction products alpha evaporation can be an 1important
decay process ;of the equilibrated products since 1in deeply
inelastic collisions, a considérable amount of angular womentum
can be transferred from the relative motion of the target and

projectile into the internal degrees of freedom of the reaction

products. Alpha particle emission 1s an important evaporative

decay process since it can carry away large amounts of angular

momencum. For mass—asymmnetric binéry reactions .one can ask
whether the bulk of the sequential alpha particles originate from
the ‘projectile-like or target-like fragment. The current
experimental evidence indicates only that both fragments can emit
alpha particles and no systematic behavior has been established as
yet.

. Many models have been proposed to describe the mechanisms

11-14

for producing pre-equilibrium alpha particles Two simple
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and ;illustrative models are the "piston model” and the "hot spot”

model. The “piston mwodel” was first discussed by Gross and

\Jilczynski11

« In this model, the alpha particles induced by the
radia¥ component of the dissipative force are emitted in the early
stage of collision. The alpha particles are "sho;" through the
nucleus perhaps knocking out other alpha particles and emerge on
the other side of the nucleus from the point of impact. The “hot
spot” ;mddel was first proposed by Gottschalk and Westrom 2 in
c;onner.‘r,i,nn with the rcaction 58?11(160,(1x) at 92 HeV 1investigated
by Ho wr 316, In this model, <¢he iucldent particle excites
("heats up”) a localized part of the target nucleus and that
localized reglon subsequeatly de-excites by alpha emission.

None of the available models explain all . the
pre—equilibrium alpha particle data. This 1lack of a global
unders;anding of the heavy ion—alpha angular correlation data may
arise from the fact that contributions of alpha particles from
nthey processes such as evaporation and projectile hreak up have
not heen fully taken into account. Tn order to extract Lhe
different components of the alpha emission, it 1is necessary to
taike angular correlat{on data over a wide angular range including
buoth in-plane and out-of-plane angles. The work described here
cunslsts'of such a comprehensive study conducted to understand the
nature of alpha particle emission in the light heavy ‘ion systen
2701 + %0 ac 65 Mev.

16

: : 27
The earlier work of Farris et al. on the system ~ Al + ~°0

at h5 MeV suggested that sequential pre-equilibrium alpha emission
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31,* .
from p (Ex=1&.5 MeV) is the dominant mechanism for producing
. 1
alpha parcticles 1in coincidence with carbon particles . Such a

mechanism can be represented as follows:

2741 + 16g 5 120 4 31p*

3% oy o+ 27p1

The carbhon singles  energy spectra ohtained were
approximately gaussian in shape with a peak at about 44 MeV for

Ip*

9C=_3o°. If two-body kinematics 1s assumed, has a most

probable excitation energy of ~about 14.5 MeV. The angular
corralation data of Harris et al., indicated by "*", are plotted
. 31,%
in the center of mass system of P in Fig. 1. Very few alpha
particles were.observed past 90° {a the center  of mass system
indicating the absence of an evaporative component. The result
obtained was interesting since it implied that the mechanisms for
producing pre-equilibrium alphas could be studied with a
relatively simple system at low energies. The present work was
originally designed to explore the reglon at backward angles hy
improving the ability to detect low energy alphas and to ‘better
. , 31,*
determine the contribution of the evaporation component from P

by taking out-of-plane angular distribution data in addition to

the in-plane backward angle data.

TT. Fxperimental Method

The experiment was performed by bombarding 27A1 with 65 Mev

165 jons from the University of Washington FN tandem Van de

4

Craaff. Carhon and alpha particles were detected in coiancidence.
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Figa'z shows a schematic - view of the experimental set-up. The
reaction plane is defined by the beam and the carbon telescope.
Angles on the same side as the carbon telescope are defined to be
negative. Out-of-plane angles are in the plane containing the

*
31? . Both in-plane and out-of-plane C-ox

recoil direction of
angular corrzlations have been taken at 9c=—30°. _Since the
scattering chamber is not equipped with an out-of-plane movable
arm, data were taken at 30° intervals for the out-of-plane angular
corraelation:

The carbon detector consisted of a DE-E Si telescope
counter, During the course of the experiment, three different DE
counters (14.7 P 17.3‘ p, and 20 p) were use&. The carbon
detector typically subtended a solid angle of ~ 8 msr, and was
fixed at 30° for all of the measurements reported here.

Two methods have been used to identify the alpha parcticles:
(1) DE-E counter telescope method, and (2) the time-of-flighr
method.

The DE~E c¢ounter telescope method 1s the wost common
technique used in particle-particle coincidence experimentsl—loo
In order to iucrease the efficiency of detecting low energy alpha
particles at backward angles, two different NDE-E telescope systems
were used to detect alpha particles. For the backward angles past
90° and -60°, a SV—3OOP DE~E telescope counter sugtending a solid
angle of T 5 msy was used. For more forward angles, a 8.7P—300P

thick NE-F telescope subtending a solid angle of 1.5 msr was used.

The alpha telescope was moved in the reaction plane defined by the
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beam and the carbon detector. One disadvantage of the telescope

‘method‘was cut-off of low energy alpha particles introduced by the

presence of the DE detector. This drawback can be eliminated by
detecting the alpha particle with a single counter using the
time-of-flfght method.

In the time-of-flight method, a 3OOF single Si detector was
placed at ~ 20 cm from the target. The alpha particles were
identified by measuring the time difference between the arrival of
an event in the <carbon telescope counter and the arcrival of a
coincident event in the single alpha counter. The carbon

particles of interest typically have energies between 30 and 60

I
ol

MeV. As the carbon telescope was placed = 7.6 cm from the target
during the experiment, it took from 3.4 to 2.4 ns for the carbon
particles to reach the carbon telescope counter respectively.
This wuncertainty of 1 ns is negligible when conmpared to the 5 ns
timing resolution required to separate the alpha particles of
interest from other particles.
- This method worked well in the present system and allowed
up to four single alpha detectors located at four different angles
to be used in - coincidence with ‘one carbon telescope.
Kinematically, the alpha particles detected at backward angles are
lower i{n energy than those detected at the forward angles. Thus
the time-of-flight method allowed the extension of the C-or angular
correlation function to more backward angles.
Both the carbon and alpha detectors were calibrated with

the corresponding particles. The carbon telescope was calibrated
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with 30, 44 and 60 MeV carbon beams from our sputter source while

241 50

2
source and 8.78 MeV «”s frow a “12Po source. All the detectors
o .
were thermo—electrically cooled to O C to suppress noise and
1eakage currvent of the counters. Area-defining circular tantalum
apertures, mounted directly in front of the detectors, were
. 2 .
covered with 98 Pg/cm Ni foils to avoid condensation of pump oil
onto the detector surface.
i1 e o, - o2 A . d d b
The seélf-supporting “lmg/cm Al targets were produce y
) 2
vacnum - evaporation obf  YY.YYYZ  pure 2741 wire. The oxygen and
carbon contents in these targets were determined by backward angle

13’14. These elements (carBon and

scattering of 3 HeV protons
oxygen) were shown to be present originally in less than 1% atomic
abundance. Back-streaming of mechanical pump o0il 1into the
scattering chamber during the experiment caused a layer of carbon
to be formed on the part of the target hit by the beam. The
c(lﬁo,&x) events are kinematically separated from_the 27A1(160,03)
events with Q=-7.16 MeV at the angles measured in this experiment.
The effect of carboﬁ build-up was studied by bombarding a
37Urg/cm2 carbon target. The total energy spectrum for events
from both the natC(150,Oo<) and 27A1(160,0x) reactions at 9c=—300
are shown in Fig. 3. While only an upper limit of carbon buildup
could be measured by determiping the amount of carbon in the
target - at the end of the experiment, nevertheless it was

determined that in the region of the peak corresponding to the

27A1(']'60,Coc) reaction leaving 12C in 1ts ground state, the
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contribution from carbon build up contanination was negligible.

IIT. - Data Analysis

Two types.of events were collected during the experiment,
coincidance even;é detected both by the carbhon telescope and one
of the a}pha detectors and rthe singles events detectad only by the
carhén telescope. Since there were wmany wmore carbon singles
events than coincidence events, the carbon singles events were
prescaled by a factor of 100 before .the signals were sent to the
computer. All the data collected were stored event hy event on a

mapgnetic tape for later off-line analysis.

16 12
A three-body final state of 2701 + P9 o> C+ o + 2771 +

Q was assumed 1in the data analysis. For most of the angles

measured, two major groups of events with Q=-7.16 and Q0=-11.59 MeV
were observed. These two groups of events can be seen clearly in

Fig. 3. The former group with 0=-7.16 MeV corresponds to events

with all three final products 12C, o and 271 1n their ground

states. The latter group of events, 0=-11.59 MeV can be either

12 27

events with C in its first excited state (2+) or Al in one of

its excited states. The valley between these peaks 1s probably

filled with events that correspond to residual excited states of

27 12C 16 160(16

Al and the contributions from (770,Cx) and 0, Cox)

events.
The data were analysed off line with a window placed around
the Q=-7.16 MeV group of events in a EC vs. gx two dimensional

plot. For all the data presented here except those shown in
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Fig. 3, contrihutions due to accidental coincidence were
subtracted. TIn pgeneral, the random events were only a small
fraction of the total events, less than 5% for the forward angles.
However, .the percentage of the random events was as high as 15% at
backward angles and at angles on the same side as the carbon
telescope.

Since the carbon detector was fixed throughout the
experiment, the carbon singles events detected by the carbon
detector during each experimental cun were used to norma}ize data

from different runs.

Tv. Lxperimental Results

One way of presenting all the data taken in a particular

plane at a glance is to plot the data in the Gallilean invariant

17 1

velocity space i.e. the quantity dqo/dﬂéabd3‘; is plotted as

: X
contour lines on a plane. Ve is the velocity of the alpha

I

pacrticle in frame X. Sincee volume Is conserved under a Galilean

3 labdjvx

transformation,. d %; and thus the quantity dAQ/d L is the
same 1independent of choice of frame. This form of aata
presentatioen has the advaatage that all frames 1n which cthe
correlation may be plotted are treated in a balanced way and thus
the assumption that the reaction proceeds through a particular
sequential break-up process is eliminated.

The in-plane and out-of-plane correlation data are plofted

in the laboratory velocity space in Fig. 4a,b. The beam direction

is defined to be O degree. The origin 0O corresponds to the
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velocity of the lahoratory system which' is zero. The shaded

circle indicates the experimental alpha energy threshold. (s will

be discussed in more detail later, the most probable excitation

*
energy of 31? was found to be constant at about 14.5 MeV for all
the angles measured. From two-body kinematics, the velocity of
I . . . .
3p with 14.5 MeV excitation energy can be determined and is

shovn by the arrvow labelled vP in the velocity plot. Circle F is

31pk

centered at the recoiling velcecity of . The radius of the

circle corvesponds to the center of mass velocity of the alpha

31 27

*
particle if P (14.5 MeV) => ox + “"Al(g.s.) is assumed.

Poor statistics as well as angular interval limications of

the data set result in <considerable wuncertainties in the
construction of the contour plot. Therefore the velocity plot
gives only aqualitative  information. Nevertheless, the peak

cross?§ection at all angles lies very close to circle F and can be
acttributed to alpha .particles emitted from the recoiling 31P*
nucleus. Tt can be clearly seen on the velocity plot for the
in-plane data that another distinctive group of events with high
alpha particle -velocity appears at angles around the carbon
telescbpe. This group of events will be discussed in more detail
later.

The contours at forward angles on the opposite side of the
hean from the <carbon telescope ars more spread out than at
backward angles. 1In order to explore this effect quantitatively,

2
the second monment <nv> of the velocity plot about the average'

velocity for the in-plane data are plotted in Fig. 5 as a function
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1/2

2
of alpha angle. (GV> qualitatively corresponds to the width

of the ridge in the velocity plot at a particular alpha lab angle.

. 2
As can be seen in Fig. 5, <o > is fairly large at the forward
angles and drops by an order of magnitude at the backward angles.

The most probable carbon energy i.e. the peak of the carhon

energy spectrum, is plotted 1in Fig. b as a function of alpha

angle. At most angles this plot agrees with the observation by

a1 %
Harris el al. L that the most probable excitation energy of ij

remaing foirly constant at 14:5 VYeV over all of the angles
L
measured
The contour plot for the out—-of-plane data in Fig. 4b shows
feature very sinilar to the in-plane data. From the velocity

plots of Fig. 4, a majority of the events can be attributed to

3lp*

emission from the recoiling (RX=14.S MeV). Fig. 7 shows the

in-plane and out-of-plane C-x angular correlation function plotted

3191:

in the center of mass frame of . Note that the recoil

I ¢ . '
direction of ? 1is defined to be zero degrees in the center of

Ipx,

mass system of The C-ox angular correlation reaches a

minimum about 90° and rises at backward angles. Two main features
ohserved, the Forward angle peakiug and a bachward angle rise in

the C-or angular correlation are in disagreement with the results

of Harris at al.l. The earlier results indicated that the C-o¢

11 *
angular correlation was peaked along the recoil direction of 3lp

and continued to decrease at backward angles past 90° in the

31P*

center of mass system of . For comparison, results from this

work and from that of Harris et al. are plotted in Fig. 1. The
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discrepancy at the backward angles may in part he explained by the
fact that the Dif detector of the alpha telescope used in the
earlier experiment was IZP thick. A 12P thick DE detector will
range out alpha particles with energy less than 3 MeV. The time
of flight method used in this work has no such cutoff problem. No
satisfactory answer seems to explain the discrep;ncy which.exists
at the forward angles. During the course of this work,
measurements at these forward angles have been repeated several
times with both the two-telescopes method and the TOF method with
reproducible results. The discrepancy with the earlier workl
nersists.

The out—-of-plane C-x correlation function as shown in
Fig. 7b drops to a ninimum at about 90° which is much lower in
cross-section than the minimum of the in-plane C-o correlation in
Fig. 7a. Past ¢a=90°, the C-or angular correlation rises up again.
Thus, the out-of-plane data obtained indicates peaking in the
reaction plane.
V. Discussion

One of the goals of this work is to understand the - nature
of the pre—-equilibrium alpha emission process. In order to
extract the pre-equilibrium component, all other processes that
contribhute to the alpha emission should bhe identified and
suhcradted._
L. Rreak Up Events from 160*:

The in~plane wvelocity plots of 9C=—3DO data shown in

Fig. 4a suggests that there are at least two groups of events, one
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that lies near the circle F which i1s centered on the velocity of

3

the recoiling nucleus and another group with high alpha

energ¥ and low carbhon energy around the carhbon telescope. This

lacter group is observed only at gof_170 and -43°. The

two-dimensional plot of Ec vs. Em for 9C=—3O° and eo=-17° is shown
in Fig. 8. ' Since the second group of events seem to occur only

around the carbon detector, this leads to the conclusion that

\

these events prohably arise from the break up of the fnelastically

" )
scartered 1907 Such a mechanism can be represénted as tollows

*
16 4 2751 oy 2757 4 165

16,% 1

5
N ->x+ "°C

The L6 break up process has bheen observed hy Ho et al.6 in

58

14
the Ni o+ 1?0 system at 92 MeV and more recently by Sasagase et

27 16 10

al for the Al + 0 system at 88 MeV .

From the carbon and alpha energies of this group of events
with high alpha energy and low carbon energy, one can deduce the
excitation energy of oxygen to be between 9.5 to 11 MeV. If one

. 1
examinas the energy level diagram of 0O, the lowest energy level

in L0p that can decay by alpha emission is at 9.63 MeV. Proton

decay starts to compete with the alpha decay above 12.1 MeV. The

solid triangle indicates the double differential cross-section at

16

H@E—l?“ aftsr the 70 brealk up events have been subtracted. The

large uncertainties come from the lack of {information about the

160*.

differential cross-section for the production of the The

upper limit is obtained by assuming that only the group of events

with low «carbon energy and high alpha energy shown in Fig. 8 is
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subtracted. This upper limit is given by the upper part of the
ervor bar.
2. Fquilibrium Contribution

The majority of the events shoun 1in the velocity plots
(Fig. 4a,b) are consistent with the assumption that the alpha

*
31P . One

particles are emitted from the intermediate nuclei
. . 31,% .
would expect that equilibrium evaporatioa from P will
. . s . 13
contribute to alpha particle emission. Ericson and Strutinsky
first showed that evaporation from a rotating nucleus can be
treated classically. Halpern has developed a classical model for

Q
emission from a spherical rotating Maxwell gasl’- Part of this

model was reproduced by Gruhn in his thesiszo- If a rotating
nucleus 1is assumed to rotate around an axis that is perpendicular
to the reaction plane, then one would expect the angular
distribution of evaporated -particles to be 1isotropic 1in the
equatorial plane. Owing to the centrifugal force, the yield is
concentrated in the equatorial plane and decreases as one goes
towards the pole. 1If the rotating axis is normal to the reaction
plane, then the equatorial plane is the reaction plane.

The yield of evaporation particles as a function of polar
angle M defined with respect to the axis of rotation is given hy
Ha]fern as:

Y(W)=Yoexp(x*sin2m)

where Yo is the normalization factor and X 1is the ratio of

rotational kinetic¢ enérgy to the thermal nuclear energy. The
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ratio X is given by

Y

X = .SPRzu?/(zT)

where?P is the reduced mass, W is the angular velocity, T 1is the
nuclear temperature, and R is the distaance of the alpha particles
from the residual nucleus. For the distance R, the following

equation

3. 1/
R = L.zn(qi/j + Akia)

X can also be expressed in terms of the spin (J) of the

rotating nucleus.

X = .5(J+1/2)2/(21T)

2 . .
where T=PR° is the moment of inertia.

3 * s
From the excitation energy of 31P , one can estimate the

. . 21
temperature wich an empirical formula

E=aT

. *
For the most probable excitation energy of p* of 14.5 MeV, the
corresponding temperature is found to be 1.9 MeV.

Suppose the 7 axis is defined to be normal to the reaction

plane. Perfect alipgnment of the rotational axis along the z axis

is expected only if the lbO projectile 1is treated as a point

ohject. In this -<case, the alpha particle that was transferred

160 ¢o 27 27

fron Al lies in the equatorial plane of the Al. Since

2> >
both T and P lie in the equatorial plane, then the angular
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momentum transfecrred 7&;;x X ;& is normal to the reaccton’plane.
In reality, the oxygen nucleus has finite size, thus the
alpha particle can be transferred slightly above and below the
equatorial plane. However the average momentum transferred by the
alpha particie is expected to lie in the reaction plane near the
Ilp*

recoll direction of the composite nucleus The angular

momentum of cthe 31Pk then lies in the plane perpendicular to the
momentum transfer direction.

From the argument described above, the recoil direction is
taken to be the momentum traansfer direction. This choice of
momentum transfer axis is partly guided by the experimental data
as the in-plane angular corvrslation exhibits a minimum around 90°
in the 31P* center of mass system. Experimentally, for sequential
decay the momentum transfer direction has heen found to lie very
close to the recoil direction of the intermediate nucleuszz-
Furchermore, the minimum of the angular correlation cannot be
determinea to an accuracy of better than 30° from the present
data.l Thus the ahove assumption would not greatly affect the

contribhution from equilibrium evaporation oh}ained using the
formalism described.

The angle betrween the rotational axis and the 2z axis is
defined to be J. The coordinate system used is shown in Fig. 9.
Tt is chosen to siwmplify the evaporation analysis and differs Ffrom
that often used.

In order to estimate the contribution of the evaporation

component in a simple way, J 1s assumed to be gaussian

+ i
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distributad. A similar formalism has been employed by Dyer et

al.23

to describe the in-plane aad out-of-plane angular
correlation of fission fragments from sequential decay of heavy

nuclei in deeply inelastic collisions.

From Fquation 1, the angular distribution is

w(e, 9y = Sddexp(-32/2221v()
5

whete § is related to the angles J, 8, and ¢ shown in Fig. 9 by

the cosine law:

i

cosl = cos)cos¢ + sin )sin¢Sin9 6
The angular distribution W(9,¢) used in Fquation 5 is the same as
the experimental quantity (dzo/dgcdgx)cm- In order to emphasize
the 6 and ¢ dependence of this quantity, the more convenient
notation N(G,¢) is adopted.

Both the out-of-plane data and the in-plane data are wused
to tit the threa parawmeters BO; X and Yo. The solid lines in
Figs. 7a,b are the best fit for the in-plane and out-of-plane data

at 9C=-3o° obtained by using only backward angle (8;?

o
> 907)
in-plane data along with the out-of-plane data since the

evaporative component is expected rn daminare ar hackward anglas.

Only the in=plane data from -30° < 9;? ¢ n° are not fit by this

purely evaporative model. All other angles are seen to be fit
very well by the simple evaporative angular correlation. Best 'X}
values for J . X and Y, are found to be 28°, 2.6 and 110.pb/sr2

respectively.

Since JO is a measure of dealignment of the rotational axis
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, o
along the 2z axis normal to the reaction plane, the value Jo=28

means that the dealignment is small. The rotational axis lies

very close to the z axis. Following the argument on the angular

momentun traansfer by the alpha particle described ahove, one can
okbtain a very rough geometric estimate of the maximum value of §

s he inve anpe io R ’ s
by taking the inverse Fdngunt of the ratio c—m/Rc—AI wvhere Rl_J

is the optical potential radius given by

/3 1/3

1
: S G . + 1\. -
Ri-j 1.25(A i )

i
o
Jpax 1S found in this manner to be around 36 - Thus the value of
bo ohtained from fitting the experimental data is within the
limits of what one expects from a simple geometric argument. Tt
is also interesting to note that )0 obtained in the present work
is very close in value to the dealisnment factor obtained by 'Dyer
23

et al in describing the fission fragments from heavy product

nuclet.
From the value ohtained for X, one can estimate the nean
spin of the rotating nucleus to be <J> 7 7h using Fquations 3 and

31p*
F nucleus leaves

4. Since the measured alpha decay from the
27 ; ; ' s s 3 " ; _
the “"A1 1in the ground state, the statistical model employed is
not strictly applicable. Thus the value of <J> deduced has only
qualitative significance. It is however very close to that

2
16O,I“C) alpha tvransfer reaction.

expected for an (
In addicion, the differential cross-section leading to

alpha evaporation can be calculated vith following equation

i 2n
(do/dn ), = Sosin¢d¢50 a8 (8,9

7
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) +125
(dcr/dQ_C)ev is found to be 790 _yg pb/sr. Noe can estimate

(da/dQc) from the experimental carhon singles data. This is found
to be 6.5 mh/sr. ‘Thus the ratio (do/dﬂc)ev/(do/dnc) is about

012, This result 1{is consistent with that obtained from a

statistical calculation.

3. Pre-equilibrium Contribution

The pre equilibriau alpha emlsston concrihbucion is
operationally - defined here to be the experimental yield minus the

*
6% 1e is

yield from evaporation and from the break up of
ploctred 1in the center of mass frame of BIP* in Fig. 10. The
corresponding lab angles are pgiven on the top axis. Since the
value | of. the Jacobian does not change very much over tnis range,
the pre-equilibrium component would show very similar features in
the lab frame.

a. Nifferential Cross~Sectlon:

The pre-equilibrium differential cross-section can be
obtained 'by integratinp the 1in-plane and out-of-plane angular
uvortalation of che pre-é¢quilibrium  component. However the
on£~of-p1ane angular corr=lation - was measured for only a single
in-plane projection angle. This correlation indicates that the
total alpha emission cross-section concentrates in the reaction
nlane. There is no quantitative out~-of-plane information for the

pre~equilibrium component . Nevertheless, one can use the

available experimental information to make a rough estimate of the
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pre—-aquilibrium compeonent contribution to C-or coincident events.
It is assumed that the ,¢ (out-of-plane) dependence of the
pre~equilibriwm angular distribution 1is the same as the ¢

"dependence of the equilibrium angular distribution, leadiag to

wpre(é,fb = [wPre(r—),tyo")/‘veq(e,@wo")]-weq(e,‘b)

9
Qhere wpre(e’goo) iz the extracted in-plane correlation function
for the pre-equilibrium component as shown in Fig. 10 and
weq(e:goo) is given by the best-fit solid curve. shown in Fig. 7a.
The assumption used probably overestimates the contribution of the
pre-equilibrium differencial cross—section. Experimentally, as
will be discussed later, the average alpha energy for the
pre-equilihrium cooponent 1is higher than the equilibrium
component . Thus one would expect the angular moimentum for
pre-equi}ihrlum alphas to be higher than the equilibrium alphas
and the ¢ dependence of the pre-equilibrium angular distribution
might be steepe% than that of the equilibrium component.

With the abhove assumptibn, one then obtains the ratio of
the pre-gquilibrium contribution to the equilibrium contribution
from the in-plane angular distribution,

(do/da) ., a0y (0. 9)

- =
(do/dQ deq Sdﬁ4, (9,¢)

n 10
The exact value of (do/d.ﬂc)pre depends on the exact ¢
dependence of wpre(8,¢) and the exact shape of the dashed line

shown in Fip. 10 wherz no expevimental data is available. The
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exact value of (dc/dﬂc)prﬂ is not 1important for our present
[
purpose. What this analysis shows 1s that the pre-equilihrium
component is small compared to the equilibrium one.
. - 16 % , ) .
The break-up of 0 contributes a very small fraction of
the total C=oi coincidence events detected experimentally and can
be neglected in the deduction of the fraction of events associated
with pre-equilibrium emission. From the above analysis, the
pre—equilibrium component contributes about 10% of the rctotal C-o
eninridence  evants detected experimentnlly. For the systemw of
27 ., 4 16, . \ L . .
Al + 0 at 65 MeV, pre-equilibrium alpha emission is not the
dominant mechanism for producing alpha particles in coincidence
. . , 1
with carbon particles as suggested previously .
b. Mean Alpha Energy:

31p*

The mean alpha energy in the center of mass frame of ’

Neln! ;
<ha >, 1is ploteed as a function of alpha angle in Fig. 1l. The
data points at the most bhackward alpha angles wvere excluded since
they soffer frow the low alpha energy c¢utoff problem arising from
very low energy alpha particles vranging out 1in the trarget or
. . .cm
falling ™below the detector threshold. Over most angles, <ba >
is constant as expected if the alpha particles come from the
3%

evaporation of . For the forward angles where the

pre—equilibrium alpha emission 1is important, <E;w> is much
higher than obtained at the back angles. The mean alpha energy of

the pre—equilibrium component for each alpha angle can be

estimated in the following way :

LMy ..cm _ . .cm
<“o:> = £ x <E, >pre + (1-f) x <Eg >eq
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where f 1is the fraction of pre-equilibrium alpha particles

.cm . .
ha > is the average energy for the equilibrium

emitted. < eq

component and can be determined from Fig. 11 to be 5.2 + .5 HMeV.

<E;m>pre is the average energy for the pre-equilibrium alphas

and can be determined from Equation 11 to be 8 + 2 MeV. The large

cm .
ervor in <> is mainly due to the uncertainty in

o “pre
determining f. ° The average alpha " lab energy for the
pre-equilibrium component 1is estimated to be 15+ 3 MeV. The
corresponding velocity of the pre-equilibrium alpha particles is
comparable to the beam veldcity.
The pre-equilibrium alpha energy spectrum for these forward
angles are broadly distributed fron 7 to 24 MeV in the lab

reflecting the broadening of the velocity contour plots at the

forward angles as shown in Fig. 4a. It was shown earlier that the

*

most probable excitation energy of 31? remained constant for most

angles measured. This wmerely reflects the fact that the
. . 31,% o

contribution from the evaporation of P (Ex=14.5 MeV) 1is very

important even at forward angles. There is no strong experimental
evidence. to support the assumption that the pre-equilibrium

I1p*

component cones -from sequential decay of as suggested

. 1
previously .

vI. Summary
The results from the present work can be summarized as

follows
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1. At 9C=—30°, the majority of C-o"coincidence events come

*
from evaporation of 31? . A small number of alpha particles from

the hreak up of 160* are detected at angles around the carhon
detector. Less than 107% of the alpha particles detected are of
pre—equilibrium origin.

2. The pre-equilibrium alpha particle angular corrcelation
does not npeak along the recoil direction as was previously
rgportedl. It continues to rise to tha smallest angle measured on
the oppositzs side of the beam direction as the carbon detector.

3. The average velocity of the pre-equilibrium alpha
partlicles is about the same as the beam velocity and the energy is
mpch'higher than the energy of equilibrium alphas.

4., The presénc work does not give enough information to
establish the mechanism for producing pre—equilihrium alphas.

Measurements at smaller angles with respect to the beam would he

hiphly desircable.

VIT ‘Concluding Remarks

The results obtained from the present experiment and the
eaarlier vresults obrained by Harris et al.! differ slgnificancly.
The earlier results of a peaking along the recoil direction and a
falloff past 90° in the recoil frame supported the hypothesis that
pre-equilibrium sequential alpha decay from an intermediate

Ilp* .
nucleus ~°P (RX=14.5 MeV) was the dominant mode of alpha emission.
The results trom the present work, especlally the experimental

evidence from the out-of-plane angular correlation and in-plane
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‘back angle data, indicate that the C-x coincident events observed

mainly come fronm equi-librium alpha evaporation from the

& ,
intermediate nucleus 31p (EX=14.5 MeV). More recent results from

7,24

other systems also 1indicate that coatributions due to alpha

evaporation, either from the projectile-like or target-like

particles, are very important and in most cases account for nearly

all of the heavy-ion, alpha coincidence events observed. It 1is

important to establish the properties of the evaporative component
in order to enable the proper extraction of the smaller

pre—equilibrium component.
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- LIST OF FIGURES

Fig. 1 Comparison of in-plane C-ot angular correlation

] . e 31p%
function in the center of mass system of f (EX=14.5 MeV)
obtained in this work and in the work of Harris et al.l denoted by
*, Open triangles are data taken with the two-telescope method
and circles are data taken with the time-of-flight method. All

the data are normalized to each other using the singles events

detected by the carboan telescope.

Fig. 2 Schematic diagram of the experimental set up.

nacC(160,12Coc) and

Fig. 3 Total energy spectrum of
27A1(16O,120x) at Qm=30°, 9C=-30°. Both spectra are norwalized to

the same amount of beam current. The natC(l6O,12(1x) energy

spectrun is also normalized to the maximum amount of C build-up on

the target determined at the end of the experiment.

Fig. 4 ' Velocity contour plot for (a) the in-plane data, (b)

U3

out=of=plana data,. 0 is the velocity of the lah system which ia
at rest. 'The shaded clrcle repfesents thée o tiireshold of che
R ; , . 31,% o 2 4.5
experiment. \p is the velocity of the recoiling ~ P (Ex-l -5
MeV). The dashed circle (circle E) is-centered at Vp with radius
' 31p*

equal to the center of mass velocity of the alpha particle, -

. . 27 _
{(164.5 YeV) ->» &x + “"Al. One unit of the conrour represeulsy

approximately 10 uh/sr(cm/ns)—3.
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Fig. 5 The secound moment of the velocity plot plotted as a

function of the alpha lab anple for the in-plane data, 9C=—300-

See Fig. 1 for explanation of symbols.

Fig. 6 The most probable carhbon energy plotted as a function

of in-plane alpha angles for 9C=-300-

Fig. 7 C-ot angular correlation function in the center of
mass system of 3IP* (Ex;14‘5 MeV), 9C=—30o (a) in-plane data, (b)
out-of-plane data. See Fig. 1 fovr explanation of symbols for the
data points. The solid triangle is obtained when the contribution

164*
due to break-up of 0

is subtracted. the solid curve 1is the
best fit of Equation 5. The dashed curves indicates the upper and

lower limit by adjusting the normalization constant YO of Equation

1.

Fig. 8 Two dimensional plot of the number of counts as a

<

function of EC and Eo:for 9C=—30°, 9m=—170.

31
Fig. 9 Coordinate system used in describing a rotating v
nucleus emitting an alpha particle. The reaction plane is defined

by the beam and the carbon detector.
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Fig. 10 Extracted pre—equilibrium alpha double differential

. : o ;
cross—scction  plotted as a function of alpha angle for GC=30 in

311)*

the ‘center of mass system. The covrresponding lab angles are

B

»

also given at the top of the figure.

Fig. 11 Mean & energy plotted as function of.o angle 1in the
3] % ' cm
Lp* center of nass system. The straight line denotes (Ecx >=5.2

MeV.

©
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