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ABSTRACT

Velocity spectra of evaporation residues from the reactions
J'60 + Al, Ca, and Ni have been measured at bombarding energies of
8.8, 13.6, and 19.6 MeV/u. Comparison with statistical model
predictions shows clear evidence for the onset of incomplete
momentum transfer at about 5 MeV/u above the interaction barrier.
To first order, the results are similar for all targets, suggesting
that the missing momentum is mainly associated with the projectile.
The fraction of transferred 1linear momentum appears to decrease

linearly with increasing relative velocity of the colliding nuclei

at the barrier.



I. Introduction.

-There 1s a rich vocabulary associated with the study of
heavy-ion reaction mechanisms. | - Authors develop new and
picturesqué terms to describe the results of their most recent
experiments. Different-sounding names may refer to the same
physical procesé, and the same expression might be used occasionally
to refer to totally different physical phenomena. . When in doubt,
the prefix "quasi" can be (and is) attached to just. about anything.
Depending on whether one is a critic or advocate of the field, one
might take the above as a sign of imprecision and confusion or, as I
would prefer, of wvitality and discovery. In any case, it is
essential to aefine one's terms as precisely as possible; I will try
to do” this, hoping that those of you thoroughly familiar with ;he
jargon will be"patient. | |

Suppose two nucléi are brought together with no excess kinetic
energy at the point of contact. 1If the attracti?e;npclear ?orces:
are greater than the repulsive Coulomb forces, then the nuclei will:
most likely swallow each other and form a compound nuqleus which
reaches equilibrium. It is very unlikely that, e.g., one half Qf
the projectile would be captured anda the other half repelled. Thus, at
low bombarding ehergies, fusion dominates the reaction cross
section. In this process, all of the projectile 1is captured andg,
therefore, all of the momentum is transferred from the projectile to
the compound system. The attainment of equilibrium implies that
particles are emittea supseyuently and in any direction with equal.

vlikelihood (with modifications imposed by angular momentum
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COnservation); To be specific, ' this  -process, - including the
requirement of equilibrium, is called complete fusion.

It is clear that at bombarding energies well “in- excess of the
interaction barrier andfcharacteristic‘nUClear“pdtential=energies,
" the above process will be small or nonexistent; ' the nucleons in the
projectile are-. simply moving too fast for all of them té'be cathred
and ﬁhermalized with any. significénf .probability. =~ What actually
happens will depend on many va,'riab];es,_ such.. as bombarding energy,
masses of the  projectile and targe;, impact parameter = and so‘bna
One possibility .is that a‘portidn Offthefpréjectile may - fuse ‘with
the ‘target while the: remainder proceeds much as:. a . spectator.
Clearly this process will depend on the overlap'of,projectiié and
target and, therefore, on the.impact parameter. : If one starts at
zero impact® parameter, .where ' one . assumes (for discussion) that
complete’ fusion occurs, the emergence of the above. phenomenon -is
naturally called incomplete-fu“s'ion,l If,- on the Other'hahdﬁ one
begins with a grazing collision, where ihelastic”écétteriné-and few-
nucleon transfer reactions dominate, and progressively deéﬁéasés the
impact parameter, the term. "massive transfer" - is suggésted.z-
vThese terms are both used in the :literature -and refer to the saiie
mechaniém. " More generally, the térm. pre-equilibrium emission has
been used for many ‘years in association Qithv light-ibn induced

reactions.3

It is 1interesting to study this . mechanism because it falls
between  two extremes, because it reflects the balance of competing

forces, and because it may contain information on the time scale of
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the reaction. . There is abundant ' experimental evidence that these

processes occur for' heavier targets, and strong indications. for

‘lighter targets as:well.4'§

In this particuiar case, the staréiﬁé pbiﬁt.is cémplete fusion.
Because fusion reactions héve’been‘studied fof many‘yea:s; there is-
both empirical knowledge of, ‘and thééretiCal foundation for;. the
signatures of this process. _‘The mgss,' velociﬁy, énd“exéitétion
energy of the compound nucléu%rhre knowﬁ. idﬁe haé,fin addition,

clues to the range of anghlar momenta involved from the size of the

- measured fusion cross section. (The usual assumption is that fusion

occurrs for all £ for which 2<%, and

2 2
Ipus = T (2,*1)

The statistical model (with empiricai input pafameterS)vpredicts the
decay ' of the compound nucleus. Thus,. the signature. of incomplete

fusion or any nonequilibrium process 1is a departure from the

predictions for complete fusion.

Evidence for these processes may be found in the characteristics

‘of (i) the light particles (p,n,d,a) which are emitted at forward

angles, (ii) the ffagments of the projectilé that aid not. fuse-with
the target, or (iii) the “heavy residue left behindf In’ general,
inclusive measurements of a light particle or a‘ prdjectile-like.
fragment are insufficient to estabiish the mechanism.. A.

two-particle coincidence involving, e.g., a characteristic gamma:

ray from the heavy residuel'2 is required. . However, observation

of -a heavy particlé with _é mass and  velocity
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near to that expec;ed for a compeund nucleus specifies that a.
reaction app;oximating fusion (fusion-like) took place. The
idea is thus very simple. Measure the velocities of the residues
and compare them with what is expected for complete fusion. If they
are smaller than expected, we may infer that a nonequilibriuh
process was involved, and that it caused an incomplete transfer of
momentum from the projectile to the target. Measurements as a
function of bombardlhg energy will determine the threshold. While
the basic idea may be simple, a number of important complications
are encountered both in doing the experiment and interpreting  the:

results. These will be dealt with in the following sections.

\

II. The Experiment.
The 88-Inch Cyclotron at Lawrence Berkeley Laboratory can
produce. beams of oxygen ions with energies of up to 20 MeV/nucleon.

These energies are high enough that nonequilibrium processes should be
60

easy to see. The targets, Al, Ca, and Ni, were chosen

with the following criteria: (1) The targets should be
significantiy heavier than the projectile. This is necessary for a
clear interpretation of the reaction kinematics.? (i1) The
target should pe light enougn to produce residues with sufficiently

high energy to be detected easily. Very heavy targets fission and

thus require a different technique for measuring momentum

transfer.7

*To illustrate this point, consider identical projectile and target
nuclei; in this case, incomplete capture of one object by the other
would occur with equal probability for target and projectile. There
would be no net shift of the average residue velocity. The width of
the velocity distribution would be broader, however.
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The masses and velocitieés of the residues were measured with the
time-of-flight spectrpmetér illustrated ‘schematically in  Fig. 1.

The start signal wés obtained from a channel-plate detector with a .

. thin carbon conversion foil, about 20 ﬁgm/cmzf tilted at an angle .

of 45° to the 1.8 meter long flight path; The 'stop detector, a
900 mmz, lOOum'ﬁBick silicon surface—bér;ierkdetector, was tilted
by 15° to the’ flight' path in order to fninimize geometrical path
differences. The stop detector also deéermined'the energy -of the.
residues. The targets were natural calcium, natural aluminum, and 60Ni
with thickﬁesses of 235, 215 and lSO?gém/cmz, respectively.

' An essential part of this: experiment was to establish an

accurate absolute calibration for the velocity. = .This. was done by

measuring the elastic scattering of 1.5 MeV/nucleon 40pr ions, .

w.hi'ch have masses and veloéitiés similar to those of the residual nuclei
produced 1n the reactions stuadled. This calibration procedure is
illustrated in Fig. 2, whe:e the velocities and flight times of 40Ar
and 160 ions; elastically scattered by. a variety of targets -at
several different scattering angles, are indicated. The calibration
covers nearly all the rangé of velocities: observed :in the
experiments. Corrections (typically a few percent) for energy: loss
in the target and in the carbon foil of the start detector ‘were made
in the calibratioh procedure and, event-by-eveht,.in generating . the .
final veiocityvspectra. J

The mass resolution is_indicated in Figs. 3 and 4. Fragments

with masses of less than 20 were not necessarily stopped within the

depletion depth of the detector. This accounts for the truncation
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of the spectra at the lighter masses. Figure 4; a projectibn onto
the mass axis of the two-dimensional spectrum in Fig. 3, also gives
an idea bfathe relétive mass yields. The presénce of a group of
evaporation residues is clear in both these figures.

A typical velocity spectrum for a given mass is shown in Fig.
5. For reasons which will be given in a moment, the ordinate is the
number of counts divided by the square of the 1ﬁeasured velocity.
Note that the distribution is broad and well approximated by a
Gaussian. ‘The breaatn of tnis spectrum is one of'the complications
I mentioned earlier. Rélatively light (A <100) compound nuclei emit
copious amounts of “charged particles when they deexcite. Alpha
particle emission is fféquent and the resulting recoil imparted to
the residue 1is significant. It 1is not possible to measure,

therefore, the velocity of an individual compound nucleus prior to

the evaporation stage.

If, however, the decay' process is symmetric about 90° in the
center-of-mass system of the emitting nucleus, then the centroid of
the velocity distribution of all residues observed at 0° should be
the same as that of the original cdmpound nucleus. This statement

is true provided the distribution plotted is N(v)/v2 and not

L2
N(v).8 (Note that the Lorantz-invariant cross section, % gﬁgﬁ’ is
2 | ’
proportional to ~l§ %5%7.) There is an additional correction
V‘ .

factor of'cose{ where 6 is the laboratory angle at which the
residues are detected. Thus, it can be shown that the centroid

v of the distribution N(v)/v2 is given by v cos®, where

c.m.

Ve.m is the velocity of the center-of-mass motion.
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The only assumptions are full momentum transfer and 'symneeric
forward - backward emiSsien of. snneequent light particles. If, in
addition, the emission is isotrepié, then N(v)/vz shoulduhavei-’
a Gaussian shape.8 o
This simple treatment also .euggests that tne cent;oie of} the
velocity spectrum should be independent of the-numbervof Qarticles
emitted énd, hence; independentsof the.méss of the_residhe,viThis is
shown in Figs. 6 and 7, where lvelocity_ spectra are 'shpwn for
different residue masees observed at a given laboretory.angle and
produced at three different bonbefding energies. Note that the
experimental centroid'changes little With maSS and'thetgthe width
of the distribution correlates well'with'the-difﬁerencevA in mass

bet&een'compound'énd-reSidné nucleus, A =56-A,

III. Results.

The results of the experiment consist of the velocity spéctra’
measured for each mass (or mass bin) at several laboratory “angles

. 16
between 50 and 20°,

o) beams of 8.8, 13.6 and 19.6 . '~ ¢
MeV/nucleon, and targets of 271, 4%ca, and ®ONi.” "The “results:
obtained with the different targets were (ualitatively similer;;
thus, data for 190 + - 40ca will be used for illustrating the.
results. 1In principle, all the above information - velocityffmass,
and angular distributions - may be compared with the predictions for
'conplete fusion.  For the present, we have 'concentrated“'on' a

comparison of the centroids with Voo m coso, This comparison 1is

~
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‘given in Figs. 8-11. Thé first three of these figures give the
centroid, measured at different angles, as a function of residue
mass. The centroids were determined botn by direct numerical
evaluation and by fitting a Gaussian function to the data. These
two methods agreed to within about 3%. The relative mass yields are
indicated.

_Sevéfal featurés'are immediately‘obvious in Figs. 8-10,

(1) | The éentroidé-vary only weakly with residual mass.

»(ii) The centroids scale with angle as cosa@.

(iii) ‘The deviation of the experimental centroid from

Vo.m, €OS® varies only weakly with angle.

The discrepancy betweeh the experimental centroid and the
expectation for full momentum transfer is indicated in Fig. 11 for
the three bombarding energies. Theltieviatibns, averaged over all
masses,'ére 6%, 1ll% and 20% for bombarding energies of 8.8, 13.6 and
19.6 MeV/nucleon, respectively. The errors in the experimental
centroids are typically 5-8% and arise from uncertainties in the
velocity calibration; the centroia determination( and the
corrections for energy 1loss in the target. Thus. the difference

from the predicted values is well outside experimental error,

especially for the higher bombarding energies.

IV. Discussion.
Tne first step 1s to verify the accuracy of the simple

prediction, v cosb, for the centroid. This was ‘done by using

,C.m.
the Monte Carlo code LILITAS'9 to simulate the decay of 563
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formed in. the 160 + 40ca teaction. The centroids from the

simulation calculation agreed ' very well with Veom

cos8. . Thus,
the measurementvof the centroid of'the“residge“velocity distribution
1s a measure of the average velocity of the compound system before
it decays by equilibrium emission and therefore, of the average
momentum transfer. | ” |

An as§essment of thé size or importance of: the deviations
indicated i‘n Fig. 11 can be made as follows. Suppose, just for
illﬁstration, that a particle .of mass Am éscapés. at 0° »witQ _ghe
beam velocity before fusion éhd-vequilibration occur. ‘Then Fhe
deviations of 6%, 11% and 20% correspond to Am = 0.9, 2.1 and 3.8
‘mass units, respectiVely, Thus, a deviation of 6% could be causéd
" .by a neutron or pfoton escaping in 90% of all'céll'isior;s., or an
alpha'particlé escaping in 60% of all collisions. . “In terhs bf the
percentage of all collisions experiencing some degreé of incomplete
momentum transfer (i.e., between 90% and 60%), a six_percent”§elocity
shift is élready a largé efrect! .

The purpose of the present experiments 1is to investigéte ﬁhe:
aependence of the missing momentum on the projectile energy and
target mass. For this we shall use the observed angle and mass
averaged velocity centroids- expressed . as a"percentagé of. the
velocity corresponding to full momeuntum transfer. This;quantity-is
plottéd in Fig. 12 'versus the_relativé.velocity of the colliding
" partners at the .interaction barrier (using r, = 1.5 fm). Although :
there is some dispersion ih the data,'an apparent systematics

emerges, First, the amount of transferred momentum, expressed
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" as a percentage of:the total available linear momentum, is governed
essentially by the relative velocity of the projectile and target at
the barrier. 'Second, there is no marked target dependence, at least
over the range from A = 27 to A = 60. The absence of a target
- .dependence s;Jggests that the missing momentum is associated with the
164 projectile.

The data also exhibit approximately linear behaviour in the
decrease of the fraction of transferred momentum as a function of
velocity, as ivndicated‘ by the straight—line fit to the data. A
similar result has been reported by Vioia et'a.l.10 for
reactions involving lzC, 160 and 20Ne beams with the targets Au
and U. For comparison; the results of linear momentum transfer
measurements using 169 .project_iles and a 238y target:7 are also
indicated in Fig. 12, These results suggest a common onset of

incomplete momentum transfer in fusion-like reactions at about

5 MeV/nucleon above the interaction barrier.

The gquestions of systematic behavior raised in Fig. 12 can be
addressed further by . the inclusion of results for other
projectiles. The other beams that can be fairly included in this

11

comparison are, at present, 12¢ and  “One. In one case

20ye 4+ 4OCa, the experimental technique .and analysis were the
same as in our work. In most of the other cases, the fission-
fragment angular-correlation method was used. Duek et-al. have
made new measurements and have reanalyzed earlier data using this
12

technique. In order to be includea 1in Fig., 13, there should be

an identitfiable fusion-like component for which a centroid may. ‘be
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determined. If the very small momentum tfansfer components
resulting from one- and two—nueleonf -transfer réactions are merged
with the fusion-like cbmpenenéﬂiﬁ the determination ef-the cemtroid,
the cbmparison of the different results breaks dowp:' Similarly, the
data are’ restricted to cases *with‘a.‘significehtf'prdjectile—target
mass asymmetry. | o |
' The data points shown in Fig, 13 may be identified with the aid
of Table I. Note that the ranée‘qf‘projectile masses is 12 to 20,
.target'masses, 27-238, and bombardfng*energies, 6.2-30 MeV/nucleon.
The reader will have to judge the extent of 8yetematic'behavior.
There 1is additional scatter - associated with Ehe‘.inCIdéiomnaoé
aaditionalm measurements,  of course[ “fﬁifferent 'exéefimemtai
techniques are involved, and no attempt has been - made to eValuaEe
“the errors assigned by the different authors. We would sugéeet that
a gress systematics is present. The assessment‘of"individualm
deviations from the average behavior 'and their significance ‘will
- have to await more precise experiments. - | .

A simple  systematic behavior (if verified) »suggests a.'simpie
reaction mechanism. The idea that incomplete fusiohgiS'governed oy‘
a c;itical angular momentum (which varies with the captured mass and
the radius of the target) has been put forward by Siwek-Wilczynska
et al.1 A detailed comparison of our results ,gor_A;EQ;ﬁf jégpa
with this model will be given in the future.. . Howeveg,wwewmeyﬂngpe
tnat their model (with input parameters as given in Ref. _l)'
underestimates the observed shift in the velocity centroid. (In

this comparison, only captured masses from OBe to 160 were
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included, and the missing mass was assumed to proceed at 0° with
‘the beam velocity.) A comparison of predicted and  observed
vsystematic trends for different projectile-target combinations is
progress.

An impoftant question which present and future experiments
should resolve is Awhéther the emission mechanism depends on a
critical angular momen;um (and therefore on the product of mass,
velocity and radius) or:on the penetration of a wall (the surface of
the nucleus) by thé nucleons. In the latter case, the essential
gquantities would be relative velocity and binding energy. Much is
known about projectile fragmentation, and the capture of one portion
of a projectile that fragments'at an early stage of the collision
has also been conéidereu.l3

On the experimental side there are a number of things which have
to be done. The test of projectile dependence must be expanded to
include beams other than the o-conjugate family. Measurements with
14& and 12F are desirable. Finally, coincidence experiments in

which the light particles are recorded together with the velocity of

the residue will be of great value.

This work was supported by the Director, U.S. Office of Energy
ﬁesearch, Division of Nuclear Physics of the Office of High Energy
and Nuclear Physics, and by Nuclear Sciences of the Basic Energy
Sciences Program of the U. S. Department of Energy under Contract

No. DE-AC03-76SF00098.
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Table I.

Proj+target E/Ap
12 , 2385 g 9
16, , 238 .
12 4 238; 4.8
165 4 238y g8
20Ne + 235U 8.8
200 + 235y 8.8
126 4 238 90.4
20ye + 238y 10.4
165 4+ 238y 10.4
120 4 238y 0.4
126 L 197,y 10.2
160 + 1974 10.4
208 + 1975y 10.4
165 4 1654, 10,4
165 4 40¢, 8.8
165 + 2751 8.8
20xe + 23% 12,5
165 + 60x;  13.6
165 4 40cy  13.6
165 + 2701 13.6
208 + 40ca  14.6
165 4 238y 19,7
165 + 60 106
165 + 40c,  10.6
165 4 2701 10.6
120,107,
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((E-V,)/A_)

List of reactions included in Fig, 13.

féS/Pbeam_

30.0 -

D D B W WL W W NN N NNNNNNNKE R HHO

.94
.28
.57 .
.87
.87
.87
.25
.27
.27
.27
.36
.37
.37
.47 ¢
.56
.65
.70
.31
.37
.44
.50
.80 -
.12
.17
.22
.02

© 100%3
99+3
1013

101+3
97:2

" 95+1
- 98:3

96+3
97+1
96+1

100+3

99:1

95+1

99+1
94+4
97+4

- 93+2

" 92+4

.88+4 .

91+4

89+5
92+4' - ¢
81+d. -
79+4
83t4
677

10

14,

‘10
18

15,

12

14,

10
12
12

18,

12
12
12
present
present
17

'*preSent

present

present

11
7

-~ present

present

“present

16

Ref.

10

10

10

16

work

work

work
work

work

work
work

work
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Figure Captions:

1)

2)

3)

4)

3)

6)

7)

8)

9)

A schematic diagram of the time-of-flight apparatus used to
measure the velocity of the fusion residues.

The calibration of the velocity scale by measufement of elastic
scattering of oxygeniand argon beams frdm various targets.

A two-dimensional spectrum of mass veféus energy. Note the
intense yield of'maés numbers from 35;47. This shows the clean

separation of the evaporation residue component from other

. reaction meachanisms.

A projection of the iesults in Fig. 3 onto the mass axis.
The velocity spectrum for mass 43 at 5°, The shape of the
spectrum is well approximated by a Gaussian.

Velocity spectra for different masses observed at 15°. The

‘bombarding energy is 8.8 MeV/nucleon.

Veloclity spectra for different masses observed at 59. The

bombarding energy is 13.6 MeV/nucleon.

A comparison of the measured centroids with v cosf for

C.m

different masses observed at 5¢ to 25°. The relative

‘intensity of each mass is indicated by the histogram. The

bombarding energy is 8.8 MeV/nucleon.

A comparison of the measured centroids with Veom cos® for

different masses observed at 59 to 20°. The relative
intensity of each mass is indicated by the histogram. The

bombarding energy is 13.6 MeV/nucleon.



10)

11)

12)

13)
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A comparison of the measured céntroids with vc.m.cose for
different masses observed at 5° ana 12°. The relative
intensity of each mass 1is ‘indicated by; the histogram. The
bombafding energy is 19.6 Mey/nucleon. i
Comparison of ¥V/cosf of theireduced velocity"%pegtra (see text)
with the center-of-mass veiocity at (a) 8.8 MéV/nucleon,v (b)
13.8 MeV/nuclebn,;and (c) 19.6 Mev/nucleoh,x'The relgtivgimass
yields‘at 59 are shown by histograms. o
Systematics of the mean velocities of fusion—like residues,
expressqd as a ‘percentagé gpf the ve;écify correspbﬁding to
complete momentum transfe:. f¢fhe abscissa 1is thé‘ relative
Velocity'of the projectile‘and;ﬁérget at_fhe interacﬁion barrier
are

(using r, = 1.5 fm). The enetéY; E; ahd; Coulomb barrier Ve

evaluated in the laboratorystEﬁemz' Thq'results from Ref. 7 were

obtained using the fissioﬁJfragmeht anguler-correlation

[

technique.
Systematics of the meaniyeloé;Eie; oflfusioﬁvfike residues, as
above, and including dqtavzfpr’ lZC‘ apdufgoNé  beams. A listing
of the reacﬁions and the_referehces.is%giQen;in Table I.

/
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' N(v)/v2
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40Cq + .1' eO

 6=150

~ 8.6MeV/nucleon

a7

46 -
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.0_1 .

3

-

Sy (Cm/ns)

Fig, 6
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4°Ca + 1°0  ©=5°

13.6MeV/nucleon

v (cm/ns)

XBL 8212-12425

Fig, 7
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fuII momentum transfer
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