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C00-~3246-19

NUCLEAR RESEARCH WITH HEAVY IONS

- CONTRACT EY-76-S-02-3246
ABSTRACT

The experimental reséarch emphasizes the detectién and measurement of light .
charged particles emitted in reactions bétween heavyAiohs and complex nuclei.
AThe program involves a collaborétiop between CarnegieFMellén-University and SUNY
S at Stony Brook And utilizes the SuperHILAC and 88"VCy610tron acceler#tor facilities
of the Lawrence Berkeley Laboratory. Co;relations.between light chérged particles
and heavy frégments proviae detailed insights into the.dynamics of the reactioﬁ
mechanism. The light charged parpicles évaporated from,fully accelerated
fragmeﬁts yield information on the excitation energies and spins of thé eéuili-
brated reaction- products, whereas those particles which ére emitted.prior to
thermal,equilibration give ué a view of the early stages of the reaction.
Experimental results of fusion and charged particle emission cross éec;ions_are
discussed for a variety of heavy ion reactions, partiéularly those inauced by
40Ar ions. Tﬁe theoretical development of the statisticgl‘mo&el as applied to
particlie evaporation is reyiewed and sémiempiricgl metho&s for facilitating '
comparisons with experimental data are presented. Current results frqm singles

and coincidence experiments are given in detail for reactions of 340-MeV aoAr

with Au, and aﬁalyses of average spins andAenergy sharing among particles are

discussed.

Morton Kaplan
Principal Investigator.
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CONTRACT EY-76-S-02-3246

(U. S. Department of Energy--Carnegie-Mellon Uni?ersity)

;-'-Annuai Report: October 1979 B
I. INTRODUCTION

The experimental research program supported by Contract EY-76-5-02-3246
is concerned primarily with nuclear reactions‘betﬁeen complex nuclei and heavy

ion projectiles. Such systems are currently of considerable interest because

- of the diversity of reaction mechanisms which participate in heavy ion collisions

and becauée they provide‘an opportunity for probingvthe behavior of nucleér
matter at extremes of temperature, pressuré, and angular momentum. We have
concéntrated on studies of charged particle emission from heavy ion induced
'reactions as sensitive indicators of nﬁc1ear dynamics, andihave been carrying
out a multipronged approach involving (1)'deep1y inelastic ?éactions of.ﬁery
heavy ions; (2) modei compound nuclei synthesized with épprOpriate excitgtion 
energies and sﬁins; and (3) theoretical calculations via the statistical model
uéing experimental data to help improvevparameterization within the model. The
‘basic ideas undexlying this philosophy and its”detaiied applicaﬁion in our
research program have been described in previous Annual Reports, particulariy

'C00-3246-18 dated October 1978. We continue the successful and productive

collaboration with Professor J. M. Alexander's group from the State University

Qf.New York at Stony Brook; Over the pést few years, a very closevin;eraction
“has developed between our two gréupsvand the combined érbgréms.have béen'able_
_ ﬁo‘cérry thé commitments and responsibilities of the ﬁlanning,‘executidn,‘aﬁd
.analysis phases associated with research in the User Group mode.

. During the past contract year, we have continued with our pianned programs
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at the Su@erHILAC and 88" Cyclotron accelerator facilities of tHe Laﬁreﬁce
Berkeley Labofatory. The Program Advisory Committées Qf_fhe.two acceleratqré
have favorably reviewed our research.proposals, and ac¢e1erétorbﬁime has been
allocated for carrying out the proposed experiments. This year we have also
made considerable progress in the analysis and assembling of é.large‘backiog
of expérimental data, and we are optimistic that‘moﬁt of our ;esulté are in
(or close to) the publication draft stage. The remainder of this reﬁort
describes in some detail several of the projects whicﬁ.ha§e'reéent1y been
completgd.

The excellent performance of the LBL accelerators ﬁas been an importantb
factor in the succesé of 6ur program, and we gratefully acknowlédge ﬁhe ﬁBLk.”
-staff for their dedicated efforts and their hospitality.r The-péﬁer and vgréa-
tility of the ModComp data écquisition systems_at.bothvfhé SuperHILAC apd.the'
Cyclotron Laboratories have been invaluable for our exﬁerimgnts,vand full
credit as well as our appreciation goés to Dr. Creve Maples and his staff fot
persistence, insight, and commitment to a noble cause.“fhe principal investi-
gator on this research project, Professor Morton Kaplan, devoteq éne—half timé

to the program during the academic year and full time,for'two-summer months}-

Dr. Douglas Logan was a full time research associate in the experimental program

this year, and Dr. Ludwik Kowalski from Montclair Staté.College worked with us

for the summer. Our collaborators in the research program were Professor J. M.
Alexander, Dr. M. Rajagopalan, Dr. H. Delagrange, Dr. M-F Rivet, and Mr. E. Duek

from Stony Brook, and Dr. M. S. Zisman from LBL. Dr. G. L, Catchen of Columbia

University has completed his Ph.D. dissertation under the joint supervision. of
the Stony Brook/Carnegie-Mellon collaboration and has now moved on to a new

position.
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FUSION AND EMISSION OF lH and‘4He IN REACTIONS

BETWEEN COMPLEX NUCLEI AT HIGH ENERGIES

H. Delagrange
Department of Chemistry, State University of New York at Stony Brook
. Stony Brook New York 11794

D. Logan
Department of Chemistry, Carnegie-Mellon Un1vers1ty
Pittsburgh, Pennsylvania 15213
M. F. Rivetb, M. Rajagopalan, and John M. Alexander
Department of Chemistry, State University of New York at Stony Brook
Stony Brook, New York 11794

M. S. leman
Lawrence Berkeley Laboratory, Berkeley, Callfornla 94720

'Morton Kaplan and Jane W. Ball®

~Department of Chemistry, Carnegie-Mellon University
: Pittsburgh, Pennsylvania 15213

ABSTRACT

We have measured cross sections for evaporation residues, fission,
. ' .1 4 . . 40 .
direct and evaporative "H and He in reactions of 222-340 MeV ""Ar with

116Sn, 154Sm, 16Z‘D and 197 Au. Fusion cross sections are also presented

for 77-167 Mev 12¢ + 8%y and 187 MeVHAOAr + M50, The z dependence of
the evaporative H/He ihdicates a breakdown of phase-space models for
fission-evaporation competition. The iarge cross sections observed for

direct H/He emission force serious consideration of energy dissipation

by H/He ejection during the initial impact.
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Since 1960, 1H and 4He have been found to be emitted with large cross
sections in many reactions between complex nuclei,ln-Eprwardfpeaked (direct) -

emission2 seems to dominate for projectiles of 12C,'léN,and.IGO and

40 77

evaporative emission3 (symmetric about ec = 900) for '“Ar + '’'Se. First

iﬁterpretations were that the direct H/He came frpm prbjectile.breakqp,z'but'
more recent evidence4 is for massive transfer or incomplété fusion (capturé;

of the projectile residue). Currently there is great interest in gainiﬁg an'
understanding of complete fusion at high energie#, and iﬁ ié natural ﬁo ask
about the possible role of the.incomplete~fusion é&enﬁé. Experimentally;

can one adequateiy distingﬁish complete from inéoﬁpleté fuéion invthe measﬁreQ'
hénts, and correspondingly, do the reaétioﬁ models.take adequa;e account of |
the fast ejection of H/He during the impact processesé' Models currentiy.in use
assume tﬁat complete. fusion occurs prior to significant Ibss of enérgy or
angular momentum from the composite system. Ou; new résults along with other"
data strongly suggest that this assumption is not valid. We discﬁss the trends
of a body of new data on fusion cross sections for sevéral reactions induced by
126 and 4OAr. Also, we show a pattern of new tesultsvon‘the émission of_H/ﬁe
in 4OAf reactions. Extensive ‘direcﬁ and evaporative emission are observed.

We discuss the possible relationships between direct.emiséion and fusion.cross
sections and_between evaporative emission and fission; | |

The experimental arrangement is described elsewhere™’

so we shall givé

_ 12 40 ‘ : _ -
only a sketch here. Beams of ""C and Ar were obtained from the Lawrence
Berkeley Laboratory 88" Cyclotron and SuperHILAC, réépectively. Self support-
ing targets of 116Sn, 154Sm, 164Dy"182w and 197Au were used. 'Three member
solid state telescopes (Si of 45 pm, 500 ym, 5 mm at solid angles 3 8 msr)
identified and measured H/He; gas ionization telescopes (methane at % 20 torr
with stopping detector of 500 ym Si at 0.2 or 1 msr)7»decermined evaporation

residues (ER) and fission. Data were recorded event-by-event on hagnetic tape,




5

11-3

and we now report some of the results taken in the singles mode.

~In Fig. 1 we show angular distributions at two incident energies for
1 /4 . 164 ' - ' '
H/ He and fission-like events for a Dy target. Also, we show the angular
dependence of the effective temperatures obtained By fitting the spectra.to
the equation P(e) =< (€-B) exp (-€/T), with barrier parameters B from Ref. 8.

Results for the 1548m and 116Sn targeté are similar. 1In contrast with the

) ' datg3 for 4oAr + 77Se, there is a clear forward—peaked component with a
high effective temperature. We»have atﬁempted tb_resolve the direct and -
evaporative components by fitting to the functioﬁ, W) = A exp (-v6) + B +
C cosze. We assign to:evaporative processes the integrél of the symmetric
part (B + C cosze) and the rest to direct processes. The symmetric emissicn
could be the.resﬁlt of evaporation from the composite nﬁclear.éystem or
. o perhaps from fission ffagments with symmetfig distributions. As can bé'seen'
from Fig. 1, the direct processes at 222 MeV so dominate the integrated
cross sections that the evaporation cross sections caﬁ be assigned only with
"large uncertainties. | |
The angular diétributions for fission-like events (as taken from AE-E
.contour mapsg) are not quite symmetric aboutlec.m' = 90°, This ié probébly
due to the difficulties of separating the so called "fission'" and "deéply -
inelastic" rgactioﬁsg. Near e;'m. = 90° one finds that the heavy fragment
energy speétra resolve into three well—defiﬁed groups that oné is temptéd,to
call projectile-like, tafgétQIike épd fission;like fragments. Thereforéiﬁé

~ assign to the fission cross section thd value o. = 2x (do/&?)c m (at

_ £
BC o =v90°). These values provide upper limits to the symmetric part of
the fission cross sections.

. . . 40, . ' '
In Fig. 2 we present the cross sections for —~Ar reactions at two

excitation energies as functions of Z of the composite system. As the
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incident energies are well over the barrier, the fusion cross sections
(fission plusAER) are relatively constant (= 0.6 to ~ 1.0 b). However, with

increasing Z the fraction of ER drops dramatiCally'(lower éur#e). The

cN’

1 /4 .
direct component of H/ He emission is relatively constant with Z_ ) at

CN
~ 120 mb and ~ 200 mb for excitations of 100 and 140 MeV, respectively.

Presumably, direct H/He ejection occurs much faster than the subsequent

fiséion or evaporative decays and is unaffected by them. By contrast the -
evaporative component of H/He must compete with fisgioq and its cross.section

decreases drastically from Z___ = 52 to 84. However, from Z = 84 to 97 there

CN

are actually increases in the evaporative H/He while the ER cross sections

-have been reduéed tremendously by fission. These increasés ére contrary to

statistical model expectations for evaporation prior to_fissioh. In Ref._6

we show that even for the very fissile system with.ZCN = 97‘thé bulk 6f this

evaporative H/He component must be emitted prior to scission and cannot be

attributed to emission from the fission fragments. bﬁe must éonclﬁae that

it comes from the éomposite system with intrinsic rate comparable fo fission

regardless of the rapid dependence of the number of open fission'chanhels on Z.

It would thus appear that the fission-evaporation competition is determined

primarily by the reaction dynamics fathef thaﬁ the évéilabie phase sﬁace.

Hence the energy spectra of H/He should reflect the'teﬁperatureé énd barriers .

bf the composite system prior to fiésion and largely unmindful bf it. The

experimental spectra are consistent with this argument. Thus; it would appéar‘”
v , ,

that these emissions of H/He are very powerful, if not unique, réflectors of

the early life of the composite system. They may allow testing‘of many

interesting questions sﬁch as the possible persistance of shell effects to

very high excitations.1

In Fig. 3 6ur new data for ER and fission cross sections are compared to

other.similér d.at:as’6’9’11

and to calculated curves from the semiempirical
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systematics ovaef. 12. These curvés éimply‘provide é‘common reference and _
are not:inténded as sophisticated models for thé:fusién process at high
energies. Lef us éummarize the pattern in Fig. 3."(1) Ali'the data_épproach'
the reference curves at low energiés~simply beéause phé calculations were
taken from empirical fusion barriers. (2) With'increasing.enefgy,.the data
seem to flatten out compared to the reference curves{v Thisvtendency is
espécially clear for 120 and 14N projectiles and‘for 4OAr + Sn, Sm, Dy and Au.
¢3) For 4OAr + Pd, Ag and Sb, there are only small deviétions from the

116Sn fall below the curve

reference curves, while our new measurements for
at 222 and 274 MeV, but agree with the curve at 187 MeV. In the model of
Ref. 12, and others presented so far, the fusion decision is presumed to

precede significant particle emission. However, particle ejection during

impact and from a band of f-waves near zcrit

would present an-élement so far
unaddressed in the models for complete fusion. |

Our purpose here is to emphasize the possible importance of energy
dissipation by H/He éjection during the impéct stage. -First consider réactions

with the lighter projectiles 120 and 14N. For energies well over the‘barrier

we know that forward-peaked H/He emission is very large.z’4

Also, we now
believe that the projectile residue often fuses with the target.4 For ER
measurements near the detection threshold of a gas telescope (e.g. recoils of

a few MeV from reactions such as ~ 100 MeV 12C + 18

2w), the heavy residuals .
after forward-péakgd'direct'4Hé emission may not be detected.” As the projecﬁile
. energy is increésed,.however; such residual nuclei}will often be detected and |
pdssibly included in the integrated cross sectionvaésigned to ER. Oﬁe possible
.expériﬁental complicafionvof the trends in Fig;'3 for‘the 120 and 14N reacfioﬁs
(and for most ﬁublished data) is as follows. ;For energies near thé calcuiated

cross-section maximum, the observed ER cross sections could suffer from




- II-6

competition with incomplete fusion reactions thatvare‘1arge1y.ﬁddetected.
For higher energies the observed ER cross secﬁioﬁs éould increasé due to én.
increased detection éfficiency forlthe incomplete fusion fesiaﬁes.'vln tﬁe
case of 4OAr induced reactions, the experiments probably include mbst_
incomplete fusion reactions along with the complete fusion; at high energies
there may also be some confusion of fission with aeeply inelastié.reactions.

What do we actually want to include in the experimental fusion cross | *
section? This cleafly depends on the reaction model thét'we'want t-Q‘test.13
Refs. 4 and 6 give evidence that the probability fof difecf'éHé émiséion is
gréatest for Z4-waves near to or greater than.the high'£~cutoff for fusioﬁ

¢

Therefore a model calculation of zcr.

it

e must consider in detail both .
crit)

the nucleon transfers and the particle emissions for £ near zcrit

. Energy
dissipation by nucleon transfer alters both the energy and angulaf momentum.of

the relative motion and therefore the calctulated values of 2c‘

. " Experiments
erit” P

show that the cross sections for direct H/He emission are often quite large

(~ 1000 mb for 126 MeV 120 + Bi; ~ 200 mb each for H/He for 274 MeV 4

OAr),vand'_ 
could thus perturb collision trajectories for many £ values. Therefore, the

role of the incomplete fusion residues vis-a-vis a "fusion' cross section of R
~1000 mb has obvious importance. To our knowledge no current reaction model

for fusion includes this aspect; i.e. energy dissipétion and perturbation bf

the assumed potential barrier due to direct particle ejection during the impact.

This work was supported by the U. S. Department of Energy..
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Figure Cap;ions

o N |
Measured angular dependence of (dg/dQ) and T for "H, 4He and
| ' 164

. : 40
(do/de) for fission-like events from Ar + Dy. The open

points are for 274-MeV and the filled points are for 222-MeV.
Results for 1‘]-'6Sn and 1543m targets are similar; for Au see

Ref. 6.

Integrated crogs sections at two excitation energies for fusion,
fission, 1H, AHe and ER vs. charge of the composite-nucleus,

, : 97 : o ‘
zCN" Data for a target of 7Se are from Ref. 3.

Excitation functions for fusion (@), fission (F) and ER

'(open symbols as indicated) from this work ©) and other studies

A V(O (Refs. 5, 9, 11).
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SEMIEMPIRICAL METHODS FOR ESTIMATING FRAGMENT

SPINS FROM STUDIES OF 4He AND 1H,E_MISSION

: Gary L. Catchen
Department of Chemistry
Columbia University, New York, NY 10027

Morton Kaplan
Department of Chemistry
Carnegie-Mellon University, Pittsburgh, PA L5213

'John M. Alexander and M. F. Rivet(3) .
Department of Chemistry
State University of New York at Stony Brook
Stony Brook, New York 11794

Abstract.

The statistical model provideé equations thaf relate the angular correla-
tions of evaporated particles to ﬁhe angular momenta of the emitters. We
discuss the relationships betwaeh several ‘theoretical approaches and their

 a§p1ication to'experimental measurements. Available calibration data are
collected from studies of the cbmpound nuclei Tog* an l.17Te*. Semiempifical_
use.of the theory and‘these calibrations provideé a very interesting possibility
fof»determining fragmént spins in deeply‘inelastic reactions. A further
possibiliﬁy is provided by empirical use of the émissioh.multiplicity ratios
fér‘éHe tb 1H. fhese.methodsvare used to estimate the root-mean-square spin

of the brojectileflike fragments produced in deeply inelastic reactions of

724 MeV 86Kr + Au.

—— . . a—

NUCLEAR REACTIONS: Synthesis of theoretical equations that relate
anisotropies in partic1e evaporation to spin of the emitter. Semi-
'empirical correlations presented with data from the literature on

both anisotropies and multiplicities of 1H and 4He.
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I. Introduction,

It is currentiy of great.interest to éxtfact experiﬁéntai infdrmation
on the spins of heavy fragments formed in nuclearvreactioné.l’zﬂ In particular,
for deebly inelastic réactions between complex nuclei there are a nﬁmﬁer of
lines of investigation in progress and their initial résults have provided
some very interesting tests of the reaction models. Léforf and Ng6 have | o o
recently reviewed both the reactionvmodels and the experimental metﬁods ihat
are being used.? | | |

Several groups héve_made_measurements of anguiér distributions of fission“
products with respect to the reaction plane and the direction’of rec§i1.of the.
fissile nucleus.g-6 The utilization of these angulaf correlations as a ‘

reflection of the spins of the fissile nucleus depends on independent.measures_

or estimates of the effective moments of inertia and nuclear temperatures. As-

our knowledgé of nuclear properties is not yet well enough developed to make':

absolute calculations of these quantities, one must use experimental.studies

"of fission after compound-nucleus formation to build up a systematic pattern .

of the relgVant parameters.

The probability of sequentiél fission following_deeply inelastic éollisions
prévides another probe of the spins of the fissile product._s-;1 Similarly, the
interpretation of these fission probabilities depends bn a systematic knpw1edge
of fissionability as a function of atomic and mass number (Z,A), excitation B
energy (E*), and spin (J). Verf few of the fission probability measurements
that have so far been madé are for systems that have all importantvvariables'
(Z,A,E* and J) very near to those of fissile nﬁclei pfoduced in deeply “ 'v .
inelastic réactions'..s’9

The measurement of y-ray multiplicities and angular correlations are also

potentially powerful probes of the spins of frégment nuclei. A number of : 
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.experiments are in progress té obtain the basic calibratioﬁ;information needed
for this_approach (see for example Rgfs°'12-15);

Our concern in this paper is the utilization of measureﬁents of angular
distriButions‘of 1H'and 4He as probes of the spiﬁ distributién of the émitting
fragments. ‘The situation here is parallel to that f&r fission'studieé.

Namely, a basic theoretical treatment has been worked out in the context of

16-18

the statistical model. Also, a number of experiments have been reported-

on emission probabilities and angular distributions after compound-nucleus

19-25

- formation. The'theory'&epends on a knowledge of the transmission

coefficients T,

Unfortunately, the experimental papers rarely come to clear conclusions on

the effective moments of inertia J , and the temperatures T.

how well the separate roles of these parameters can be established. Several
experimental studies of He emission in deeply inelastic reactions have-

2 .
6’?7 These

 already been interpreted in terms of the spins of the emitters.
interpretations depend on absolute estimates of the values of & and T.

- In this péper we have several objectives. Firsfly, we discuss the
‘relationships between the variéus theoretical equations‘needed to describe
angulaf distributions of evaporated éarticles. Some graphé and tables are
also presented that can simplify théir utilization. Secondly, we organize
in'tﬁis context the experimentai data on angular distributions of H/He from
several compoundvnuclei. Then we show, for. one example, how the estimate of
emitter spin can be made on'the.oﬁe hand frOm.émpirical.correlations and on
the ofher from absolute estimation of 4J and T. Finally, we show soﬁe éalcu*
lated treﬁds fdr the ratio of 4He to 1H in evéporation reactions. An

. ' .o ) . . 4 1 . '
associated empirical correlation of measured He/ H ratios suggests that these

ratios also may provide’informatidn concerning the spins of the emitting. nuclei.

e N T = R - S




II. _Theofetipal background and some numerical generalizations;b"

Some years ago Ericson and Strutinski (ES)‘defived equationé.fbr the
angular distributions of evaporated particles with reépect to the angular
momenta of the emitting nuclei.16 Similar, but not identical reiations,
were alsd worked out by Halpern.28 Recently, D@ssing has elaborated on tﬁese

early works and has discussed the relationships between them..18

In this -7
section we give some of the important equations in Dgssing's fbrmat, and we
give some tables and figures that might be useful for numerical evaluations.

All the equations begin with a simple approximation to the nuclear level

density p of the residual nucleus in the region of (E,J) space near (E',J'):

2 . . e
o5, D= G 0,3 exply E-E) - gl LG - 3@ @)

where J and T are the moment of inertia and the temperature of the residual
. . . 29 . s v J . ,
nucleus. The derivations are classical;”” that is, they assume that particle
emission is strictly confined to a plane perpendicular to the orbital angular
momentum of the emitted particle, (£ + 2)#.
Following ES, for the evaporation of a particle of,energy ¢ there is a

correlation of emission probability W(g) with the angle 6 between the emitted

particle and the angular momentum of the emitter, (Jo+'§)h::

1 1 ' g
hz(Jc;r‘g‘) (4+2z) : .
sin o} 2)

y 8,01 = T SR
where Io is the modified Bessel function of zero order. (The specification of 7 T
. &L ' ’ .
requires selection of particular emissions (e.g. E , g,etc.) and a knowledge

of the level density.) For an ensemble of compound nuclei with angular momenta
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udiformly distributed perpendicular to the beam axis, particles are expected to

be emitted at angles ® with respect to the beam

2

2. <Jo+z)<z+2) 5 , -
WJ ,@,UT(®) o > (- ) (4k+1) J?_k {(1?1 ) 7T }[P?_k'(o)] PZk(cos. @)’v (3)
. —O .

where j2k is a spherical Bessel function of order 2k. These two relations debend
: 1. '
only on the parameter Bl = hz (J°+§§)(Z+§')/2:7T. On expansion of Eqs. (2) and

- (3) the first term is of order Biz

) 4<J+2) (67 )

o8 ; o *)
' 4:1 T

‘ : . 1 1 '

and therefore the root-mean-square values of (J +5 ) and (4+% ) are of primary
_ o :

importance. For small values of Jo one has

1 ' ' 9
W 3)° ~ (E-B)uRS ~ 2TuR | OR

where B is the emission barrier, p is the'reduced mass of the emitted particle.
and R and T the radius and temperature of the residual nucleus. For 36 values
of any practical interest Eq. (5) is not'adequate and Ddssing has given the

following relation for the distribution of £ values'®

h J, +2 )(ﬂ+2)

JgrT

o h (z+2) |
(2) = exp -
3,5 JT [ 5T T J )}J
2 1 1
- 24 (3 +Z) (4+37) :
x [ 1-exp(— —2 '} B o ®
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where 57; ==:7+'pR2. He has used the sharp cutoff approximation for the

transmission coefficients, T

4
T’e(e)‘= o : . (‘7) ' ,

Note that B and uRz refer to the coulomb-nuclear and centrifugallbarfief;> ' -
respectively foﬁ evaporation. From the primciple of detailed bélance-fhe

evéporétion barrier is identified with that for the inﬁersekreaction.

Refs, 30 and 31 discuss complete fusion as our best approximation to the

inverse reaction and the related choice of parameters for B and ukz,‘ We

have found that the'GausSiah.approximafion to Eq. (6) (result of the negiect

of the exponential in-'the last.bracket) is not adequdte for_the_éurposes-bf

this paper. It is, however, useful for getting a rough idea of the qualitative

features of the 4 distribution so we include it here

gt T | -
5= )» )

P (L) < exp |— -

where zlo is an approximation to the mean value of ¢ for the firét emitted particle,
. ) , : , : .
1 1 : .
=y R =y, ,
(o +2) = == (g +2) . (9)
Eq. (9) expresses the oft-used classical approximation of exit channel spinoff . |

of a particle of reduced mass  from the equator of the rotating system. This
approximation to Eq. (6) is only valid at very high spins beyond thé range of

most practical applications,
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The utilization of Eqs. (2), (3) and (6)‘is somewhat tedious so we have
developed some computational aids. The first terms in the expansion of

2
Eqs. (2) and (3) are of order B so the most important average related to

1

L2 ' ' '
P () is { (4 +32)°). From Eq. (6) one can obtain an exact expression

J,,JT

for this average:

((24_.‘%.)2) =.[1+(Y2/'2)'1 efféévéif)s JEYE;;A[?) exp (fyi/4) ,» o)
where oy =V(J6+‘7i_‘) /o1/2 o =7 (J0+ji_‘) ,v - - Cay
oF =TT/ # ;o | a2y
b= 4 'H_L/ZMRZJT, o e (13) |

and

2

N = (2uR 2 1gamnl/? .

(14)
Hence the quantity b[((£+%62.>] is a function of N for each value of 7o In
.Fig. 1 we give a family of curves calculated from Eq. (10) from which one can
obtain <(£+é32 Y; if greater precision is needed one can use Eq. (10) directly.
Then in Table I we give numerical values of the functions ffom.Eqs, (2) and (3)
that depend on 8, and hence ((£+é32 )1/2. | |

Equat?ons (2).énd.(3) are strictly aéplicable for one valué of
By hz (Jo+%) (bF%)/QJT-and fﬁerefore for distributions of Jo, 4 and/or 9T one

should take the most appropriate average or specifically perform the summations

of interest. The approach given above is to estimate

: 1 1 '
) AEFDD

B," %"

L1
and use it in Egs. (2) and (3). ‘A second and more attractive approach-is to :

weight Egs. (2) and (3) appropriately and sum over the spectrum .of ¢ and é for
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the evaporated particles. Dbssing has used the approximations of Eqs. (l) and
- (7) to perform these integrals over ¢ and 4 of the e‘m'itted‘p,a'rticlé.18 Ahaldgous

to Eq. (2) he obtains

_ ' 2 N .
WJo:ifr(e) = exp (B, sin §) , ' a3

and analogous to Eq. (3) he obtains

_ e L, :
WJE:JJT(CD = [exp (-8, 31n2®/2)]10(32 sin e/2) , oasy
where ' i' o
o hz(Jo+§72 2 N C
by = TZoT ) o an

n
A result very similar to Eq. (15) was obtained earlier by Ha1perﬁ'By a differeﬂt
method.28 As the utilization of Egs. (15) and (16) is»alsb somewhét'tedious we
have included numerical values in Table I, along with those'from_Eqé. (2) and (3).
‘ For experimental planning or rough evéluations it is hélpful £ofestimate'
anisotropy values. .In Fig. 2(a) we sﬁow anisotropies.froﬁ Egs. (2) and (15) for
angular correlations with respect to a spin vector.. These functiqns are useful
for interpreting angular correlation measurements in ﬁhich>an evapéfated partiqle
(n, lH, 4He, etc,) is detected in coincidence with a heavy réaétion product
(from fission, deeply inelastic reaction, etc.). The difecﬁion 6f the spin
vector will be close to the normal to the reaction plane (defined by the direction
~ of the beam and the heavy reaction product). In Fig. 2(b) We.show anisotropies
from Eqs. (3) and (16) for angular distributioné with respéét to the béam in
compound-nﬁcleus experiments. In these experiments no unique reaction plane
is defined and the spin vectors of the compound nuclei are ﬁnifofmly distfibuted
in (or élose to) avplane perpendicular to the beaﬁ,direction.

Either Eq. (2) or Eq. (15) can be used to interpretzangular correiation




measureménts in deeply ineiaSﬁic reactions (with attenfion to the appropriaté
vchoicerf Bl'and Bz). 'If'one assumes that the spin of the emitter is
perpendicular to the reéction pl?ne then the out-of-plane correlation (in a
coincidence experiment) is given.v by -these equations. . In Fig. 3 we show Blb

: . 1 : . %
~and B, as a function of J +77 for one specific case Z =42, A =101, E = 86

2

MeV. The construction of such curves requires absolute estimates of MR?, o3

and T which we have made as follows: For uR? we use ;l(roA;/g + RP or Rd)2

. for complete fusion'following'Refs. 30 and 31. For "3 we use

<« 2.2 g ' y
3 = ‘5‘ Mr™. B v . S ‘ ’ (18)
with M the mass of the nucleus and r = 1.2Al/3 fm (for the matter radius).

The temperature is related to the average energy available for thermal

excitation:
2

U=al” , | | | - (19)

. - -1
with "a" = (A/10) MeV =~ and

U=E - {(¢) -5 - E ot

The separation energy of the emitted particle is S and its average kinetic

energy is (e),

() ~B+2T - e

‘where Erotland:]'refer to the rotational energy and moment of inertia of the

' ’ ’ ; . 3
emitting nucleus and B to the exit channel barrier,

10

These estimates of & and T assume first chance emission from a spherical

o ) 31 . N ' . = ) .
‘nucleus of known radius. Confidence in the results can be greatly improved
if one can calibrétevthese parameters from compound-nucleus studies. This is

the task of the next section.

C11I-9

. - B (20)

2 12 o | | '
B op = # (I +2) 29 . | o (22)
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III. Semiempirical use of the angular Cerelations;

Of the many experimental studies that have been published for H/He
emission in compound-nucleus reactions, we have selected two that report

extensive data on angular distributions as functions of enmergy and spin.

, . 2 .
Reedy et al. 4 give results for the reactions

M, 4 64, - | | | (23a)
12C + 63Cu — 75Br e - o (23b)
16o + 59Co o © (23¢)

s | ,
leading to 5Br at excitation energies of 49 and 88 MeV. Similarly Galin
et a1.25 give results for the reactions
14N + 103Rh o | : Lo - (245) »
C . :
P 13.7,1,e
40 77

Ar + 'Se : v - o - (24b)

that give 117Te* at 71 and 107 MeV. In this section wé Wiil.use ﬁheir data on
angular distributions and in the naxt:section,theirtrelative cross sections.

In Fig. 4 we show some samples of thevdata for 4He emission from Refs. 24
and 25 with fits to Eq. (3). The measured parameter'Blm‘can be determined~with‘good

precision from such .fits, as can BZm from similar fits of Eq. (16). With

‘Eqs. (6), (10) and (17)-(22) we can calculate theoretical values of Bl and 6;7

if we assume that all H/He emission occurs at the first step of the evaporation

chain. We give some calculated values of B
/2

1 and By in Table II along with

1 . '
Erot’ ((ﬂF§)2> and the kinetic energy (above the barrier) from spinoff § -
plus thermal motions,l'7 where:

w273 T R (25)




in Fig. 5 we feproduce the anisotropy values vs exit;channél energy as meésured
by Reedy et 211.21+ The qualit#tivé feétufeé'of these data félléw the trends ofz
the calculated va;ues of By and Bz.from Table I; and Fig. 2: .(1) Anisotropies
for 4He are about twice those forv¥H.' (2)_Anisotropy for H/He increasés with
mass of projectile (and presumably with the spin of the emitting compound
nucleus). (3) AnisotroPy increases with energy of the detected 4He followiﬁg
the calcﬁlated trend of €+2T. (4) Anisotropy for 1H varies less stronglvaith
energy than for'4He. (The opposite sense of this variation is not accounted |
ffor by the calculations giVenvin Table II, and presumably indicates.that H
emission is not confined to the first step.)

It would be desirable to use these data to fix the individual parametefs
in the statistical model and then adopt the éalibrated model in its entirety.v
This would require an evaporation code to follow the emission.probabiliﬁies in
¢ and ® for each step in the deexcitation chain. An extensivé data base éf the
partial reaction cross sections and possibly additional data would aléo be
required to unravel thé sebarate effects of :1, "a' and the transmission

véoefficients.' We will follow the more limited_objective of developing an
empirical correlation between fhé daté and the theoretical parameters calcﬁ- o
lated for first Stép emission only. Table III lists the experimental_valuess

of Bim and B for each reaction along with estimates of some other. quantities

2m _
that appear in_Eqs; (14)-(18). Our objectives with these data are two fold:
(1) to test the simple theoretical eétimates'inuan>abéolﬁte.way and (2) to
achieve a_semiempiricalvcorfelation that»can‘avoid the necessity of fhe
‘determination Qf Y or T or their correctvaverages over the whole evaporafion

‘chain. For this:end we must treat the spins of the emitters as known quantities.

‘We therefore aséume Ehe va1idity of the sharp cutoff approximation for P(J)
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1 v
o (J+2)vfor J < ECI'
P(J) B L (26)
=0 for J> 4 . A
cr
and therefore , . _
((J+) )= (L, +)/2 I . 27 .

(We use the symbol J when a distribution of angularjmoﬁéﬁta is'involved, as
opposed té Jo which refers to a ﬁnique value.) Then to-ev#luatel((J+€%)2) |

we take zcr vglueS'from the equations and empifical systgmaticsAof_Vaz and: .
Alexander.30 These values of zcr are given in column.3.bf Table III. As wé

want to reduce the mass and temperature dependence of our correlation we divide

; - '
the measured pgrameter Blm by Bl
| 12 o
2 ':] T = S . |
y ; ]
and the measured parameter BZm by 32
2 2 o | |
By = yedi— . o : (29)
Iy, | |
Now in Table III and Fig. 6 we give (Bl /Bf) and (Bzm/B£ 1/2 vs ((J+2) )1/2
‘ m. : .

If we have calculated Bf

we expect from Eqs. (4) and (17)

and Bé correctly (i.e. as nature selects them) then

\ 1/2 I o
(Blm/Bl) ((J+ ) Y . ‘(340) :

and : o : -

1/2

(8, /8, <<J+2) > (31)

If all particles are evaporated in the first step and if our parametrizations

of Eqs. (18) (22) are correct then all the pdints should %ie on a 45 degree line




(2) and (15) to their data, 8
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as in Eqs. (30) and (31) above. Nature is not quite this accommodating, how-

ever, and the actual results require two separate lines, one for 5Br and one

117

‘for Te . (The latter indicates a distinct saturation for the highest spin,

but this is beyond our range of interest). These lines can be used as refer-

ences for estimating the spins of emitters from measured values of B or B

. 1m 2m”
To illustrate this procedure we take an example from the work of Catchen
27 , 86 197 :
et al. for the reaction 724 MeV Kr + Au. They have measured the out-of-
plane correlation of 4He from a collection of deeply inelastic products with
estimated values of (Z) = 42, (A) = 101 and (E ) = 86 MeV. From fits of Egs.

is reported to be 1.3 and B to be 1.25. We

1m 2m

- wish to estimate the root-mean-square spin of the emitters from the data in

1 9o .
)1/2 we must

Fig. 6. As T and.((£¥%j 2) in Bl"and T in Béi depend on {(J+3)
use an iterative (or trial and error)vaﬁproach.

The quantities relevant to this trial and error techmique arergiyen in Table
IV. Suppose we wish to obtain J4€% from a'measured.value of Blﬁ and an absolute
estimate of B! from Eqs. (10), (18-22), and (28). First ﬁg assume a.value of

1

‘ 1
J0+E? (e.g. 10); then we calculate Bl' and we obtain Blm/af' = 33. From Eq. (30),

Blm/Bl' should give back our initially assumed value of 10 for J+Z , but as 10 # 33 -

, 1
we must try again. Next we assume J0+E; = 20 and recalculate Blm/Bf = 28; better

. 1
but not yet the same. Then successively for initially assumed values of JiFz of

30, 40 and 50 we calculate Blm/Bf = 22, 17 and 11. From the trends of columns 1

‘ : : 1 :
and 2 in Table IV we see that an initially assumed Jo+2;'w 25 will give back a

value of J+2° = 25 for Blm/Bl'. Therefore J+7 ~ 25 is our estimate of the spin

of the emitter By,this path. From the path of Bi from Eqs. (18—22) and (29) we
would estimate J¥é; é 28 (columns 1 and 3 of Table 1V).v
For the above estimates we Have not invoked any ofvthe eﬁﬁirical information
75 % 1’17T * '

from the data for '~Br -and e in Fig. 6. For this purpose we can refer to

o ‘ .
columns 1, 2 and 4 in Table IV. First we assume a value of JO+E; = 10, then
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calculate Blm/Bf = 33 and then from Fig. 6 for 75Br*,._we read Jt+5 = 47. As
47 # 10, we try again and for an initially assumed Jo+2; = 20 we. 6btain (from

. ' 75 * 1 . : » o
Fig. 6 for "Br ) J+z = 40. Now from the trends of columns 1 and 4 in Table IV

%
117Te

1 . * '
we estimate J+7 = 31 from 75Br and 21 from . Similar use of g, /B.'
m .

_ 2 2
1/2 of 32 from 75Brﬁ and 22 from 117Te*.. Thus it seems thét'i

1
leads to ((J¥332 )
one obtains consistent results from either the Ericson-Strutinski Eqs. (2) and
(3), or the Halpern-Dgssing Eqs. (15) and (16). For Z = 42, A = 101,.one would

. 1.
probably take the mean or,((JFE)2>l/2 ~

26.
It is interesting to compﬁre'the results.from‘this semiemgirical ana1ysi§’i *“”‘

to that from Fig. 3 and absolute estimateé of t’, uR? and T from.EQS. (18~22).

As shown in Fig. 3 and Tabie.IV"thevmeasured value.Blﬁ yields a spin of 25

énd that for BZm gives 28. These estimates of the spin froﬁ abso}ute calcu-

lations are very close to those from empirical analysis. To somé e#tent this.-'b

is probably fortuitous for the following reasons:17i (a) The absolute values

of:1 N uR? or "a' may be in error. (b) The 4i{e_emissioﬁ may occur for sevefal

steps in the evaporation cascade and thus T may be in error.. (c) For small T _
values the approximations of Eq. (1) and/or (7) may becomg inadequate. (d) Our
estimates of ch from Ref. 30 hay be in error. ’(e)'Spin fractipnafiﬁn méy occur .
in the reference compoﬁnd nuclei such that ((J%%?Z Y differs from (ch#%52/2. ‘
Effects from (a, b, ¢ and e) could alter the results obtained by use of the

theory in an a priori way. Howe&er, all these are cancelled out‘to a large "
extent by the semiempirical use of the theory via Fig. 6. vThe.mistékés madé;
-in calculating Bf and Bi for the construction of Fig. 6 afe largely repeated

for our system of unknown spin and therefore are cancelled out. In-fact,‘if “ ) -
(zcr+%02/2 = ((J+%)2> for our refergnce systems ~“Br and 11 Te and if they

are representative of the unknown group then all these errors are cancelle&;

The most important assumption in this procedure is that the‘distribdtion of

evaporation probability in (E',J') space is Comparable for unknown and




e L I R R I e

I11-15

reference systems. ‘For example, the neutron deficient reference nucleus 75Br

could possibly give a different weighting to evaporation of H or He near the

end of its deexcitation chain compared to neutron rich products from 86Kr + l97A.u°

Studies similar to those of Refs. 24 and 25 for more neutronm rich compound nuclei
can provide a way to evaluate this assumption. Also important are the values
. of zcr for the compound nuclei used for reference. Fusion cross sections have
' 75 % 117, * | .
not been measured for “Br and Te and thus we have had to resort to
systematics. These systematics are far from secure at presemt for the higher
30 ' '
energies of interest here.
Exactly parallel problems exist for the calibration of 'J and T for
‘'sequential fission studies. For the H/He emission discussed in this paper
. . . 75_ * 117 * ' .
the calibration studies of “Br and =~ Te have been made for compound nuclei
* ' '
with E and J very similar to those of the deeply inelastic f£fragments. For
the fission studies most angular distribution calibrations have been made with
incident 4He projectiles that form fissile nuclei with much smaller excitations

6,7

and spins. Thus, at present, the calibrations must be moxe severely extrapo-~

lated for the fission studies. Also, only a few fission probability calibrations
have been made for nuclei with Z, E and J very near to those studied in deeply

. . . 8,9
inelastic reactions.

1V, Empirical use of the 4He/IH ratio.
32 . .33 s e s
Thomas™~ and Gilat and Grover™~ have given very nice discussions of the

expected spin dependence for the emission probabilities of m!lﬁ/_He. The

evaporation theory predicts that the ratio of 4He to 1H (or m) emission will -

increase with the spin of the emitter. Some quantitative calculationms have -

' 2 * %= % %
5 r ;17Te 34 r 78Kr 84Kr 86

been made by Galin et al. fo and by Lu  fo > and  Kr .

Sqme'of.their results are shown on the right side of Fig; 7. The veryVSteepv
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4 .
dependence of the He/lH ratio on J.. suggests that this ratio can possibly

CN
be devéloped as another tool for reflecting spinsbof fﬁé fragmeﬁté.' The = |
calculations of Lu for several isotdpes of Kr* indicate strong variatiéns with
mass number for the expected multiplicities of both 1H and-4He. As an écéident
of the binding energies, however, Lu finds tﬁat the ratio of 4I;Ie’to'lﬁ emission
depends only slightly bn‘mass for-Kr*. Calculations have not been made for the
expected dependence on excitation energy so Qe‘must usé ﬁhe measufeménts as
a guide.

On the left side of Fig. 7 we show the measured3$ mﬁltiplicity (oxr cross:

1 % * .
section) ratios for 4He to H evaporated from 75Br “and 11_7Te . The data are .

1/2

plotted against ((J+g) Y and zcr, obtained as discussed above and given in

vTable ITI. The calculations (right) were made for individual spin valués (JCN),

but the measurements arise from a distribution of spins (as for example in

Eqs. (26). and (27)). Therefore the increase of the measured multiplicity ratio

2)1/ is less rapid thanﬂghat calculated for J Neveftheless;

CN*®

1 2 *
there is a marked correlation with ((J+3%) )1/2 and no clear dependence on E .
This result suggests that measurments of the 4He/lH ratio in deeply inelastic
collisions can provide a probe of the fragment spins. Such measurements have

been made in Refs. 27 and 36- and will be discussed there. For the example

101
42

deduce ((J +z)

Mo with E = 86 MeV, Ref. 27 reports Mo /MH = 0,5; from Fig. 7 we would
2)1/2 ~ 33 or 4 ~47. It is clear that we can bolster our
confidence in this tool by more extensive.evaporation calculafiénS'and by more
calibration measurements of zcr for other compouﬁd nﬁclei.

It should be emphasized that the multiplicity ratio (or indeed each value

of MHe and MH) will depend on the magnitudes of the spins only and not on their

directions. The»angular correlations as discussed in Sections II and III will
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depend on tneir alignment‘also; Thus, in’principle,nthe combination of these
two types of measurement can providé evidence on bnth'tne spins and their |
degree of aligmment. To exploit thése possibilities, good préciéion is needed
- both for the calibration measurements of compound nuclei and for the angular

correlation measurements in deeply inelastic reactions.

V. Conclusions

(1) The equations of ErinSOn and Strutinski,16 Halpern,28 and D¢ssing18
give a consistent set for discussing angular correlations in compound-nucleué |
reactions and in deeply-inelastic reactions, provided care is taken to use the

. L Ay |
appropriate averages of (4+7) and (J+%) .-

(2) A priori.uée‘of these equations tovestimate fragment spins requires
absolute calculation of appropriate averages of :’, uRz and T or the calculétion
of sums over an evaporation chain.

(3)“Semiempirica1 estimates of fragment spins can be.madn by use of
experimental data.on angular distributions of H/He in compound nnclens reactions.
This approach circumvents the absolute determination of J or T.

(4) Semiempirical use of multiplicity ratios for 4He/ll—l can also provide
information concerning spins of the fragments.

(5) The combination of (3) and (4) above can, in principle, also give a‘
probe of the alignment of_nhe angular momenta.

Appéndix

In experinents where omne meésurés lightvpartiéles'(e.g; 4He) in coincidence
‘with a heavy reantion fragment, it is.frequently important to carry out an
_integration-of-the data over.the‘"light-particle space" to obtain a multiplicity
Qr-crosé section. Thentheoréticai_angnlar.cofrelations of suchrlight particle

emission with respect to the spin axis of the emitter are given by Eqs. (2) and
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(15), abéve. vIn the course of ourvwork, we have performed the required .
integrations of these theoretical relationshiﬁs, and it'may be usefui to
present the results here.

v The coincidence experiment measures the double differential cross section
(dzci/dQﬁdQL), where the subscripts denote the light aﬁd heavy detected particles,
respectively, and we want to integrate over the light-parficle spaCe'té yield
the cross section (dci/dQH)' The‘angleve is measured Qith respect.fo the Spih
axis (generally ¢ = 909 is in the reaction plaﬁe), and we assume thatbthe _'
angular correlatiqn W(8) is independent of the anglei@ in the reactionbplane.u

Then we have

do d O |
_-L. ( L \g d@ w(e) sin. ede
() ) % - f of
,f/g S o v .
= 4x | W(®) sin @do... .. (AL).
i} : ' ' ' ‘

Using the Ericson-Strutinski expression, Eq. (2):

¥y, 0,01(® =1, Qegsine) @
we have
dap /2 - . v . _
———-) = 4nC J I (28,sin ) sin 6dg, . . (A2)
Y /g o ° 1 B | ‘

where C is a normalization constant. Eq. (A2) cannot be integrated in closed o
form; however, a standard power series expansion and integration term-by-term

leads to the result:

2R ony o | .
( ) lmCZ . \ | (A3)
ES (n1)? (2n+l)" o |

The constant C corresponds to the magnitude of the double differential cross

sectlon in the spin direction (§ = 0). While somewhat laborious to use,
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(A3) can be programmed for a computer without much difficultj.

It turns out that the Dgssing-Halpern expressioh,vKa (15)
. . (0) = exp( sin2 6) : - '_ , (15)
Jo:ﬁT ' 2 A : )

has a practical advantage in the present context, namely that the required

integration can be carried out in closed form. Analogous to Eq. (A2) we write

dg /2 2 _ .
) = 4xC J exp({s2 sin” @) sin 6d@, : (AL)
dQH DH Jo _ | o N )

which integrates (by change of variable and several substitutions) to:

L - (L, x 1/2 /2,1 .

The normalization constant C has the same significance as in Eq. (A3). It is
interesting to note that a relation completely equivaient to Eq. (A5) (but less’
convenient) can be derived from Eq. (A4) by series expansion and integration as.

‘was done. in deriving Eq. (A3). The result is

ds_1H‘>DH"4“C Z (! )(2n+1)' ’ | - @)

which demonstrates onee'again the similarity of‘the E-S and D-H appfoaches.
Iﬁ terms of Eq.v(AS), tﬁe analysis of Out-of-pieﬁe'coincidence data ie
straightforward and simple: | |
E 15. Fit the out-of-plane cofreletion data to tﬁe function
W(e) =¢C exp(3251n 8) to evaluate the parameters C and By (This is very eas&
to do graphlcally ) C is the 1nten31ty at § = 0 (the spin ax1s) and is. e8511y o

obtained as C W(90 )/exp(B ), where W(90° ) is the 1n-p1ane measurement,
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/

2) in standard tables.
1/2

2) ©Look up erf (821
3) Substitute C, Bys and erf (82 ) into Eq. (A5) to obtain the cross

section integrated over the '"light particle space',
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TABLE T
"I:’heoretica.l angular dependence of evaporation probabilities.

Correlatioﬁ .w_ith respect to | | ~ Distribution with respect

a unique spin vector , to beam axis, spin vectors

(coincidence experiment) perpendicular to the beam

' . (singles experiment)
| w(g)/W(90°) R w(e)/w(eo®)
B, . 20° 30° Lo° 50° 60° 70° 80° 120°  140°  150°  160°  170°  180°
S | Eq. (2) - » - Eq. (3)
0.5 - 0,813 0.840 - 0.87h 0.910 0.945 . 0.97h 0.993 . 1.03  1.07 ~ 1.09  1.11  1l.12 1.12
1.0 ©C.bo1 . 0.555 " 0.640  0.736 - 0.835 0.920 10.979 . 1.09 1.23 . 1.30  1.37 1.k 1.k _
1.5 . 0.262 0.337 O.Mk  0.579 0.727 0.865 0.964 1.15 1.hbo  1.55 1.68 1.77  1.80
2.0 0.135 0.202 0,307 0.455 0.633 0.813 0.949 1.19  1.5%  1.76 -~ 1.97 2.12  2.18
~2.5 0,069 -0.121° 0.213 0.359 0.553 0.765 0.93k 1.21  1.63  1.92  2.21 2.4k3 . 2.52

3.0, 0.035 0.073 0.149 0.283 0.482 0.720 0.920 .21 1.68 2,04 2,41 2,71 2.8
3.5 'Q.018_ 0.0k 0,10k 'o.2éuA 0.k22  0.677 0.906 . 1.21 - 1.71 2.12 2.58 2.95 © 3.10
5.0  0.005 0.010 0.03% 0.111 0.282 0.565 0.865 1.19 172 2.2k 2,92 3.53  3.78
P2 - . Eq. (15) - o . . Eq. (16)
0.5 ~ 0.643 0.687 0.746 0.813 0.883 .0.9%3 0.985 1,06 1,14 1.19 1.23 1.26 1.26
1,0 0,k1k o472 0.556. 0,662 0.779 0.890 0,970 1.10 1,27 1..37 1.k 1.53 1,55
1.5 0,266 0,325 0,415 0,538 0.687 0,839 0.956 .14 1,39 1.55 1,70 1.8  1.85
2.0 0,171 0.223 0.309 0.438 . 0.607 0.79L 0.9k 1.16 - 1,48 1.70 192 2,08 2.15
2.5 0,110 0,153 0.231 0.356 0.535 0.746 0.927 118 1,55 1.83 2.2 2.35 2.
3.0 0.071 0,105 0.172 0.290 0.472 0,704 0.913  1.19 1.6l  1.9% 2,30 2.60 2.72
3.5 0.045 0.072 0,128 0.235 0,417 0.664  0.900 119 165 2.02 2.4 2,84 2,99

» 5.0 0,012 0.023 0,053 0,127 0.287 = 0.557 0.860 1.19 1..69 - 2,18 2,82 3.k 3.70

4z-111
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TABIE II

Absolute calculations for lH and 1‘He evaporated

from

75

Br excited to 88 Mev,

3.5

A ‘e |
E_ s '%(z+%)g>l/2 By B, .g‘+2T | <(2+%5%>1/2 51" 52' g +2T
(MeV) _ & . o
0 | 5.4 0 0 6.2 2.8 o0 o 6.4
2.7 5.8 0.56 0.27 7.1 2.8 0.25 0.059 - 6.5
1 10.9 7.1 1.k 1.15 9.8 2.9 0.5  0.25 = 6.9
28.8 9.6 3.90  3.65. " 15.k4 -,3;1 1 1.12 10.79 7.6
43.6 1.5  7.18 6.93 19.9° 3.2 175 145 8.0
68.0 13.9  48.1  47.9 | 25.9 5.00° 476 8.0



’ | - TABLE III

- ' . . 4 1
Measured and calculated quantities related to, evaporation of He and "H,

v g a b ¢ , d T ' g . h : g
Reaction  (Mev) 2 J W(180%) /(90 (MeV) YT 1/2f 8 B, /8! 8 8, /81 /2
. cr rms ‘ im Im "1 2m 2m "2
“He by ‘e Ly “He R Yy “He y “He y Chge My
g+ %20 49 24 17 149 1.23 1.9 2.0 5.8 2.4 1,09 0.71 12 21 0,90  0.45 14 22
Yor ey e 29w 1.78  1.36 1.7 1.9 6.5 2.4  1.47  0.93 13 26 1.38 0.6 17 26
e Po 49 27 19 1.86 1.3 1.6 1.9 6.2 2.4 1.58 = 0.85 15 24 - 1.1 0.60 18 25
Ug 4 840 88 35 97 1.89  1.28 2,6 2.7 8.4 3.0  1.62 0.79 17 " 26  1.56  0.53 22 28
o+ 88 40 28 221 1.6 2.6 2.7 8.7 3.0  2.05 1.06 21 34 2.10  0.85 26 35
165 390 88 46 33 2,58 1.47 2.4 2.5 9.6 . 3.1 2.56 1.07 21 31 - 2.74 0.8 28 34
4, 103 .. . | | o N | ' . '
v+ 0% 71 4 29 1,87 1.32 2.2 2.0 7.0 2,7  1.60  0.85 36 48 1,53 0.60 36 47
“Our v Tre 71 49 35 253 1.3 2.1 1,9 7.7 2.8 2,51 1,02 49 56 2,66 0,80 47 53
4. . 103 vy . . oy e e an e e
N + Rn ‘ 107 53 ) .)-7 1094 1-3& ‘ : 2.7 2.6 803 : 3.1 1069 v-»8é i 39 55 106.) 0'63 42 54
“Oar+ Tse 107 83 59 3,16 1.53 2.2 2,1 14 3.3 362 0 115 53 54 3.84 - 0,97 58 60

- Gross excitation energy without subtract101 of E

Estimated according to Ref, 30.

Jrms = <(d+9)2>l/2 (2, +”)2/2]1/2 . ‘ ' . ; . 75, %
From Refs, 24 and 23; we estlmate uncertainties to be n *+ lOA. The da:a-were fit to Eq.,(3);for ‘“Br in Ref. 24 the fitting curve included only P (cos ©®)

Eqs, (18-20) and (22) with (¢) taken from experimental data,

Eqs. (10-14) :

From fits to measuremeats as in Fig. 4, - n 1/2 S

If the equations are all absolutely correct (B /3’1)=‘ /82 ) = Jomg’ See Egs. (28-31).

ot'
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- TABIE IV.

Estimation of <(J+%)2>1/2>by trial and eiror_for one case

ato, E'= 86 MeV, B = 1.30, B, = 1.25,
| <(J+%)?>l/2‘

Calculated ‘Reestimated from Fig. 6 from,
B [Bo}/2 (81,/817) (B, /B, )77

B \B) gt Hig®  Tog* 7%

33 30 b7 % 36 25

28 29 o - 22 35 . .24

02 . 28 32 :.1é~ o33 23

ES

15 . 28




Fig. 1.

Fig. 2.

Fig. 3.

| Fig. 4.

Figo 'S.

Fig. 6,

<($+2) ),
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Figure Captions'

) . : o _
1/2 1/2 (Jo+ﬁ§) for various values of 1. From Eq. (10)

<(£+__2_) >1/2 LL/2

is a universal function of J and'h:for all emitters,
) ) . T .
where b = (# ':?L/ZH,R UT) and q= (thp,Rz/U:)_LT)

1/2

(a) Anisotropy with respect to the angular momentum vector vs. from

(2)'and vs. Bz from Eq. (15). A coincidence requirement is needed

to specify the direction of the spin vector.

(b) Anisotropy with respect to the beam axis in compound nucleus

reactions vs. Bl from Eq. (3) and vSs. BZ from Eq. (16). This
representation corresponds to angularbdistributions measured in the

singles mode.

1 . N _
and B8, vs. J6+2; for one nuclide (Z = 42, A = 101, E = 86 MeV).

By 2

Eqs. (4, 17-22). The crosses (+) indicate measured values of Blﬁ'and

B2m (Ref. 27).

Sample fits of Eq. (3) to some of the 4He data from Refs. 24 and 25,

Values of Blm from the fits are as indicated.

W(180°)/W(90°)-1 vs. exit channel energy for 4He.and 1H from the three

*

. .75 . s .
reactions forming Br compound nuclei at gross excitation energy

88 MeV (after Ref. 24). See Table II and Fig. 2 for comparisons to .

,thedry.

1/2 12 o 15, % o 117, %

(84,78 ) and (Bzﬁ/Bz') S Vs, ((J+€?) ) for ""Br and Te .

Symbols are for the reactions indicated; filled for 4He (1éft'sca1e),

open fof 1-H (right scale) The lines = .= . (117T ) and - ——-( Br )

were drawn from the origin to the experlmental data points.
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Fig. 7, Right: Multiplicity ratio MHe/MH for 4He/1H calculated from evapo-

ration theory (Refs. 25 and 34) for individual initialvspin ﬁalues

JCN' For 117‘I‘e only first step emission is considered; for 75Br
the complete deexcitation was followed.

: ' ' ' % %
Left: Measured ratios of 4He/]'H evaporated from 75Br and 117Te >

Refs. 24 and 25. A correction was made for the unobserved part of

the spectra for Ref. 24.
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" RAPID ENERGY EQUILIBRATION AND EMISSION OF-H AND He
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ABSTRACT

" Energy and angular distributions have been measured for H and He both in
singles‘and in cdincidence with a heavy fragﬁent. Large cross sections have
been observed fdr both a low-temperature comﬁonent aﬁ backward“angles and a
high-temperature component at forward angles. Both the preequilibrium and
evaporation-like components are apparently emitted prior to scission, pre-
:dominantly in coincidence with fragments of Z >27. The angular anisotropy
~and out-of~p1ane correlation for 4He are not §onéisfent.with emission frdm the
composite systems of highest spin (= 190 #4) but are consisfent with emission
from the 237Bk gomposite with average spin = 70 ﬁ. Extensive energy sharing
and ﬁ/Hé emission occur in'many reactions so rapidly as to precede fission

which is heavily favored by energetic and phase space considerations.

NUCLEAR REACTIONS: 197Au(40Ar,'fission and H/He), E = 340 MeV,
measured energy and angular distributions for 1’2’3H and 4He

in singles mode and coincidences between H/He and one fission-

like fragment.
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I. INTRODUCTION

' Studies of light charged particle emission have provided many very interest-
ing views of reactions between complex nuclei. 1In most cases, both an evaporative

component and a direct component have been identified by their characteristic

angular and energy'd:'Lstributions.1"15 The energy distributions of the evaporative

component give information.on nuclear temperatures;fls'and effective barriers to
1,3,7-9,16-19 - '

emission. Their angular distributions give information on the

angular momenta 1‘.nvolved.1’5"7"9’18’20"22

The direct emission can involve a significant fraction of the reaction cross

section. For light projectiles of Z up to 10 this contribution has been observed

to increase rapidly with i.nc:i.dent.energy.3"9’12-15

2 ' '
160 + OgBi, Britt and Quinton found direct-éHe emission to be favored near the

In reactions such as

grazing angle and with velocities close to that of thé projectile.3 On:this
basis they argued that.projectile break-up may be responsible for such reactioms.
- By contrast, for 159Tb(laN,axn) reactions,'Inamura et él.lo observed simiiar
forward peaked 4He angular distributions and cross sections but found. that the
resulting projectile residue fused with the target. Both studies however hévev.
indicated that such reactions are assbciated with the higher angu1ar momenfa.
Recently, coincidence measurements have been made between Yffays and ﬁigh energy

4He at forward angles.11’13’14

These studies also confirmed that large cross

“sections for (HI,oaxny) reactions via direct mechanisms are associated with‘the.

larger partial waves in the entrance channel. B
The high-energy H and 4He emission at fofward angles ﬁaé found by Galin

et a1.9 to be étrong for ?AN + Rh but totally absent for 40Ar + 77Se. This.

result is suggestive of the idea that only the lighter projectiles'giVe rise

to the direct ejection of H and He. By contrast however, recent coincidence

studies have indicated such direct processes in high-energy quasi-elastic
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and deeply-inelastic reactions (328 + Au and.86Kr + Au).ls’23 In both of these

_ readtions direct AHe ejection was'identified at forward angles possibly focused by
the Coulomb fields of the separating fragments. In the 86Kr induced reaction,

prescissibn H and He emission were found in addition at backward angles and with
24 |

rather low temperatures (= 3 MeV).

Very intefesting angular correlations both in and out of the reaction

1

plane have also been reported for the reactions (160, 2ch) with Al, Ni

25-
. >-27 For both Al and Ni, direct 4He emission is strongly favored in

and Pb
the reaction pléne.- Apparently the spin vector of the composite system.is
dictating this correlation even for the very rapidly ejected 4He. An unexpected
pfeference for ogt—of-plane emission has Been observed for H'in deéply inelastic
"reactions of 86Kr with Au..24

These coincidence studies for deeply inelasfic reactions are verj‘intérest-
ing indeed. 1In order to understand them, hqwever, we need to improve our back-

ground understanding for angular correlations in more simple reactioms. At

present, our knowledge is limited to anisotropies in compound nucleus

1-9,21,22

reactions and to the angular correlations of long-range particle

c s s .. 28,29 - . : .
emission in fission. ’ For the compound nucleus studies, clear separation
. . . 1-9,21

.0f the roles of temperature and spin has rarely been achieved,

R . . 3
fission we only have data at excitations up to ~ 40 MeV. 0

and for
s s . , 40 197

We have chosen to study H and He emission in the reaction Ar + Au

at 340'MeV; here sizable cross sections have been observed for fragments of

'Z < 30 (forward-peaked) and also for heavier products that are emitted with

31-34 1y latter reactions seem to have all

(1/sin @) angular distributions.
the characteristics of fission although the liquid-drop fission barrier is..
_calculated to vanish even for rather low spins.35 - Some workers have chosen

to identify the cross section for 30 <7 <67 with a "slow" fission process
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and to use this cross section to define a value of the critical £ for fusion
2, 2. 36 '

(6 = nX (ﬂcr + 1)). Others have argued that the distinction between

' . . 31 ' .

fission and deeply inelastic reactions is not clear and thus the meaning

of such a value of zcr is obscure. Therefore this reaction systém‘is'of

special interest as an intermediate between those for very heavy reactants

(e.g. 86Kr + 209Bi) where no complete fusion is clearly identifiable and those

for lighter reactants (e.g. 12C + 18ZW) where thé fﬁsion cross section (and:
_Lcr) ig identified by fission plus evaporatién-residue formation. Odf hope
is that the Charac§eristics of emission of direct and/or.eVaporative ﬁ/He for
the 40Ar +‘197Au system will.help to provide a link between the infdrmation
from fission and evaporation sfudies at medium energiés and the deeply
inelastic reactions between heavier nuclei.

The specific questions we ask are as follows:

(1) What is the nature of the H/He emission and with,what'reaétioﬁ
products is it associated?

(2) Does emission of H/He precede or follow the scission of the
composite nuclear system?

(3) To whaf extent has the translational.energy of fhe entranée channel”
been damped in these processes? |

(4) What information do the H/He energy spéctra give regarding the:energy_
sharing among particles in the composite systém? »

(5) What can bevinferred about the angular momenta involved from thg
angular distributions of H/He?

(6) Can one account fqr the cross sectioné for fission and H/He emission.
(at back angles) by an equilibrium statistical model?

(7) What are the characteristics of H/He emission at forward angles and

how do they compare with those in other reaction systems?
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I1. EXPERIMENTAL ARRANGEMENT

The 340 MeV 4OAr beam from thé Lawrence Berkeley Laboratofy SﬁpérHILAC was
defined by two four-jaw collimators (2 mm x 2 mm)‘and an antiscattering shield.
Beam intensity was measured by a Faraday cup and two fixed monitor detectors
after traversal of the Au target of thickness 1.25 mg/cmg. Fission-like and
projectile-likévfragments were.defected with a gas ionization.telescope (GT)37
operated with methane gas at 15 torr and a polypropylene window of 35 ug/cmz.
The angle bf this telescope with respect to the beam is denoted I The
direction from target to GI and the beam line define the reaction plane for
light particles detected in coihﬁidence with heavy fragﬁents. The 500 pm‘Si
stopping detector iﬁ the GT was calibrated for energy and pulse-height defect

252 38

- with fission fragments from Cf and the elastically scattered beam.

Atomic numbers (Z) for the fragments were determined relative to the elaétically
scattered 4O_Ar by reference to the Northcliffe-Schilling'tables;39 For the
main emphasis of this study we divide the fragments into two groups (a) Z < 27

and (b) Z > 27. Earlier work has shown. that the former group has a distinctly

40

forward-peaked angular distribution, while for 248 MeV “Ar, the latter group

seems to be symmetric about 90 deg c.m‘.31"34

The H and He particles were detected by two three-member solid-state
telescopes (SST) (45 pm, 500 ym, 5 mm Si deteétors) mounted on an out-of-plane
‘arm. We describe the telescope positions by an‘ahgle in the reaction planeif
‘(eS) (0-360. deg) and an anglé with respect to the reabfion plane (¢). This
" out-of-plane angle should not be coﬁfuséd with the‘azimuthal.angle in a
spherical coordinate system. ' The telescopes were sepéréted by Ap = 28 deg
and each ha& R lOvmsr.solid angle acceptance. The c.m. angle with respect té

the beam ec o and the c.m. energy évare functions of bothfes and ¢ as well as

the measured lab-system energy. With the GI fixed at 9G = 40° and 60° we swept
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the light particle.telescopes from 100° < GS < 33907- We uséd avNi foil

(51 mg/cmz) to stop the scattered beam for eS = 320° and'339°;bfor.mofe back~_r:-
ward angies only a thin coverlfoil was used (0.2 mg/cm2 Aﬁ).. Energy'thrésholds.
for detection and identifiéation of H and He were 2 and 8 MeV for the thin

>cover foil and 5 and 20 MeV for the thick one. Events were recorded siﬁuitaneéusly -
from each télescope in the singles mode and in the céincidence ﬁode between the

GT and each SST. 1In the computation of absolute Créss’sections we assumed a charge

ko ' ;
state of +18 for the ~Ar beam collected in the Faraday cup.

II1I. RESULTS AND BRIEF DISCUSS_ioN

The purpose of this section is’to make a brief presentgtion pf the body
of experimental data that has.been collected. 1In Section IV we will'discués
the implicationsbof the reéults in terms of the reaction mééhanisms,' Repre- .
sentative c.m. energy spectra for He énd H in the sing1es‘ﬁode are shown in
Figs. 1 and 2 and parametrized for comparative purposes in Table I. Some
technical problems could have flawed the energy measurements for particles
that barely entered the third member of the solid state télescopes. There-
fore we are doubtful of the reality-of the minima shown in the spéetra at
forward angles. However, fhe more important features. are unmarredfs the |
evaporation-like spectra at‘back angies and the ihcreasing quantity of high-
energy H and He at forward angles. . Angular distributioﬁé for He and H in the‘
singles mode are shown in Figs. 3 and 4. Eaéh particle distribution shows
prominent forward peaking cﬁaracteristi; of direct ﬁechanisms,‘ For c.m.
angles greater than 100 deg. the production of 1H becomes isotropic- and that
for 4He shows a modest backward peaking, both of which céuld chéracterize
statistical nuclear evaporation from an equilibrated system. ForvzH'and‘3H '

the forward peak comprises a greater fraction of the total emission probability  _
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‘and direct mechanisms could contribute significantly even for 8 m. ™ 100 deg.

ollle

In Fig. 5 we compare typical back-angle spectra for'4He and 1H observed heré'

. ‘ 19
with corresponding spectra from 4Hg compound nuclei formed in several

12,19

reactions.” - The general shapes of the spectra are very similar and appear

to be'typical_evaporation spectra from systems of comparable temperéture (high

energy slopes). For the 4OAr + 97Au reaction, both the 4He and lH spectra in

Fig.'S are somewhat broader and shifted to higher energies, compared to the

194Hg data. These significant differences will be discussed more fully in

-Section IV.

In Fig. 3 we have decomposed the angular distribution of 4He_particles
into a "'direct" component (labeled D) and an "evaporative' component (labeled c),

making use of the theoretical requirement of symmetry about ec o = 90 deg for

18,20-22

emission from an equilibratéd system. In‘the theory of nuclear evaporation,
the deviations from angular iéotropy‘are related to éngﬁlar momentum effects
associated with the particle emission and depend on fhe spin of the emitfer
(Io+%), the orbital angular ﬁomentum of the emitted particle.(£+%), and- the

spin-cutoff factor 02 in the nuclear level density. We have collected in

' Table II a set of relevant parameters calculated for 4He evaporation from

equilibrated 237Bk syétems of various assumed spihs (Io+%). The details of

the calculations and the inferences to be drawn from the results in Table II
will be described in Section IV,

"In this study we have made an initial survey of the correlations between

" H/He emission and one heavy fragment detected at 40° or 60° in the laboratory.

As our objective was to get an overall view of the coincidence pattern, the

angular coverage was rather extensive but the number of detected events was

' quite modest.v.A complete'éummafy of the characteristics of the 1H/4Heipartic1es
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detected in the coincidence mode is given in Tables III—Vi and Figs. 6 and 7.
Table_III presents the basic coincidénce data for each éngular éonfiguration.
For each measurement we have computed the averagevé.m. energies {g;.m.) forr
éHe and 1H and the double differeqtial cross sections (dzo/dQSdQG), and these
are listed in Table III. The coincidence angular distributions are displayed
in Fig. 6 and the energy spectra, grouped by angulaf regidﬁ, are shown in
Fig. 7. These figures together with the numbers of individuél coincidence
events in.Table III give a feeling for the étatistiéal uncertaintiés in the
measurements.. Yet within the limifations imposed by thé>statisticé,_it'is
apparent that the angular and energy distributions of the coincidence events
are consistent with the measurements of 4Hé/lein the singles mode (Figs. 1,3'
and 4).‘ These observations suggest that the bulk of the light particles
~detected in the singles mode are also associated with tﬁe nuclear events
detected in the coincidence mode.

For any coincidence study one must assess the kiﬁds of reéction processes
that are selected by the positions and thresholds of tﬁe detectors. For example,

32

the study of Gamp et al. (373 MeV 7S + Au) selected high.energy 4He (> 25 MeV)

in coincidence with high energy projectile-like fragments of Z < 23.15 Their.

; integrated cpincidence cross sections constituted a small but very interesting
fraction of the 800 mb of 4He observed in singles. 1In this work we have used;"
a gas telescope which could record fragments with Z > 15 and energies as loﬁ.
as =~ 20 MeV. The trigger angle eG = 60° was well éft of tﬁe graging angle.

and therefofe it emphasized fission-like fragments of 27 < Z < 70. For the
.smaller trigger‘anglé GG_= 40° a large number of projectile-like fragments wés..
observed in singles from both quasi-elastic and very inelastic processes.

Studies of elastic scattering give an estimate of =~ 2.5 b_for.thé reaction

- 3 | . . .. . -ﬂ:
cross section, >40 and our results show that a~ 1.4 b or =~ 567 give fission-like
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frégments of 27 < Z.< 70. - In Table 1V we give the .integrated cro#s sections
for the forﬁard and.symmetric compdnents of H/He detecfed in singles and the
symmetric components detected in céinéidence with a heavy fragmenf. Despite
considerable ﬁncertainties associaﬁed with the coincidence cross sections, it
is clear that the symmetric components in singles and in coincidence are of
comparable magnitudés. This resuit is strongly supportive of the suggestion
that the coincidence experimenté have been recofding dominant précesses for
H/He production.  Furthermore, the Z determinations from the gaé telescope
(eG = 40° and 60°) indicafe that w 90% oflthe.fragments_in coincidence with
H/He have 27 <‘Z < 70. Thus the major mechanisms for H/He emission involve
fission-like reactions rather than quasi-elastic or deeply inelastic reactiohs
that lead to projectile~like fragments.

Table V presents the coincidence data fromvTable,III grouped to maximize
the statistical significance and reveal differences between forward.and back-
ward emissions and between in-planeband out-of-plane coincidence events.

Tablé VI givéé‘the characteristics of the energy distributions for ﬁ/He,

‘grouped by emission direction as in"Table V. From these tables; it apﬁears

fhat the cross sections and energies fof 4He and 1H emitéed out of the reaction
plane (¢ = 28 and 42 deg)bare significantly different from the in-plane emissions
(¢p = 0 and 14 deg).v We will discuss fhese corfelations and the inferences to

be drawn from them later in this paper. It can‘aiso be seen, particularly

from Fig. 6 but also from Iabie V, that the major parts-ofAthe forward peakihg
in the H/He singles angulaf distributions are also reflected in the coincidence
cross sections. Hence_we.conclude thaf the predominant fraction of the H/He
v:ecorded in the singleé modenis emitted in coincidence with a heavy fragment

' and that ~ 90% of these have 27 <2 < 70."On1y ~ 107 of the coincidence events




- 1v-10

were found to be aésociated with a projectile—like frégmen£ of Z S'Zf. .Little»
if any croés section remains for H/He emission from résiaﬁa1 nuciéi thét |
survive fission-like breakups.

| The large probability for coincidence between H/He and fiésion-liké
'products does not distinguish between H/He emitted from thev237Bkvc$mpoéite
system or from the separating products. The shapés éf the energy épectra in
singles givevus one 6f several means for distinction. In-Figf 8.wé‘sﬁow

results of a Monte Carlo simulation41

of H/He.emissioﬁ from fully accelerated
fission fragmentsf In the calculation we have assumedua.GausSian ﬁasé distri-
bution of standard deviation 30 mass units centefed about A = 237/2;  Evapo-
ration of H/He was assumed to be equally probable from each fragment. The
calculated curves for 4He in Fig. 8 are.much wider than the measg:ed spectra .
at correspon&ing angles in Fig. 1; thus this-mechanism is cleariy not_dbminant.
For lH the calculated curtves are steeper at high energies than'the'experimental
ones and their angular dependence (Fig. 8). is also not reflégtéd iﬁ the observed
data. Therefore we are led to the interésting conclusion that most H/He

emission precedes full fragment acceleration. A more detailed discussion of

this matter is given in the next section.

IV. MECHANISTIC IMPLICATIONS OF THE RESULTS

In the last section we considered the gemeral features ofbthe H/Heremission
and the nature of the reaction produéts with which it‘is aSsociated. 'we shaﬁéd
that ~ 90% of the coincident H/He emission is correlated with fission-like
products of 27 < Z < 70. 1In addition, the mean Z values for fragments detected
in singles and in coincidence differ by less than three charge units. .In the
present work, we will focus on these prominent fission-like processes. The |

earlier work of Ref. 15 (373 MeV 328 + Au) dealt with the‘small fraction
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of high énergy 4He in coincidence with projectiie-liké frégments (Z < 23).

We would now like to discuss in more detail the question of whéthér the
H/He emission precedes or folloﬁé scission and full accelefation of the
fragments. There are four expérimental observations that indicate that.such
emission precedes significant fragment aécelération:. (1) the average energies
of H/He in coincidence are not enhanced in.the direction of either fragment
(Table III). (2) The coincidence cross sections show no enhancément in the
~ direction of eitﬁer fragment (Table III and Fig. 6). (3) The shape of the
singles energy spectra: for ec.m. > 100° (Figs. 1 and 5) afe quite differgnt'
from those expected for isotropic emission from fully accelerated fragments
(Fig. 8) (4) The shapes of the H/He energy: spectra observed in the
coincideunce mode are similar to those .observed in the singles
mode (Figs. 1 and 7). Two more observations suggest.that H/He:emission occurs
.éven befdre the act of scission: (5) The average energiés are consistent with
evaporation from a composite of total Z = 97 (Tables I,‘III, and VI and Figs.
5, 7).19 In Fig. 5 the baCk-angle energy spectra are-compared té those
observed for the reactions 120 + 182W andvAOAr +»154Sm'1eading to 194Hg
excited to 98 and 142 MeV. The peak énergies can be seemn to be consistent
with the Z ratio of 97/80. (For the 194Hg system at 98 MeV less than lo%qu
‘H/He emission was found fo be in coincidence with'fission.-)12 (6) The ratio

of He to H cross sections is ~ 0.9 (for O m. > 100°). This ratio would be .
8.9,21,22 -

expected to be = 0;2.£or a fragment of mass 78-117 with spin ~ 20
~For such a fragment a épin of ~ 60 would be implied‘by'this Hé/H ratio éf 0.9.:
Such large spins are ﬁell above estimaﬁeé from the "sticking model"™. By -

éontrast thié ratio is consistent with that of a'c0mpound nucleus 194Hg (and v

 by implication 237Bk) of mean spin =~ 60.'12’21 We conclude that the predominant
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fraction of H/He emission precedes scission of 237Bk evén for this highly -

. . ' . . 42
excited composite system which must have a very short lifetime. (The

- abundance of H/He with energies below their most probable value may sighify '

emission from a very deformed composite system, but detailed calculations of
: . . 1
the spectral shapes must be made to explore this point. 9)
To what extent has energy damping or relaxation occurred in the exiﬁ_

channels associated with H/He emission? 1In Ref. 15 (373 MeV 32

S + Au) it was
shown that forward-peaked high energy 4He eﬁission occurs in}coincidence with
quasi-elastic reactions giving projéctile—like residues. In the érésent work
we have shown that ~ 90% of the coincident H/He'emission.is with fission-like
products (27 < Z < 70). The energies of these fissiqﬁ-like frégmenté‘are
typical of the gross fission product distribution with éverage c.m. energies
~ 90 MeV. 1In short, the exit channel heavy fragment energies‘afe.fo:‘the.
most part, éompletely damped. Hence we can.infer that for these fragments
the memory of the entrance channel was largely erased by complex précesses_'b
of energy, charge and mass exchange;

What information do the H/He energy spectra give regarding the ehefgy
sharing among particles in the composite system? We have seen‘that the‘H/He
emission precedes a fission-like breakup with complete energy ﬁamping in a
composite system which must not live longer than several nanopico-seéonds.Az
The eénergy spectra of H/He at fqrward angles have mahy high energy particles
with velocities near those of the projectile (Figs. 1, 2 and 7. Presumably
these emissions reflect a memory of fhe projectilg's speed and felatively
little energy mixing with other constituents of the intérmediate complex.

It is convenient to.discuss the energy mixing more generally in terms of

. 11 ' .
effective temperatures as a function of angle. We have made fits of the
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spectra in Figs. 1 and 2 to the functional form:
P(e) = (€-B) exp (-&/T) ¢S

‘where B and T are.the effec?ive barrier and temperature, respectively. These .

_ fits are not useful for the 1dwerlenergies but cén providé a parametef T to
characterize the high energy tail of each Spectrum. The Qalues of T are given
in Table Ivalqng with "peak" energy and width parameters to characterize the
spectrum at each angle. We see that theée'spectfal parameters becdme indépehdent

of angle for ec.m > ~ 100° for 1H and ~127° for-4He. The T values for 1H and

4He are both ~ 2.5 MeV, a value very close to that observed for 194Hg compound

12,19 (See Fig. 5.) " Such . low temperatures imply

nuclei excited to 100-140 MeV.
éssentially complete energy mixing among the H and He particles in fhe intef-
mediate complex. Similarly the 'peak" energy is =~ 15% greater than that
observed fbr the systéﬁ 194Hg. This is as expected f:om.the reievaht Coulomb
barrier ratio for the two systems. In short, these H/He enﬁssionsvaf back
angleé have energy and angular distributions that are consistent with én .
equilibrated compound nucleus, a remarkable result for a system of such high
charge, énergy and spin (Figé. 3-8).

McMahan and Alexander have Showp that fof the ;94Hg system (E*'= 98 MeV)
the bérrier to evaporation is =~ 10% lower than the barrier to fusion.1 The

_ widths (FWHM) of the particle energy spectra from the 237Bk composite are

- =~ 12 MeV compared to about 8 MeV for 194Hg (see Fig. 5). This additional i
width for 4He'and the low—epergy shelf for 1H (Fig. 1) could imply significant
emission from a very deformed complex_or'from a neck between fragménts. This

could then offer a vefymintérestiﬁg possibility for studying the composite

- system at an early stage in its evolution toward scission.
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The spectra at forward angles are characterized by évhigh:temperatﬁrg
compdnent that seems to reflect a memory of the p?ojeéfile'é ééeéd; In
addition, however, tbére are manf H/He particles ﬁith near~bérrier energies
at the forward angles. Their abundance is'significantly'largervthan that‘

obtained by reflection symmetry of the back-angle spectra about ec = 90°.

Thisvmay be illustrated in the case of 4He. vaone imaginés_that these
forﬁard—peaked particles can be decomposed intovlow (L)Aaﬁd high (ﬁ) tempef—‘
atqre components, then the curves in Fig. 3 labeled L and H give'a feeling
for their‘relativevﬁagnitudes. Alternatively, 6f course, the-?rocesses_ofv°-
H/He emission may result from a continuum of effective temperatufes aﬁd life-
times of the composite system that are almost completely therﬁalized for |
43

6, . >~ 100°, but only partially thermalized for < '~ 100°.

As a large fraction of the H/He emission appears to.bé characteristic
of evaporation from an essentially equilibrated system, it is of interest to
consider the observed angular distributions and correlations.as‘probes of the
angular momenta. To do this we shall first make some éstimatés of the‘
theofetical angular and energy correlations, using the relationships derived
18,20f22 'Following‘the
uaatﬁent given by Erxricson énd Sfrutinskizo (but using éemiclassical approxi-

mations for the magnitudes of the various angular momenta21’22

), there is a
cofrelation of emission probability w(¢?) with the angle ¢*‘betweén the ._{,
emitted barticle of energy & and orbital angular momenﬁum (z4%)ﬁ and the |
angular momentum of the emitter (Io+%)hf
% {iuo%) (4 . |
WIO,L,YT(CP )= Jg Z sin ¢ }' S (2)
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In this-équation‘JO{x} is tHe zergforder Bessel functién of argument x_and_
cz is the spin-cutoff factor in the'nuclear'level deﬁsity given by

& =g, - (3)
wheré Ff and T are>the moment of inertia and the temperaturé of the residual
nqcleus. One must recognize that Eq. (2) applies when the angular mémentum _
of the emitter has a unique‘orientation in.space, as might be'selectgd by the
requirements of a coincidence experiment. Our experimental 6ut—of-p1ane angle
®© can.be related to ¢* in Eq. (2) if we identify tﬁe spin of'the-emitter with
the normal to the reaction plane. In this case, (n/2 —<p)'trahsf6rmed_to thé
c.m,vsystem is qf. The specification of ST or 52 in Eq. (2) requires selection
of particular emissions (e.g. E*,'é, etc.) and a knowledge of the.level density.
Fér an énsemble of nuclei withvangulaf momenta uniformly distributed perpendicular
to the beam axis (as>might be expected in observafions with a.single detector'ih
a compouﬁd nucleus.reaction), particleé-will be emitted at angles § with réspeét

to the beam:

i AT D) '.
W@ =) (N gy 2 }12y (1%p, (cos 9), )
o’ = ) & }

k=0

where j2k and P, are, respectively, a spherical Bessel function and Legendre

2k
polynomial of order 2k. Equations (2) and (4)_depend only on the parameter-
By =.(10+%)(£¥%)/262. On éxpansion of Eqs. (2) and (4) the first term is of
2 v
 order Bl :

2

(1 ) ()’ o
8,2 = - %)
1 (26'2)2

and therefore the root-mean-square values of (Id+%) and (£+%) are of priﬁary

importance. . For IO values of any practical,intereét,'one must consider the




distribution of £ values and we may use the relation given by Ddésihg£21

(1 +=‘~—) (24—) 4

P gn = [e{—=— -.hzéj;'i) (#)1]

2(1 4—) (442) 44 o
XLl - exp{ JJ s _ ‘ - (6)
G’ . . '

where |, is the reduced mass of the eﬁittéd particle and R and T are. the radius
and temperature of the residual nucleus. Also,,.f_L =f + uRz, and one shbﬁld
note that MRZ refers to the centrifugal barrier for evéﬁoration. ’Because of
Eq. (5), the most important average related to PI fT(z) in Eq. (6) is the
quantity ((Z+~) Y. Catchen, et al.22 have derlved an exact expreSSLOn for

this average:

((;&4—%)2} [1+(Y /2)] erfz(;(/i):;(\({%)/ﬁ) exp(-Yy /é) | D
where y = (10+—§°E—)/bl/2 & = n(Ig#—é;), - | S (8)

b o= hzfl/ZuszT, | . | - (9)

and n= uela’/88 H?, ., ] (10)

From these equations, one can see that the quantity ((L+%)2)-b is a function
only of Io for a given value of 1.
Equations (2) and (4) are strictly applicable for one value of

8, = ﬁ2(10+%)(£+%)/ZYT and therefore for distributions of Io’ £ and/or ST one

should take the most appropriate average or specifically perform the summations

of interest. Our approach here is to estimate
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;B
B =
1

"
26%)? |

and use it in Eqs. (2) and (4). A second approach is to weight Eqs. (2) and
‘(4) appropriately and sum over the spectrum of £ and ¢ for the evaporated
particles. Using standard approximations Déssing has carried out such

2
integrations. 1 Analogous to Eq. (2) he obtains

iy gp &) = e G5, taleh, | o

~and analogous to Eq. (4) he finds

.WIO,fT (8) = [exp(-B2 sin26/2 )]JO{iBZ Sinzalz}, . (12)
where X 2
(Io+§) 2 o ‘
= uR o |
27,2 (¥ ) ' a3)
le) L _ | |

inthér Eq. (2) or Eq. (11) can be uséd to interpret_éngular correlatidns

of emitted particles with respect to a unique spin vector. Correspondingly,
Eqs. (4) or (12) should apply to angular distributions measured with respect

to the beam in compound-nucleus experiments, since here'no unique. reaction
plane is.definedvand the spin vectors of the emitting nucleivare unifofmly
distributed in (or close to) a plane perpeﬁdicular to the beam direction. ‘In
éither case, attention must be given to the appropriate choice of the parameters
Bl and 32. These parameters may be computed theoretically as functions of
(Io+%) using the equations given abovg. Implicit in such a calculation is the
" assumption that the particle emission occurs at the first step of the evépo~
ration chain., We also requiré absolute estimates of f;T, and MRZ Which we
1/3

have made in the following manner. For uR? we use p(l.42 A fm -+ Rp'or Ra)z
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as discussed in Ref. 19. The moment of inertia J we take as

2 . ‘ ’
¢ = Sw?, - | (14)

1/3

with M the mass of the nucleus and r = 1,2 A fm (for the matter radius).

The temperature is related to the average energy available for thermall_

excitation:

U = aT?, | ) s

with "a" = (A/10) MeVm1 and

3.

U=E =~ () -5S - E_

ot® ‘.. - | (16).,

The separation energy of the emitted particle is S and its average kinetic

energy (e) is taken to be (B+2T) where B is the exit channel barrier.lg“ The

rotational energy Er

ot and moment of inertia J refer to the emitting nucleus

and are related by

rot

B, = 21 2/2f. an

We present in Table II a calculated set of the relevant parameters for

4He evaporation from the system of interest here, 340 MeV 40Ar + 197Au > 23?Bk.'

For selected values of the emitter spin (Io+%)-listed in the first column, we.

2>1/2’ 8

give values of the quantities E U, T, 202; (L) 1 and By in columns

2-8 respectively. The last column in Table II representé the average tota1f¥~

rot’

kinetic energy (above the barrier) of an evaporated ?article, consisting of
the average thermal energy 2T and a centrifugal part £ from the rotating

enmitter

g = 4E_, wr?/38. | | S (18)
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Several points shbuld be noted from the results in Table II. For spins near-
 ing the maximum entrance channel spin (zmaxb= 190 ﬁ), the rptatidnal eﬁergy.
of a spherical nﬁcleus would be very large and its temperature would be very
small. An evaﬁorated 4He particle would have energy and angglér correlations
dominated by céntrifugél spinoff. For spins (Io+%)v§ ~ IQO‘h the rotational

energies are more_modesf and the values of T, '202, and ((£+l)2)1/2

are
rather stable for various,vaiues of (Io+%). In this reglon.of spins the
variation in the angular correlation parameters Bl and B is domninated by the
spin 6fvthe emitter and hénCe>may be used as its signature. Both ((£+%)2)1/;
emd'o-2 are dependent on the size and shape of the reéidual'nucleus, which are
unknown. We make estimates with spherical shapes but a generalization of

Eqs. (14)~(17) to other shapes may lead to partially compensating changes in

thé ratio <(Z+%)2>/04. The average energy (£+2T) (over the barrier)»in:Tablé 11
is only slowly incréasing with spin»(lo+%) and proQides no étrong signature

ota

. : N ’ 4 _ _
unless_Erot approaches E . Perhaps the higher energy He particles observed

at.ec. < 60 deg could reflect such large spins.

Let us how consider the measured angular distributions. For the H
isotopes the angular distributions in sipgles (at back éngles) aré essentially
isotropic and no definitive information_cén be extracted (only a réther
unintéresting upper-limit). For the 4He emission, howeve:? we may use the:
experimental data to.obtain estimates of By and 32.. Figst we have fitted
Egs. (4) and (12) to the angular distribution in singles (Fig. 3, éc‘m: > 100
deg). This yields the'values:81'= 1.0}and B = 0.73...C0m§afison vith-the

2
. . . P . s o 2.1/2
theqretlcal estimates as given in Table II results in the spins ((I+3)7)

1/2

= 65 »
| from Bl and ((I+§) ) = 68 # from Boe Each of these haé a probable uncertainty

of ~ 10% arising from the experimental fits alone.. Quite independently, we
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could obtain additional eétimates by fitting Egs. (2)-and‘(11) to Ehe_éut~of-'
plane éoincidence correlation data from Table V. Unfortuﬁétely?'tﬁe.qqality ,
of these data is relatively poor, and even fhough we.héve groupedvtﬁe data in
Table V to maximize the statistical significance, the uncertainty in defived
parameters will be large. Using Eé. (11) we estimate-B2 ~ 1.1 + 0.4, which
translates into spins ((I+%)2)1/2 é 82 + 15 #. This reéult, while imprecise, is
not inconsistent with the analysis of the singles data. Thus Webcan'cqnclﬁde‘
that a typical initial sﬁin associated with equilibrium 4H.e evaporation is

l/z'z 70 4. It is rather ciéar that 4‘He evaporation does notIOCéur
predominantly from initial spin states very near to zero or very near to

zmax = 190 #.

This discussion is all based on the assumption of 4Hekemissj.on‘early in
the deexcitation cascade. Our evidence is clear that most observed'4Hev
emission does precede full fragment acceleration, and even scission itself.
In addition the total mulfiplicity of AHe emission is 1eés than unity. Thus
one WOUld‘expect that each deexcitation chain would usu#lhy gi&e-zero or omne
4He particle. An extension of this reasoning *o incJude prescission neutron
and H emission (next paragraphé) would indicate prescission éascades of.one
to five particles. For average initial spins of < IOO for fhe 2?7Bk, such
cascades would not be expected to bring the system vefy near to_the Yrast
line. Thus we do not expect H/He emission from near-Yrast states to greaﬁly
alter the above.analysis. |

If we grant that the energy and angular disfributions for H/He emission
(at back angles) imply emission from an essentially eqﬁiiibrated system, then

it is natural to ask if an equilibrium model can account for the ratio of

particle emission to fission(l"f/l"a/r‘p ~ 3/1/1). Quite simply the answer is
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negative. The calculafed fissionvbarrier for»237Bk is m'é MéV for I = 0 and

is reduced to near zero for spins of several tens.35 The sﬁm of'pfoton or |
alpha 5in&ing energy‘plué Coﬁlombvbarrier is ~ 14 MeV_(see Table ViI). Thusl
for T =~ 2.5 ﬂeV we caq,expéct Fa/ff or I"p/l"f ~ exp (-14/2.5) £ 0.004. Clearly
the composite nucleus is not choosing its decay probabilitiés by counting open
channels as in the Boltzmann equation. We infer éhat the energy sharing émong
»partiéles must be very fast ana even affer this extensive mixing the intrinsicv.

particle decay rates must be fast enough-for significant particle eVaporation‘

42,43

to occur prior to scission (about one proton and « per 3 fissionms). This

effect may simply reflect non-participation of the fission channels in the

equilibrium model rather than its complete demise.12:43“45

It is intefesting to digress briefly ffom'our ma jor track to eiélore
more fully the implications of the Boltzmann equation.for emissionvofvneutrons;
protons and ‘alphas. In Table VII we list the particle separation en_ergies46
and emission Coulomb barriers for the nucleus 237Bk and forjsomevtypical‘

fission products. If we assume that the most probable charge to mass ratio

of the primary fragments is 97/237 then 86Br, 118Cd and;lslsm would be typical

primary fragments (T = 2.5 MeV). 78Br, 1100& and 141Sm would then correspond

to products near the end of the neutron evaporation cascade (T = 1 MeV). For

237 N e ) _ ' . -q VITT =
Bk one would estlmate\rn/Tp/Fa ~ 1l/exp| (SP+Bp Sn)/T]/exp[-(SafBa Sn)/T]'-

l/e—z/e-3 or ~ 5 neutrons per (HtHe). This estimate is not expected to be -

very precise but it does suggest significant emission of prescission neutrons

44 45 86, 118

in addition to preécission H/He. For the primary fragments ~ Br, cd

and 151Sm one might estimate PHA—}-ie/I‘n to be_réspevct(ivevly 0.036, 0.064, and

1 . A
0.044. For the codler'fragments-788r, 110Cd and 418m these ratios may be

respectively 0.048, 0}014, and 0.037.  Thus for a post-fission evaporation .




cascade of 8-10 emission steps, a significant amount of H/He emission
should occur. We infer that these processes are masked by the apparently more
abundant prescission emissions.

Let us turn now to the forward-peaked or direct component of the particle
e 4 77, . 117 _ ' .
emission. For the system “Ar + "Se = Te, Galin et al. observed no direct
components for H or He. This suggests that either the direct component for

117_Te was masked by the evaporation (and escaped-detection) or that for our

237Bk system the high charge, excitation and/or spin givesvrisé to mére
prominent direct emission. - Further, for 237Bk the‘Z distribution df the heavy"
products in coincidence with theée direct emissions is indistiﬁguishablé'ffdm
that for the evaporation component (90% of emissionsrhéveﬂz7 <Z< 70;and the
values of (Z> are equivalent); Thus it appeérs that many éf tﬁese direct
reactions are accompanied by fusion of the projectile residue ﬁith the térget
and a subsequent fission-like breakup.47 Such a prodess islﬁery similar to
that reported in Refs. 10, 11, 13, 14 and 48 and te;med massivé;transfef or
transfert tréds inelastique.
The 0ut-of-p1ane‘correlétion for the forward-peaked éHe ejections.ié eyén
stronger than for the evaporation-like component (Fig. 6 and Table ). 'Ih.
Table V and VI we give a summary of the out-of-plane data; gfouped'ih such a
way as to separate forward and backward emissions and tovéhow the étatistiéal
significaﬁce. The coincidence cross sections for 4-He decrease strongly as Sné
moves away from the reaction plane which would seem to reflect very large. '_f:v. | ,b
entrance~-channel spins. Surprisingly the coincidence ecross sections‘for 1H
seem.to increase as ome moves out of the reactioﬁ plane; ’This increase is

only about two standard deviations and could, of course, be only an illusiom

of the counting statistics. However the first and second moments of the’
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_observed energies ((e).and.dsjvalso indicate a trend reversél between 1H and
4He, Ig Table VI one can see that th values of (e> and Gé (éc.m. < 60°) are
greater for 4He in the reaction plane and for 1H oﬁt of the.plane. This is
consistent with a larger presence of direct emission in the planevforb4He»and
out of the plane for 1H (see Fig. 6 as well). This pattern seems to us to be
very inferesting andléurprising and should be investigated furtheriwith much -
bettér statistics.

In the Appendix we desqribe one possible mechanism for the strangevbehaQior
of the,lH emissions. As the 4He direct emission decreases with increasingim o
we suspect that ité major driving force is a large spin'of the composite system
perpendicular to the reaction piane. Eqs. (2) or (11) béséd,on equilibrium consider-~
ations must fail in detail fdr the out-of-plane correlatioﬁ. Neﬁertheless, one |
might consider this suggestive that the direct emissions:ariée from larger.
_ partial waves. If the projectile-like fragments are formed for 140 < Z < 19O
then possibly the forWard‘peaked 4He is formed for 4 waves approaching 140.
‘Centrifugal effects could enhance their out-of—pléne cérrelation and their
éverage energies.

vTﬁe energy spectra of the forward peaked compoment for 4He can bé examined
in more detail by subtractionvof an assumed symmetric comﬁonent{ Such a.sub-
traction reveals two distinct aspects of these forward-péaked emissions
'(Fig.vB): First fhe high-tempérafure componént (H) Wiﬁh T ~ 3~7 MeV is obvious
‘(Figs. 1,2,7 and Tables.I and Vi),.but also there is significant forward peak—.
ing in the neér-barrier'partvof the sgectrum.(L) Qith most probableiéa ~ 23 MeV

and £, ~ 12 MeV. The high-energy component may well reflect memory of the

H

projectiie_velocity as in Refs. 10, 11, 13, and 14. The low-energy component

would seem to reflect considerable energy sharing among particles even for
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these forward peaked emissions.

As shown by the separation and Coulomb sneréies in Table V1, any oﬁase
space calculation would be expected to favor fission over H/He emission:by
much more than the observed ratios. We have been‘driven_to'the conclusion =~
that the intrinsic rate of H/He emission is faster than ths time of several
nanopicoseconds required to arrive at the sciSsion'point.42' This is not
surprising for the very high speed forwsrd peaked emission of‘clssrly pre-~
© equilibrium character.43 It is surprising for the backwar& émission that
shows temperatures and angular distributions consistent with'evaporatioﬁij
If both direct and evaporative H/He emission are bleeding away spin, charge
and energy from the higher spin composite nuclei, this ooola stroﬁgly inflpence"
the fission probability for lower Z systems.12 For a high Z systemn, sﬁch as_
237Bk, fission would be expected to occur even éfter He emission. For 194ﬁg’
and lighter systems studied earlier, the fission process might be aborted by
this phenomenon,29 and phase space interpretations may be led astray.49 50

The implications of this study are quite important for reaction'phenomena
between complex nuclei. Even prior to the very rapid fission and ouasi-fission

51, . .
processes, "quasi-fusion' and "

quasi~evaporation'" must be taking place;.
o . PO ..-‘ ' . 52
‘These processes as well as their forward peaked preequlllbrlum cousins

provide a means of studying the reaction process on a t1me scale comparable

to that for energy damping in the entrance channel.

V. SUMMARY AND CONCLUSIONS

We now attempt to collect the various mechanistic suggestions thatveﬁergé
from the literature and from this work. Of the = 2500 mo.reacrion‘cross section
for 340 MeV 40Ar + Au, = 1400 mb goes to totally relaxed fission-like products
of 27 < Z < 70. The remaining =~ 1100 mb is presumed to 1ead to pro;ectlle- |

target-like breakups via quasi-elastic and very inelastlo rsactlons. Of the
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~ 190 reactive partial wéves in ﬁhe entrance channel,.the latter réactions

are expected to dominate the higﬁesf ~ 50 partial waves aﬁ& the formef
pfobably dOminafe from 0 < 4 < ~ 140;7 The total cross section for H + He

is &~ 1500 mb with emission predominantly preceding scission into fission-

" like fragments of 27 <'Z < 70. ‘MOStAOf this H/He emission.exhibits ioﬁ
temperatures (= 2.5 MeV) and seems to derive from an energy equilibratedr
system. ‘However, significént forward peaking is observed_for both a high~
temperature component (T = 3-7 MeV) and for 1H/He with near barrier enefgies.,
‘A strict statistical‘equilibriumlmodel coﬁld,not account for such high croés'
sections for evaporated H/He in comparisbn‘tovfission from 37Bk of relatlvely
high spin and low fission barriér. It would appear that energy mixing>among
the particles and even quasi-evaporation must occur in times comparable to
that f§r the sCissioﬁ‘time_of several nanopicoseconds.. if the Boltzmann
Equafion is applicable for the ratio of neutron to alpha quasi-évaporation,
one would infer that several neutrons would usually be emifted prior to
sciééion. From the analysis of the angular distributions, it appears fhat 1oﬁ

‘temperature 4He emission occurs from,compdsite nuclei of ((I+%)2)1/2

~ 70 A and
higher temperature emission may come from even higher spin states. The back-
ward 1H emission seems to be nearly isotropicvand, as the expected ekit-channei
£ values are sﬁall, no definite information on spins can be obfained‘fromvthat
source. The very fast ﬁ/He emissions seem to provide an interesting tool féri
investigatihg the eﬁergy mixing‘in reactions between complex nucléi and thus
the very early history of the composite system.
APPENDIX
As mentioned above the anlsotropy for H emission (51ng1es.mode, ec.m > 100°)

is not v131b1e in F1g 4, presumably it is small although it could have been




masked by a gradual intrusion of forwérd peaked difeét'ptécesses.:vThe‘out4of-i
plane correlation for H seems to be significant as sﬁowﬁvin Fig. 6 and Table:V.'
There is a suggestion of a preference for oui-of-plane emission. Although |
this suggestion is based on about,tﬁo standard deviations from'isotrOpy‘and
should not be taken as a definitive observation it is éonsistent with a
similar and somewhat stronger effect that has been noted24 in the reéction
86

Kr + Au at 724 MeV.

These observations, tentative as they are,_stimulateﬂus to seafcﬁ for a
possible cause, 'Imagine that the H emission takes pléce'on a time écale slow
enough for extensive enérgy»sharing but considerably:faster than that for.the, '
‘;ollectiye motions leading to scission and compléte fragﬁeﬁt accelération.'i |
In addition, imagine that most H emission takes pl#ce from a heck‘région
between the fragments, and their Coulomb fields focus ‘the: H into é plane"
perpendicular to the line between the fragment centers. 'Subétantial rotation
of this line of centers, prior to full acceleration of the ffagments,,ﬁoﬁld
give a set of planes that share a éommon.emission direction perpendicular to
the reaction plane. 1In the limit of long rotation times, emission proﬁability
would fqllow 1/sin(90° - o) just analogous to the very familiar'l/sin;e iimit
for fissiom. ’

Note,that, for 4He emission, the expected out-of-plane cofre1a£ion.was -

observed; this calls for composite-nucleus spin as a correlating force. For

40

Ar + Au there is apparently no preferential emission of'He perpendicu1ar to
the final axis of fragment separation (see Fig. 6 and‘Téblé I1T). Therefore,
if the emission is from the.neck, it must occur over the'time period required
to rotate =~ 180° or without much focusing by the nascent‘ffagments. This

could imply that H and He may be emitted at difﬁerent ages of the_evolving

system.
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Table I. Parameters that characterize the singles spectra

4 1

, _He o H
<ec.m.> lﬁéb(a) FWHM(b) ' T(c? <ec.m.)” | &ﬁp‘a) ' FWHM(b) T(C)
(deg)  (MeV)  _(Mev)  (Mew) - (deg)  (Me¥) (W)  (Mey) o
160 23,5 11 234002 150 12 12 2.5+0.2
K 150 23 11 24402 127 . - 2.6 + 0.2
] 127 23 10 3.2+0.2 109 12 - 2.6 +0.2
98 23.5 12 -~ 3.6 +0.5 95 12 14 3.0 + 0.5
71 2213 3.7 40.5 713 12 16 3.3 + 0.5
| 57 25 - 6.0 + 0.5 56 1 - 4.1 +0.5
‘ 48 25 13 6.1 + 0.5 41 12 16 3.9 +0.5
| 42 25 1 6.4 +0.5 25 3. 4 4.4 +0.5
‘ 25 25 17 6.9 + 0.5 |
2 3y
151 - - 2.6 +0.3 98 14 13 3.6 + 0.3
111 12 13 2.9 + 0.3 49 15 13 4.9+0.5
97 12 12 3.2+0.3 43 w17 6.9 + 0.5
56 13 15 4.6 + 0.5 25 15 17 7.1"1 0.5
; s 15 17 4.6 +0.5 | a
s 16 18 5.9 +0.5

3

(a). The midpoint of the full width at half maximum§ estimated uncertainty ~ 1 MeV.
(b)) FWHM £ full width at half maximum; estimated uncertaimty ~ 1 MeV.

(c) These values of T (témperature) are from fits of the spectra to the function
ST _ - v 3
(5-B) exp(-¢€/T) with B = 23 MeV, 12 MeV, and 11 MeV for 4He, l’zH, and H,
respectively. (If B is reduced by 25%,_then T for 4He at 160 deg and for 1H'

at 150 deg are bothlincreased t6'2.9 MeV.)
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, v . | _ v .
Table ITI. Parameters related to the angular momenta for He

: . © 237
emission from an equilibrated Bk_ composite system.

237

centrifugal spinoff'as in Eq.-(18).

340 MeV 40A; + Au - Bk
4 ax = 190 7; E" = 160 MeV; #2/28 = 4.0 keV ;
, : : . : - - ' .
g m, @ o® @ 2P p2an® @ ® @2n®
(#) - (MeV) (MeV)  (MeV) (%) (MeV)
0 0 144 2.5 605 7.4 0 0 _5.0  ‘
50 - 10.0 | 134 2.4 584 8.1 0.70 0.38  _6.0 _ 1
70 19.6 125 2.3 563 8.9 1.11 0.78 7.0 ‘
90 32.4 .112 2.2 533 9.9 1.67 1;36 8.3
100 - 40.0 104 2.1 ‘515' iO.S 2.03 1.74 9.0;
115 52.9 92 2.0 482 11.4 2.73 2.47 10.3.
190 144.3 0.1 0.1 15 17.0 222. 217. 17.3
~ (a) Computed from Eq.‘(17).
(b) Computed from Eq. (16). »
(¢) Computed from Eq. (15) with the level density parameter "a" = (A/10) MeV-l.
(d) As defined in Eq. (3). | | |
(e) Obtained from Eq._(7),.
(£) FObtained from Eq. (51).
(g) Obtained from Eq. (13). ‘
_'(h) The gverage total energf (above the bérrier) due to thérmal motions plus
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Table III. Summary of Coincidence Results,

_ o . : b)
. ‘ _ 2 (
O ¢ (8 57 (eg m.? - Number d"o/d dqa,
(deg) (deg) (deg) (MeV) of’events(a) (mb/sfz)
‘e m e lu e " e M
éG = 40 dgg
100 - 0 112 109  21.4 11.1 12 -7 8.4 4.7
14 112 108 21.8 11.4 - 24 11 13.6 6.0
28 111 108 21.6° 11.7 21 20 11.1 10.3
42 110 107 23.6  12.6 13 20 5.3 7.9
150 0 156 154  24.4  10.0 7 1 11.8 1.5
14 153 152 23.8 10.8 4 3 6.0 4.0
28 148 146 20.2° 13.0 = 12 -4 15.5 4.7
42 139 138 22,5 11.4 5 6 4.8 5.3
255 - 0 116 112 °~ 26.7 13.8 18 8 12.5 5.3
14 115 114 26.6 9.3 12 4 9.0 2.9
28 114 111 27.5. 13.8 15 19 7.7 9.4
42 113 113 22.7 14.2 8 12 4.3 6.1
300 0 7169 22.7 7.0 16 5 10.1 3.3
14 72 69 22.7 11.4 28 9 -~ 11,1 3.8
--28 == T4 272 - 2602 12.3 15 - 22— 7.0 10.7 .
42 80 78 23.2  11.7 23 - 13 . 6.8 4.0 g
320 0 46 46 28.1 9.9 27 9 16.6 5.7
28 53 54 25.9 15.8 17. 13 7.9 6.7
339 0 25 24 29.0 10.3 66 7 ©19.9 2.2
28 40 40 24,3 13.3 33 33 7.5 8.3
6. = 60 deg
120 0 131 127 23,2 12.1 19 16 4.2 3.0
28 127 124 23.8 12.6 16 - 27 2.6 4.3
150 0 156 155 24.3 10.0 8 6 6.0 4.2
28 147 144 24,3 14.7 11 9 5.8 4.3
205 0 160 158  23.1 153 11 . 6 6.9 3.2
- 28 150 148 = 22.7 13.9 12 -9 ~ 5.3 3.6
275 0 9% 94  26.5 11.2 12 6 6.6 3.3
' 28 98 95 -~ 23.7 12.1 10 10 4.1 4.1
300 0 71 68 22.8 10.0 11 5 - 5.8 2.8
28 74 73 26.1 14.8 11 7 4.3 2.9
320 0 47 46" 28.6 10.6 23 10 11.7 5.3
28 54 54 25.3 16.2 14 18 5.5 7.6
339 0 25 24 25.1  11.3 31 8 13.6 3.8
28 42 42 24,7 15.6 9 14 3.0 5.2
(a) Number of coincidence events recdrded between light-particle telescopes (SST)
at angle Bg and heavy fragment telescope (GT) at angle §z. SST 1 subtended
9.1 msr and was used for the ¢ = 0 and ¢ = 14 deg measurements; SST 2 'sub-
tended 12.9 msr and was used at ¢ = 28 and ¢ = 42 deg. :
(b) These cross sections have Eeen transformed to the c.m. system only for the

light particle (H/He); no transformation has been made for the heavy fragment.
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Table IV. 1Integrated light-particle cross sections (mb).

Singles measurement . Coincidence measurement

Symmetric - Forward ’ - Symmetric
(a) - (b) anp (€)

- component component component

519 260 - 384
553 155 - 273
64 45 -

(12.8)(d | 8.0 I -

(a)

(b)

(¢)

(@)

~in-Ref. 22.

For 4He the c.m. angular distribution was fitted to the function
W(e) = A exp(~-Y8) + B + C 60826,»and the symmetric part (B + C cosze)'
was integrated. For the H isotopes we assuméd the symmetric component to be -

isotropic, and multiplied the back-angle cross sections (see. Fig. 4) by 4x.

These values were obtained by integration after subtraction of the symmetric

component and linear extrapolation from 9 o = 25 deg to zero deg. (If we

‘use an exponential extrapolation from 25 to zero deg, we get 290 mb for 4He.)

‘The cross sections (dzc/dQSdQG) from Table III at eG = 60 deg and ¢ = 0 were

aveiaged for all ec o > 60 deg. Noting that GG = 60 deg (lab) corresponds
to eG = 90 deg (c.m.), we transformed the averaged cross sections to the
c.m. for the heavy fragment using an average factor 0.667 and then multiplied

by ﬁz to include all fission events. These values were fhen multiplied by

4 for 1H and by 9.89 for 4He to aécount for the apparent isotropy in 1H'

s . .4 . . '
emission and strong out-~of-plane correlation in He emission as described .

Poor statistics ‘limited the determination of an effective_temperature for-
3 3 ‘ s .
H at back angles. .Therefore this cross section is more subject to the

possible inclusion of contributions from high temperature emissions.
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Table V. Ratios of total coincidence events and relative
cross sections for ¢ = 28 and 42 deg to those
- for ¢ = 0 and 14 deg.
o vien (B ()

Span of c.m. (N28+42)/(N0+14) (928+42)/(60+14)

(a) : .
angles (deg) v ,

f'_H_e 11_1. ' 4H_E. 1H

60 - 180 = . 172/182 178/87 0.72 + 0.10 - 1.52 + 0.18
0 - 60 - 73/147 78/34 ~0.38 + 0.06 1.82 + 0.35

(a) Range of angles covered by the SST's.

(b) Ratios of numbers of coincidence events for SG of 40 deg and 60 deg

combined,

{(¢) Ratios of summed numbers of events (corrected for deadtime effects)
divided by the respective solid angles. These ratios are equivalent
to average cross section ratios from Table III, with the averaging
being weighted by the number of observed events at each angular .

configuration.
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Table VI. First and second moments of the energy
distributions for 1H and 4He detected in

coincidence with heavy fragments.

1H 4

¢y e @ o® L ® ey < >}<I§) 0. )
(deg) (deg) " (MeV) (MeV) C_(Mev) MeV)
6c = 40 deg: |

<60 0-14 16 9.2 2.8 93 28.3 8.0
< 60 28-42 46 13.7 - 5.5 50 2.0 7.6
> 60 0-14 48 0.8 T 4.3 7.1
> 60 28-42 116 12.7 5.2 112 v; ,23.2 6.1

| 8 = GQ deg |
<60 0 18 10.6 3.7 Cs& . 26.0 7.6
< 60 28 32  15.1 6.7 23 23.7 4.7
> 60 0 39 1.9 3.6 61 23.7 4.7
> 60 28 . 62 - 13.1 4.7 60  23.6 4.3
(a) Number of events observed.
(b)  {g) and 5 are respectively the first and second moments of the observed energy -

'dlstrlbutlons (c.m.). Note that the standard deviation of the mean {¢) is

~ cé/vti? .
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Tabie VII. Sepéraﬁioﬁ en_ergies(a) 'S}.{ énd Céﬁlémb’ barriers(b_) Bx’
| (all 'enérgi;es in MeV). o |
Ao gem e Nfee e Thsm Them
o 160 73 5 | 110 20 - 127 25
s 8 . 5.4 '_8.3‘ 8.4 9.9 5.6 8.5
sp“ P 9.6 6.7 11.1 8.9 8.3 5.0
'Bp. 11 47 47 60 | 6.0 7.3 7.3
S, *B, 13 4.3 114 171 149 156 123
s, - 8 8.4 5.0 49 2.8 L2 -08
B_ 23 9.0 9.0 12.0 12.0 13.5  13;5', 
s, +'Bd s 17.4 _14.01 16.9 4.8 14.7 12.7
(Ia) The subscripts "x'" . are n for neutron, p for 1H, and « féfﬁHe. Séparatiori,
energies were cdmputed from Ref. 46. o

(b) Coulomb ba?:riers were éstimated from Ref. 19.

v e b e
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FIGURE CAPTIONS

Figure 1: Singles energy'épecf;a in the c.m. fo#l4Hevand 1H at various angles.
'The‘avefage c.m. angle is indicated. Parémeters‘dgscribing'the
spectra afefgiven in_Table I.

Figﬁre 2.' Energy spectra for 2H and 3H as in Fig. 1.

Figure 3. Angular distribution for 4He in the singles mode. Data'are‘sﬁoﬁn

| ._.as points; the‘symmét;ic componenf is indicated C; the fofward-v
peaked component by D; The forward-peaked component is bquen
into a high-temperature'part H and a 1ow femperature part L.

Figure 4. Angular disffibutions for 1’2’3H in‘the singles mode.

Figure 5: Energy distributions for “fe and 1H'at_(ec o > =160° and 150°,

' respectively. These are compared to spectra from reactions lead-
o ) ~150-165°). The ?%Hg.data are from

ing to 194Hg as shown ((ec

Ref. 12. |
Figure 6. 'Angular correlations for 4He and'lﬁ Qith respect to heavy frégments

‘detected in the gas telescope. The angle of the gas telescope is

6.. The data for out-of-plane,anglés ¢ = 28° and 42° haﬁe been -

G
averaged and are designated by cpen points (). The data-for

¢ = 0° and 145 have 1ikewise been averaged and are ‘indicated by filled
points (@). Data for er =.40° have been normalized to_~th.atv for

. .

c = 60° by the relative fission cross sections (for comparative .-
purposes). The smooth curves represent the shapes of the corréépond-
ing angular distributions in the singles mode. The data are from

Table III with several points at similar c.m. angles combined.

continued -
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FIGURE CAPTIONS CONTINUED

Figuré 7. Energy distributions (c.m.) for 1H énd 4He obsefved in the
.coincidence mode with GG-= 40° and 60°. All events.observed

for

. .

are included and{grouped according to the value of Gc
.lH or aHe. |
Figure 8. Energy spectra for 1H and 4He calculated by.a Monte Carlo
simulation of evaporétibn from fission fraéments (smooth curves).
Gaussian distributions were assumed for the mass and fotal energy
- B : - | -distributions in fission with standard deviations’of-30 ﬁass units
and 15 MéV, respectively. Angular.distributions (c.m.) for each
fission product were taken to be i/sin é and isotropic for H/He.
The evaporation spectra were taken from Eq. (1) with barrier

parameters B from Ref. 19 and T from Eqé. (15) and (16). Experi-

- mental spectra are shown as points.
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