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ALSTRACT

Thin targabts of 391 and 1997y have beon hombarded
with 197 and 288 MaVv "OAr ions from the Porkeley SUCER-
HILAC. A particla Lelescopu consisting of a «as pronoriional
AE counter and a slllecon surface barrior E dotector was
usad lto measure all roaction products ranqglng from
elastically scattered argon iong to compound nuclaus
evaporntion products. #lesion fragmonts and transfar
products waere nlso dutactad. N goad tsepariition batwean
fission fragmonis and othar reaction products was possiblae
in tha casze of thy 199 + "Ope ronstion. Anqular distri-
butions ware ontaitned from 4° o 40" in tho lavoratery
syntom. Elastle scaltering and o ?F2CF source ware usad
to obtain ~norgy and angular calibrations,

The finsion fragmont angqular distcibution s charac-
terlzod by a 1L/qind fuanction, aud the dntoegrated fisslon
oran.s-sectlon was found to be 300 and 600 mb {oxy Ar + Ag
at 1927 and 288 Mav.

“VVC)K1; sup;pwetoed dn nart by tha 1.8, Atomda Energy Commianion
and Geicllachaill fue Schoorionenforsehuang M,



Results hove bean iantarpreted in torms of a model in
which finsion coupotes with other modes of de-excitalion
of the compound nusleus, and in which the eifects of angula

monentun on thi Fission barrier are tado2n into account.
The imnlications of this conclusion are discussed.

Comparisons arc also itnda with models for the complete
fusion cross suciion which are based on the contact

configuration for the interacting tvo body systems.
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1. TINTRODUCTION

The ward ro ho dircuaand is part of a broad program
to meenur:y o0 many Of Uhe nadin seection channely oo pasuible
for hoavy ion ind‘ vl reactlioan. Tt ois plonned ultinately
to Jo hin oo L:“hnv of tu., W and projoc‘i\n combinrtions,

In the hoo fhal Uhotn o vesultys WiVl help provida tho ;x'.".;.-'cirvy
grourds for variou: macrescoplie modals oL heavy ton cocctlionu.

The systozs to be digcuased ara WOpr induced reactions
on targeta of 5% and 19%)g at incident energics of 197

and 283 M2V. DBeams vwore obtained from the Berkeley Super-
hilac. Ve will desceriba tiie exparimental method used, the
method of anaelysrn; the data, und the reosults which con int
of c¢ross reations Tor conpound nuclceus evaporatioa products
(evaporation cesiu . i), riaaien croenn: noations and angvlar
diatributi?:s, a fiianion rasn-yinld distribution, and fission
fragnent kincbtic energy disntributionn. Results will than

be coi:naret with sovera]l mad.els which nredicl angular
morevstum 1imits for « L¥hes the connound nucleus formation
crozn sectlon or for the cveporation residue crnzg scclion.
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2, EXPERIMEMNTAL M4YTi{OD

The results Lo b2 reported werce obtained from angular
distriovutions of r=zaction products measured with a gas-solid
state AUXE countor telescope (1) with a AE thickness of
v250ug/cn’ . Targeis were «200ug/cn . Line targets on carbon
bacting were used for all measurements except the 197 Mev
results in '®’Ag and the angular correlation result at 288 MeV.
A self-supporting target was used for the latter. A contour
plot of two spactra is shcwn as an example in fig. 1 (see
caption). EIncrgv resolution was A0.5% in the E planc and n6%
in AE. The features to bae noted in fig. 1 are the elastic
scattering paak, the evaporation residve distribution, a
fission-like distribution, and in some spectra a distribution
which has been attributed to carbon backings or carbon target
buildup. The latter is not evident in the examples of fig. 1.
Low 2 yields may also be seen in the contour from the 5°Ni .
target. Elastic scattering and use of ?32Cf sources werc used”
in the calibration of the AE and E scales.

Evaporation residue cross sections have been obtained by
integration over angle of the cross sections from distributions
such as shown in this example; fission angular distributions
were obtained by integration of the fission-like products.

The mass yicld to be shown was deduced from ths Z distribution
of thoe {ission-liite fragments frem a long run at 40° Lab; the
kinetic cnergy distribution also was obtained from this rua.
Range enorgy renulis (do/dd) duz to Kortheliffe and Schilling
ware used in ideatifying oroduct atomic numbers{2). Fission
Crogs sae.iony \Lese Obotinga Lrom the engulsy distollations

of the fission-like group anl at 288 Mev “'Ar + !'°%Aqg, a

cross soection vas alio ostained from a measurement of the
anqular correlation of the two fragments.

3. RLSULLS

Angelas disteibutions for the evanoralion residucs arc
shown in fig., 2. “rone vonulbis woeore jJ]LC{ﬁHx?Q Lo et totdd
cross scctiorsg., Wae larcoest souraee of crmrorw is thought to Lo
the extrapolation of the moasured distributions to 0°; total
errors from all sources arc believed to be <15%. Uncertaintics
in the extrapolation are reduced by the sing factor which enteres
into thoe inteqracion ol the disiributions of fig. 2. Results
for fuzion ansl Finnion cross scciions are summarized in Teble I.
Angular distriburions of fission-like products arce shown in
fig. 3. Urunu.ocoiiion Lo G was nede asswaing synectric
binary finzion. A 1/53in® curve was fitted to the experimental

esults, and i:s shown @s the solid line on this figure. FPlssion
crons nections wo n Lated on dnloegrotion of the 1/4in0 distri-
buntion, covrcot sl for the fraction of the maus yield estiuatced
to be micning Jron the dntogration of cach spaclrun,  This
Creaulle dinoa vy Lacge aneertainty for the P%Arc + YL system
siace o cavhon bash lT\'J m. l(‘ it ur vl(-.‘:'l.x.'ubl-'\ to integrate

baolow Y 24,0 Wi eanoetbe satal resalts at. 280 BaV o on °"-: shaw
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sow2 evidence oI baoing mnore foirusrd pealied than the 1/sin0
disztribation. 1% is not clear if this is a statistically
significant doviation., If it is, it could imply a centril ation
to the fission <ross section from a non-equilibrium system,

The charge vicld deducad from thz AR identification for
the systen '®“Ag + “‘Ar at 288 MeV is shewn in fig. 4. The
distribution is centered at =30, which is consistent with
the expectation for symmatric fission followed by particle
evaporation. The mass vield implied by these results has FVHM
of v40 AMU. Spectra were not integrated below 2=22 wvhen fig. 4
was preparxc.l. Preliminary results indicate a distribution
vhich is somswhat skewed to lowar masses. Kinetic erergy
distributions for the light, medium and heavy fragmenlts are
shown in fig. 5. The shift to higher cnergies for lower mass
in a manner consistent with binary fission may be seen. A
fission correlation experiment was also performad during the
run on which these data are based. The E counter used in the
correlation subtended an angle of +7.5°, which was estimated _,
to reccrd 47% of binary coincidence events. With the telescope
at +40°, the E counter was placed at -57.5° giving a correlation
angle of 97.5°. This may be compared with a predicted value
of 101° for symmetric binary fission. The cross section
obtained in this measurement also agreed well with estimates
from the singles measurements.

4. DISCUSSION

Fxperinantal results of this work are compaved with
predicted angular momencuwa lindts in fig. 6. Wi expoerinonital
evaporation residue cross sections are shown, and fcr the
19%)\g targets, the sum of evaporation residue plus fission
cross sections are alco indicated. The results show that at
the higher enexqgy in the Ar + Ag case, the sum of cvanorutinn
reszidue and fisncion ¢ross sections are still considerably less
than the expocted olal rcacric: cross section.

The low=r uolid curve is tue proedicted limit Lo the
evanavobion rosiduee cross aostions due to application of the
rocating liguid dron cadet 3], Yhe Flunion barsicos and
ground sitate rotatioral energics have been Tompatud as o
function of anqgular momentum by Cohen ct all3), 7These values
were used in a Bohr-Wheeler(4) type fisgsion-evaporation
corpetition calculatioun for cach iimpact parameter for “°Ar +
199g. Multiple particle emission and multiple chance fjiusion
were includad in tho calenlation[91,  This calculation should
predict the cross soction of the ecvaporation residue if the
corpound nucloeus in actually formed woih partial vaves highor
than those which give highly ftiseionable nuclei. The
cowparison Lirtwoen caleulated and experimental results in
figy. 6 is quite satlsfactory.

Models have boon formulatad to proedict the angular momentum
limits for the tormation of a cowzound nuclous basced on the
putanbianl oaoryy surface fov the inibia) contact configura-
tion, or for volated shepos, [0 These troatments are slwilar



to one another in that they consider the surface attractive
and Coulon® plus centrifugal repulsive tecms in computlng
tha potcntlal energy.

The first such troatrment to our knowledge was due to
Kalinkin and Petlhov!®], who considared ellipsoidzl contact
shapas, More recantly Wilczynski has calculated the result
for a configuration of spherical target and projectile systems
undergoing a grazing-like collision.t The predicted limit
to the compound nucleus formation cross section due to
Wilczynski's formulation is shown by the lower dotted curve
of fig. 6. If the ,“perlhﬂntally observed fission yicld
results from fission of a compound nuclcus, then the calcula-
tion with Wilczynski's model should be compared with the sum
of fission plus evapo*atlon residue croszs sections. In this
case, Wilczynski's result serlousl{ underestimates the fusion
cross section at 288 MeV “°Ar + Ag.

Tsang and Swiatecki are considering the prol‘;m of
compound nucleus formation in a dynamic model witl : frictional
eif2cts, based also on a contact configuration foi. two
spheres. 8) fTheir limits to the compound nucleus formation
cross section wnen the nuclear viscosity is high are shown
as the upper dotted curve of fig. 6. A similar result follows
from a r?thed and in some ways similar treatment due to
R. Bass. The agreement between the limits .of the Tsang-
Swiatecki trcatmant and the ex»perimental fission plus evapora-
tion residue cross section may be a preliminary indication of
high nuclear viccosity for heavy ion reactions in the encrgy
ranga of these results.

L4

5. CONCLUSTIONS .

The data discuszed indicete that far less than the full
rcaction cross sections are found in the evaporation resicues.
'ne evaporation residuae crtis soctions arve in reasonably good
aqreeient with values prad i zted by the rotating liguid drop
x:>ﬁal wivh fission concsniti fon, but the actnal fisgion cross

sotions can be suceh loas Cam thn diflcerence beliaosn caloulatnd
evaporatlon residue aand total reaction cross seclionu,
Prcsumably the difference is to be found in direct reaction
products, and evidenca has been found for high transfc* Cross
sections at 288 MeV in y-ray activation qtuJics of “'Ar +
1097¢4. [10]  For tha case Ag + Ar, the cross scction for the
avaporation residus and fission is consiqtvnt with the
prodlctwons of a modael based on the contact configuration
with high Jriciion oo forcualatad by Tooag and Bviacecli.
Tha fission product angular distributions are genevally
consisteone with a 1/3150 function, conslistont with alt least
a major portion of th: fission cross scction belinyg due to
equilibriu, fLidsion,
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Table i: Summary of cross soctions froina Y*%3ar bombardmont
cross scections (mb)
Evaporatiaon
Targat “0Ar Encrgy (MeV-Lab) Resicue Fission
SONi 288 900+120 a
197 880120 (400+150)
10954 288 670£100 60090
197 620+90 30045
a) Rough estimate based on integration of less

the mass-yield distribution.

that half
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Contour plots of counter-telescope data from “Onr

(197:av) on *3Mi and 975 targaels. The laboratory
anglas wore 10° and 12° respectively. The ordinzte
is tho loqurLL n of the number of counts. The high

paaks at low A and high E are the elastic “0ay p&eaks.
A ridcgoe dus to inclastic events and slit scattered
“0ar may be seen at erergies below the elastic peak.
The voeks at high AE and relatively low E are the
evaporation rusidues, and the group at medium E

with a broad distribution in AE is the fission like
group.

Angular dis tributions of evaporation residues
following “%Ar bombardment of 58Ni, %92Mo, and 19°%ag
targeits. Tne ordinate is broken to allow a double
display. The solid line was drawn visually through..
the points befors integration over angle. The dottad
lires represent cne set of extrapolations to 0°,
Squares, triangles, and circles rgpresent thc
experimental m=zasuremants.

Angular distributions of fission, like products.

foints rcpvesent experlmental measurements converted
to CM assuming symmetric binary fission. Solid

lines ar2 best fit resulis of a 1/sin® curve. For
“0ar + 53Ni the evaporation residue angular distri-
bution is shown for comparison as a dashed curve.
Chazagn distribution curve deduced from AF of fission
like products measured at 40° 1lsb. The open points
represent the experlmontal results converted to CM
and integrated assuming a 1/sin® angular distribution.
The snlid curve was arbitrarily drawn, and has been
shown as a dashed curve below 2 = 24 whexe it is
srbxapols :

ated.

Xinotic enoaray o. stribution of Ifragnents aburco
at 409, The oxrd the is number of countn, the
abiciasn is hiratic encrgy in tha laboratocry systooni.

Coun's from sovzral 2 waere combinad For scatistical
purposes. The peaks at low é&nergy are tho ght to
result from hcavv transfer products which give a
dE/dZ similar to low energy fission fragments. Those
events were not included in the integrations of
fig. 4.

Cross sections versus *PAr enerzgy. The heavy solid
curve reorascnhts a calculated total reaction cross
section. Open p01ntq represent the experimentally
maasured oveporation residue cross sections. Solid
points reonpr asent the sum of mecasured fission plus
evaporation rosidus cross sections. The thin solid
curven are colculated QVﬂpor1F10n residue yields
bhased on fission compatiltbion with a rotating liqguid
dznn. The lower dotted curve represcents predicted
coanleta fusion vields due to wllCszS\l'S form-
ulaiion basaed on contact gonfiguracion. The upper
doitnl curve ranreosoents the authors intoerpraetaltion
of tha liawil du2 ko & Formulation of'ﬂkhung and
Soiatocki, and also of Bans.
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