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ALSTRACT

Thin targobts of 391 an: 19975 have beon hombarded
with 197 and 288 MaVv "OAr ions from the Porkeley SUCER-
HILAC. A particla Lelescopu consisting of a «as proportional
AE counter and a slllecon surface barrior E dotector was
usad Lo measuroe all roaction products ranqlng from
elastically scattered argon iong to compound nuclaus
evaporntion products. #lesion fraguents and trans far
products waers nlso dutected. A good separition Detwoean
finsion fragmonis and other reaction products wasn ponsiblae
in tha case of tho 1099 + "Ope reanstion., Anqular distri-
butions woere optained from 4° to 40" in tha lavoratoery
syntom. Elastle scaltering and o ?F2CF source woare usad
to obtain ~nervgy and angular calibrations,

The fisnsion fragmont anqular dintcibution s charac-
terlzod hy a 1L/aing function, aud the dntogqrated fisslon
orong-sectlon was found to be 300 and 600 mb {oy Ar + Ag
at 1927 and 2845 Maev,

“VVC)rl; supportod dn part hy tha 1.8, Atonde Fnergy Comaiasion
and Gosollachaill fue Schoorionenforsehung M,



Results hova bean interpreted in torms of a model in
which fission counpotes with other modes of de-excitalion
of the compound nuslesus, and in which the eifects of angula
monentun on thi Fission barrier are takon into account.
The imnlications of this conclusion are discussed.
Comparisons arc also inda with models for the complete
fusion cross scvciion which are based on the contact

configuration for the interacting tvo body systems.
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1. TINTRODUCTION

The worls to b discussed is part of a broad program
to meenur: &L rany of Uhe nadn wercetion channely oo pusaible
for honvy ion dnduveed reactioas. It is plonned ultimatcly
to do Whin Jor onoreohoe of toogat and projectile combinrtions,
In the oo thal o venuellts wiVl halp provida thoe provine
grounds for variows nmacroscoplic mudaeln of heavy itoa caautlonu,
The systars to be discussed ary "OAr induced reactions
on targeta of 5% and 19%)g at incident energics of 197
and 2838 M2V, Deavws wore ohtained from the Berkeley Supoer-
hilaue. W will describa thic expariimental method used, tha
method of analyeln; the data, and the results which consist
of cross veations for conpound nucleus evaporation products
(evaporation zcesiui . s}, fis:ien crons noationg and angvlar
distributinsrs, a flazion rasn-yinzld distribution, and fission
fraginent kinctic ennrgy distributionn. Results will thaen
be coi:narcy with aaven]l madels which nradicl angular
morestwma 1imits for o L¥heg the connound nueleus formation
crosn sectlon or for the cveporatioa residue crnzg scclion.
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2. EXPERIMENTAL MYTi{OD

The results Lo b: reported werc obtained from angular
distributions of reaction products measured with a gas-solid
state fuub councor tolesLOﬂolll w1tn a AL thickness of
v250ug/en’ .  Targecs were «200ug/cn . Line targets on carbon
backing were used for all recasurcments exc ept 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). Encrgv resolution was ~0.5% in the E planc and ~6%
in AE. The features to be noted in fig. 1 are the elastic
scattering peak, 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 Z yields may also be seen in the contour from the 35°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 skown was deduced from thse Z dAistribution
of tho lission-lilic fracments frem a long run at 40° Lab; the
kinetic cnergy distribution also was obtained from this ruu.
Range cnurgy cenults (di/dx) duz to Koxtheliffe and Schilling
ware used in ideantifying oroduct atomic numbers{2)., Fission
Crogs sac.iong \Loere oObcaincd from the engulny distoilutions

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

cross scction vas also ostained from a measurement of the
anqular correlation of the two fragments.

hngalar dinteibutions for thh evonoralion resfdues arc

shown 10 (iq, Zf. Conne vonulbs v oeve .l”l‘...'._'"'ux"" to vt totd)
cross scction ane larcest source of cimvor is thought Lo Lo
the owtrapolahlmn of the raasured 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 the inteqracion of the disuributions of fig. 2. Results
for fuzion and Fission cross sceciions are summarized in Teble I.
Anqular distributions of fission-like products arce shown in
fig. 3. Urunuiocoition Lo G was nede assuning symmctrice
binury finzion., A 1/4in® curve was fitted to the experimental

esulty, and is shown an the solid line on this figure. TFisuion
crons sections wo n bated on dnlegrotion of the 1/4in0 digtri-
butiorn, covrcct~l for the fraction of the mass yield estinatced
to b missing Jron the dnlogration of cach aspoaclrum.  Thiy
Cresulle Ainoa veo lacge uaneortainty for the P®Arc + YL system
siace o cavhon bazing mode L undiesirable to tntegralte
below ¥ 220 Wi corovie aatal rosalts atl 288 HaVv o on °"-' nha



sow2 evidence ol being nore forusard peaked than the 1/sin0
disztribulion. 1t is noit clear if this is a statistically
significant doeviation., If it is, it could imply a centrilation
to the fission cross section from a non-equilibrium system.

The charge vield deduced from thz A identification for
the systen '®“Ag + “*Yar at 288 MeV is shown in fig. 4. The
distribution is centered at V=30, which is consistent with
the expectation for symmztric fission followed by particle
evaporation. The mass vield implied by these results has FVWHM
of V40 AMU. Spectra were not integrated below Z=22 wvhen fig. 4
was preparxc.l. Preliminary results indicate a distribution
vhich is someswhat skewed to lowar masses. Kinetic erergy
distributions for the light, medium and heavy fragments 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. WVWith 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. DISCUSSIOM

Fxperinartal results of this work are compaved with
predicted angular momentwn liidts ia fig. 6. ‘o cxperinontal
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, Che sum of cvanoratlinn
resxidue and fiscion aross sections are still considerably less
than the expocted (otal rcaccicn cross aection.

The lowaz2r wolid curve is tiue predicted limit Lo the
cevaparotion rosidue cooss socticons due to application of the
rocating liguid dron cadeltdl,  whe Ffivsion barsicos and
ground state rotatiornal energics have been Tompatud as o
function of anqgular momentun by Cohen ct all3), 7These values
were used in a Bohr-Wheeler(4) type fission-evaporation
cormpetition calculation for cach impact parameter for “°Ar +
199y, Multiple particle emission and multiple chance fjiusion
wore includad in tha calenlation[®],  This calculation should
predict the cross asoction of the cvaporation residue if the
compound nucleus in qetually formed wiilh partial vaves hichor
than those which give highly ftissionable nuclei. The
cowparison hatween caleculated and experimental results in
figy. 6 is quite satisfactory.

Models have boon formulated to predict the angular momentum
linjts for the tommation of a cowpound nuclous basaed on the
potanltial ocasrygy surface fov the inibia) contact configura-
tion, or for rolated shuepes, [0 These treoabtments are slwllar



to one a@another in that they consider the surface attractive
and Coulon®» plus centrifugal repulsive tcecms in comwputing
tha potential enerxgy.

The first such trcocatrmant to our knowledge was due to
Kalinkin and Petlov[®], who considered ellipsoid2l contact
shapas, More recently 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 experimentally obsexrved fission yicld
results from fission of a compound nuclecus, then the calcula-
tion with Wilczynski's model should be compared with the sum
of fission plus evaporation residue cross sections. In this
case, Vilczynski's result seriouslg underestimates the fusion
cross section at 288 MeV “°Ar + !%7aq. .

Tsang and Swiatecki are considering the prol:’l2m of
compound nucleus formation in a dynamic model witi : frictional
e{f=2cts, based also on a contact configuration foi: two
spheres. 8) fTheir limits to the compound nucleus formation
cross section when 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 experimental 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. CONCLUSTIOXNS .

The data discussed indicete that far less than the full
rcaction cross sections are found in the evaporation resicucs.
'ne evaporation residue crois sactions are din reasonably good
aqreenant with valuoes prad tcwed by the rotating liguid drop
mohel wich fission eoocnii fon, but the actual fission crose
seations can be —ueh loeas ian tho difforence heluvaon caloulatnd
evaporation residue and total reaction cross scolionu,
Prcsumably the difference is to be found in direct reaction
products, and evidenca has been found for high transfer cross
sections at 288 MeV in y-ray activation studles of “OAr +
1097¢. [10)  For th: case Ag + Ar, the cross section for the
pvaporiation residus and fission 1is consistent with the
predictions of a mordel based on the contact coniguration
with high irviciion oo forcalatad by Tooag eand Sviateclki.

The fission product angular distributions are guenevally
consistene with a /3150 function, conslstont with at least
a major portion of tha fission cross scction beinyg due to
equilibriun Ligssion.
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Table Summnary of sackioas from “*®Ar bombardmont
cross scections (mb)
Evaporatian
Targat “0Ar Encrgy (MeV-Lab) Resicue Fissicn
S8Ni 288 900120 a
197 880120 (400+150)
10954 288 670100 600+90
197 62090 30045

a) Rough estimate based on integration of les
the mass-yield distribution.

s that half
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CAPTIONS
Contour plots of counter-telescope data from “OAr
(197:ﬂ\) on °3Mi and 19°ag5 targets. The laboratory
anglas wore 10° and 12° respectively. The ordinato
is thr logarithr of the number of counts. The high
paeaks at low A and high E are the elastic “0ar peaks.
A ri‘ o dus to inclastic events and slit scattered
“0ar may bz secn at energies below the elastic peak.
the poaeks at high AE and relatively low E are the
evaporation ruesidues, and the group at medium E
with a broad distribution in AE is the fission like
gqroup.

Angular dis tributions of evaporation residues
following “%ar bombard@ment of 58Ni, %2Mo, and 19°%ag
targets. The ordinate is broken to allow a double
display. The solid line was drawn visually through..
the points befor: integration over angle. The dottad
lires represent cne set of extrapolations to 0°,
Squares, triangles, and circles rgpresent thc
experimental mezasurements.
Angular distributions of fission, like products.
f’o.Ln‘-<~ rcpvesent experlmental measurements converted
to CM assuming symmetric binary fission. Solid
lines arz best fit resulis of a 1/sind curve. For
“Oar + 93Ni the evaporation residue angular distri-
bution is shown for comparison as a dashed curve.
Charga distribution curve deduced from AE of fission
like products measured at 40° 1lab. 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
sxbtrxapolated, )
Xinetic enaray stribution of fragnents uburco
aL 409, The oralnate is number of countn, the
Dhuoinsn is hinatic ehzrgy in tha laboratcry systoo.
Cu.l*'r from sovzial Zowere combhinad For scatistical
purposes. Tne peaks at low &nergy are tho ght to
result from hcavv transfer products which give a
dE/dX simllar to low energy fission fragments. Those
events were not included in the integrations of
fig. 4.
Cross sections versus *PAr energy. The heavy solid
curve reonraescnks a calculated total reaction cross
section. Open points represent the experimentally
maasuvrad evaporation residue cross sections. Solid
poLnts re wroszent the sum of measured fission plus
evaporation rosidue cross sections. The thin solid
curvaes are colculatced QVﬂpor1F10n residue yields

bhased or fission compatition with a rotating liquid
dzon. The lower dotlted curve represcents predicted
coanloeta fusion yieclds due to wllczyrs«i's form-
ulation bigaed on contact configuration. The upper
dottnl curve ranrosents the authors inlerpretabion
of tha lianil du2 ko & formulation of Taang and

Suiakocki, and also of Bass.
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