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Abstract

‘The reaction:of 288 Mev'40Ar ions with tﬁick 2380 targets
has been studied experimentally with nuclear chemistfy techpiques.
The formaFiqn cross section of 130 ;adioactiyg‘nuclides were
measured.: The aata.have been used to delineate charge and
méss distributions.  The mass distributiqn is interpreted as-a‘
éuperposition of seve;al components: transfer prbducté‘(Quasi-elastic
component, 400 * 120 mb),'mqlti-nucleon transfer products (deep inelastic
cbmponent, 100 + 50 mb) and products from qompléte fusion?fission (620 *
150 mb). 1In addition, there is evidence for sequential fission of heavy
products formed in quasi-elastic and deep inelastic transfér‘reéctions.
In the first case a doubie~humpéd méss distribution‘(150f23d mb) with the
characteristicé of low-energy fission'is observed. vApparently, the.
sequehtial fission after deep inelastic processes occurs at hiéher
excitation energies.

For the éuasi-éléstié component the mass'to.qhargebrétio is close
to that of the projectile orvtérget, whefeas for the deep inelastiq 

component and for the fusion-fission component the mass to charge ratios
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appear to be fdlly equilibrated. Proton pick-up reactions in the deep
inelastic reactions of 40Ar lead to a build-up of products up to at least

Z =26, indicating a continuous development from deep inelastic transfer

to fusion-fission.

NUCLEAR REACTIONS 238y 4 4OAr, "E<288 MeV; measured
o (z, A)} deduced charge and mass distributibns, 0. for

quasi-elastic transfer, deep inelastic transfer, fusion-

‘ fission, Or, 1. : ' ]




I. INTRODUCTION
Evaluations of complete fusion cross sections! in heavy—ion

interactiohs_of 40ar ions and heavier projectiles with medium and heavy
targets havg shoﬁn that thé formation of a compound nucleus (including
the somewhat more general phenomenoé of "complete fﬁsion") is no 1on§er
the most probable rééqtipn chénnel. Instead, transfer reactions and
deeb'ipelastic processes contribute more significantlY'thaﬁ is the case
for lighter:systems. The experiméntal évidence avéilable at present was
.ogtained by.various techniques developed and aéplied for.the detailed

investigation of specific reaction channels. Fusion cross sections were

measured with mica track'detector_s2 and with AE,E counter telescopes3;

the kinematic coincidence technique-designed to studf reactions where

two fragments are emitted in the exit chaﬁnel has been applied to complete
fusi&n—fission4'5 and to deep inelaétic reactioﬂss‘s; magnetic‘analysis
and/or AE,E methodsg'lo,were applied t§ qtasi—elasfic and deep inelastic
transfer feéctions, to name a few examples.

"The many‘open questions'related to thg prediction of the magnitude
of the fusion'cross sections and to the characteristics of deepvinelastic
processes make it difficult at present to predict the relétive importance
of the compeﬁing known réaction chahnels in even heavier colliding
systems. Also, it cannét be excluded that hitherto:unobserved reaction
mechanisms becqme important. |

In view‘of the sometimes highly specialized applications‘of'the
above mentiqned techniqﬁe§ aﬁd in view of thé large ﬁncertainties_in
predicting cross sections_forvvery heavy systems, the authors felt

the need for a survey experiment based on a technique that is equally.



sensitive to all competing reaction channels. In this Paper we report on
such a sur?ey experimeht; The abproach consists in the radiochemical |
meésurement of a large number of integral cross sections of radioactive
products produced'in ﬁhe bombardment of an infinitely thick tafgét.
Advantages>df'this approach are the small beam tiﬁes required--typically
an inténsé 1-2 hogr bombardment is sufficiént‘to measure cross sections
of more than»bne hﬁndred reaction products--and the féct that cross
sgctiéns are dbtained for prédudts uniquely charaCtérized in Z and A
without the need for assumptions about the reactién mechanism.

"The reaétion system investigated in this wofk is that of 288 MeV
4OAr'ions'iﬁipinging'on 238y, The results are compared with data obtained
in kinematic coiﬁcidencé expefiments.with this reaction that.havé been
reportéd’by Q#hérs.s 'Itjappears iikely that the propérties ofvtﬁe :;
product cross secﬁion distribution for light produgts (Z‘<265-observéd

" in the reaétioﬁ;ovlz of 40ar with 2327h can be compared with.the fadioj
chemical results for 2Car ohv23eU.

Besides the determination of the cross seétiqns.for complete.
fusion-fission'and éirect réactions, there ﬁre a féﬁ'éthervquestions to
which the present work attempts to ‘make some cbntribution: (1) that of
the buila-up of producté with Z2 > 18 in deep inelasfic'éollisions of 40p,
ions, (2) the questidh'cf>the charge to mass ratios»bf'the quasi-elastiq'

transfer, deep inelastic transfer and complete fusion-fission products,

" (3) the question of
the amount of fission of the moderately excited heavy fragments produced

by the transfer of a few nucleons, (4) the amount of sequential fission
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of the highly excited heavy fragments fbrmed in deep inelastic collisions
and (5) the mass distributions of these two different transfer-induced
fission reactions.

A short note on results of the present work was published

" elsewhere.l3 a parallel_study of the reaction of 84gr with 2380'15

the subject of a forthcoming paper;14

II. METHODS

A. Experimental Procedure

1. ‘Irradiations.-

The experimental irradiations were performed at the Lawrence

Berkeley Laboratory's heavy-ion linear accelerator (SuperHILAC). Thev

targets consisted of a stack of 2 or 3 uranium metal foils of 30 mg/cm?

thickness and natural iSotopic composition. A surface layer of uranium

oxide was_remoﬁed from each foil prior to irradiation by etehiﬁg_it with
cold conc. HNO3 under argon atmosphere. The stack of etched:ﬁetal foiis
was clamped against a ‘water-cooled copper block inside a Faraday cup
conﬁected to a current integrafor which permitted the recording of the 
beam intensity and the total charge collected. Secondary electron emission
was sﬁppre;eed by anrelecfrostatic field (300 V) and a transverse magnetie
field (®500 Gauss). It is known f;om comparison with eiaseic scattering
cross sections that'this eup arrangement gives‘beam current reaaings that
are accurate fo better than 20%. The target foils were irradiated with

40Ar13+.beams of 288 MeV, beam diameter < 12 mm, with intensities of

'Several hundred nAmp, typically for 1 or 2 hours. After irradiation'.

the first uranium foil was quickly counted without chemical separation

to identify short-lived isotopes (e.g. 2390, 41Ar; 38,39C1
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and - 107Rh3 via promihent Y-ray peaks that could be unambiguously
identified in the complex Y-ray spectra. Afterwards this foil was’ “
dissolved and'séparated into sevefa; chemical fractions. The thickness

of the'first foil is sufficient to slow down the.4OAr particies to
energies below the Coulomb-barrier.(this requires 17.3 mg U/ém2 15)'and,
in'aAdition, to stop the majority of reaction prbducts within the foil.
Quasi-elastic t:angfer products such as 41Ar, 38'39C1 and 385,
comprisingv9—12% of_fhe total activities, were found in the second

foil. To defefmine these percentages the second foil was also processed
chemically and assayed for the same radioactive products és the first foil.
From the aétivity of 9%Mo, and upper limits for 107Rh, }39Ba, 194Au and
239Np, it was possible to deduce_that none of these'¥eaction products

- escaped to more fhah'Z% into the second foil. Tﬁe tﬁird uranium foil,
which servéd as a monitor for neutron—indﬁced fission of 238y in thé target,
was assayed chemically for o. Ih this way, the cqntribution of neuﬁron—
indgcéd fission to-the yields of neutron-rich isotopesvin the mass range |
80 < A < 150 was shown to be abéut 1%, The stackéd'foil targets
»disintegrated if the 407y peam intensities exceeded 300 nAmp. Therefore,
for a 2 yAmp bombardment a single 25 mg/cm2 thick uranium iayer_sputtered
onto aﬁ aluminum baqking was used. 'Sgall Ar impurities in this target
originating_fiom the sputtering process did not affect the Au; Tl,

lanthanide and Y yields that were measured in this experiment.

2. <Chemical separations.
Thé chemical procedure for processing heavy-ion bombarded uranium

targets was described in a previous_publication.16 Originally, this
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procedure wasvdeveloped to isolate a superheavy elément fractién by taking
édvantage of the predicted strong tendency of these elements to form
bromide complex ions. By adding-further séparafioh steps, based on the
volatility of bromides and the different degrees of complex ion formation
in HBr and HC1 solutions,.the targegs werevfinal;y‘séparated into a total
ofv7'phemica1 fractions.‘ Fof a detailed investigatidh of the isotopic
yield distributions of Y (together'with the heavy lanthanides’,_Au and Tl

isotopes, specific separations for Y and Au+Tl were also applied. These

procedures are described in the APPENDIX.

3. Radioactivity measurements.

Thé activity of eaéh product was’dete;minea by obsérving its
characteristiC'Y—fay transitiOnS. Camma-ray'spectra weré fecorded.§itﬁ,
efficiencf-calibrated Ge(Li)-diodes of 10 apd 50‘cm3 active volume andl

3.5 and 2.8 kev resolution at l332_keV.‘ The photoelectric efficiency of

‘the detectors was determined as a function of Y-ray energy for a number

of well defined counting geometries with a set of»calibrated_sources.
The Y-ray spectrum of each sémple in the energy range 50 keV‘<E=§2.Me9
was measured at about 1 keV/channel as a function qf time-by a 400 or 
4096 channel pulsé height analyéer for a total period 6f about three‘

weeks.

'B. Treatment of Data
- The spectral data were analyzed with a set of computer programs‘as
described elsewhere.l’ These programs allow the experimenter to use to

advantage information "external" to a given y-ray spectrum, such as the



chemical‘separations occurring in the preparation of the_sample,_the rate
of decay of a y-ray peak, and available information about parent-daughtef
decay reiationships and the quantal yields of.additional Y~-ray lines from
the decay of the nuclide under consideration. The intensity of each
Y-ray was diéplayed as a function of the time of gbunt on an intéractive
cdmputer console. _ ' ' - v-. The decay
data were.aﬁalyzed in terms of tﬁe decayvcharacterisﬁics of known |
nuclides contained in a y-ray reference table, which was compiled‘from.
various sources.18-20 The reference table was broken into subsets
consisting of the nuclides that might be present in a given chemical
" 'fraction. Thus, the assignment of a Y-ray peak and iﬁs intensity (IY)-
to a specific isotope was made on the basis of the chemical fractionvin
which it was dbserved, its half-life, y-ray energy,‘parent—daﬁghter.
relations, and corroboration'by‘accompanying Y-ray peaks with the properf
energieé, half—livés and intensities. | |

If'nécgssary, the measuied activifies were cérreCted for the
variation of fhe beam intensity with time. Corrections.of‘the activities
dﬁe to E précursof decay were also applied. The absolute values

of the cross sections'of the products were determined from the corrected
activities, the quantum yields (IY)’ the half-life, the chemical'yield)
effective target thickness (17.3 mg U/cm2), beam intensity, and irradiation
period. If several y-rays of the same isotope werevobServed; the cross
section reported below generally was calcﬁlated from the weighted average
all the corrected y-ray _ : .
oﬁﬂ}ntensities. The estimated errors in computing the absolute values of

the cross sections are #4% for the counting efficiéncy and *3% for the

chemical yield. 1In some cases, where elements were split between two
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chemical fractions,16 the latter uncertainty.céuld be as_iarge as 10%.
Uncertainties in the v&lues of_IY and in fhe beam curren; integration were
not taken intq account. The uncertainties listed iﬁ Table I rep;eséht

a linear combination of these uncertainties and the statistical uncertainty

in the corrected activities obtained in decay-curve analyses.

ITI. RESULTS

Table Ivlisfs the integral cross sections which were determined in
the mostvintensé bombardments. Thé data from two preceding low—intgnsity
bombardmenté were in reasonable agreement with these cross sections.
However, due tq'theirflarge'Statiétical uncertainties and due to the léss
sophisticated data redudtionbtechniques'applied in'their evaluation, they
were considered less reliaﬁle and were not taken intd account. A féw
remarks should be added concerning the "type of éross éectioh" in Table T.
(1) In the following discussion the terms "formation cross section" and
"yield" (both given in mb) are used interchangeably; As in fission
studies we distinguish independent yields and cumulative yields. 1In
low~energy fission the cumulative yield of the lést member of a B -decay

generally

chaiqArepresents the total chain yield. In the reactionS‘investigated in
the present work both neutron-deficient and neutron;rich isotopes aré
formed for a broad range of mass numbers, léading to the occurrence of
two independently decayinévbeta-decay chains at a éiven mass num#er. Thus,
for many mass numbefs ﬁheré is no single isotope for which the cumulative

cross section is equal to the total cross section at this mass number



(“totgl mass yield"). (2) Some.qf the classifications in.Table I are
given in parentheses. This occuré whvenever an isoxﬁeric state exists
besides the ground state, but only one of them was meésured, the other
one béing undetected due to unfavorable half-lives, low quantum yieids or

cross sections below the detection limit. The parentheses thus indicate

that these cross sections must be considered as lower limits. 1In practice

it turns out that the independent yields of the high spin states are
generélly quite close to the total independent yield of a given isotope

as interpolated from the charge dispersion systematics. 1In particular,

this seems to be a good working hypothesis in cases where the spin of the

undetected state is low. If both states have spins of a few units of h,

the selectivity for the higher spin state is far less pronounced.

.

"IV. DISCUSSION

A. Cross Section Isopleths

Thg independent and qumulative yields from Tablé_I are piotted v#.'
mass numher (after parﬁicle'evaporation) in Fig.vlké). The apparent
scatter in the data in Fig. 1l(a) occurs because independeﬁt yields, and
even many of the cumulative yields, repfesent only a fraction of tﬁe total
mass yields.. Fig. 1(b) is a contour map of the indépéndent yields in ai
Z-A plane, indicating yield locations relative to the étability line.

The structuré révéaled_by the isopletﬁs in Fig. l(b)rindicatés.that'
b.geveral yield distributions with different charge- and mass—dispersioné,
and hence different origins, are superimposed on each other. The overall
distributions is dominated (1) b& the high yields (>100 mﬁ) for transfer

products near A=40 and A=238 ("rabbit ears," components E and F in



fig. 1{b]) and 12) by a broad fission product disﬁribution centered around
A®133. As will be discussed in the following paragraphs, this distribu-
tion is not a single component,.but consists of products from fusion-fiséion
‘(component A), from fission of heavy products formed by transfer.of a few
nucleons and small amounts of excitation energy (compbnent’B), and from
high energy fission of heavy products from deep inelasfic pxbcesses

»(shadad area D). Furthermore, there are neutron-rich products ranging

from low 2 Qalues up to Z®26 or even higher, that are attributed'té daep

inelastic transfer reactions (component C).

B. Charge Dispersion Curves -

For the deduction of the total mass yields from'thevyielda of
single isotopes it is necessary that the charge dispefsion curve be known
for a given mass chaiﬁ. (In Fig. 1(b) a charge diséersion curve would
correspond to a cut through the indicated "yield ﬁountains" at a fixed
mass-nuﬁber.) Than the.experimentally determined independent or
cumulati&e yield can be related to the total mass yield by correcting
for the indepen&ent yields of unobserved members of the chain. To arrive
at the total mass yield for a given mass one has to ihtegrate the charge
Aispersion curve; i.e., sum up the indapendenﬁ yieids of all isotopes
with mass A. We have made the usual assumption regarding thé éharge.
distribution originating from a given reaction‘where two excited
‘fragments are emitted in the exit channel. |

Neutrona are emittéd from the fragmehts in a quantity proportional

to the fragment mass number:

A=A' (1- Yy . (1)
. Ao R .
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where V is the total number of neutrons per binary event, A' is thé mass
number bf the fission fragment before neutron emission, and A, is the
composite nﬁcléus mass number. For simplicity, it is assumed that the
number of neutrons emitted by an excited fragment of a giVen mass number
'is a fi#ediquahtity. It is obvious that the dispersion in the number of
neutrons emiﬁtéd by a fraément is then formally included in the dispersibn
ip the fragment charge for'avgiven mass_number.

For a given fragment‘mass numbei A' there exiéts a most probable
nuclear charge Zp (A;) for which the yield of the isobar is higher._ The
indgpendenf yield of an isobar with Z different from Zp is described by a

Gaussian distribution

o | 2-Zp) 2 v
P(2-2p) = P —L1 exp - s 2 (2)
FF 202 B

where O, is a parameter describing the width of the isobaric yield
distribution for a given A'. The function Zp (') was determined both
empirically and by ﬁsing'various hypotheses as discussed in sections C

and D.. Pp is the mass distribution function (the total mass yield as a

function of A'). In agreement with previous experience22(23 Pp is a

Gaussian for complete fusion-fission. If the isobaric dispersions-aré
given by equation (2), then the isotopic distribution of an element with

the proton number Z has the form

1

' : . - '_V 1y 2
PAT-R) = . SN | exp - _BTTRR) (3
(). e 202

A'=pt A A

where Aé is the most proBable mass for a fragment of a given element Z

and is determined from the condition ZP(A') = Z.
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Corrections for the yieids of isotopes not observed experi-
mentally as well as appropriate corrections in determining independent
yields from measured cumulative yields depend on ‘the parameters

Vs, Oz, Zp(A') and the function Pp; i.e., on parameters and functions which

- 2

we are eventﬁaily required to find. This situation is further complicated
by the fact that we have to deal with the supefposition of several yield
distributions, .especially in the méss region 80 <A <150, (see Fig. i[vb] ).
Therefore, to determine Ehé charge dispersionbparameters and the mass
distribution functions Pp, we had to use successive approximations. The
first step in this iterative procedure was the plotfing of isotoéic
diétributions (i.e., cuts through thé yield mountains in Fig. lkb) for
fixed pfoton number Z) and the empirical deduction of fhe above menﬁioned
parameters-for:the fﬁsion—fission component; follbwed-by appropriate’
estimates for the other less abundant components;

FIn plottiﬁg isotopic distributions of fission products (after
neutron emission) and fitting them Withva Gaussian;shaped function, one
makes the following simplifications in compafison with equations (1) and
(3): the number of neutrons evaporated is.assﬁmed fo'be cohstaht in a
. small mass range of<§7 mass units and Pp is assumed to be constant in the
same mass interval. 'Néte that‘the correction introduced to recénstruct
the individual yield of certain isotopes is important only for isotopes
with Z close fo 250 whereas for Iz—zp|>1.5 it does not exceed 10-15%.

fig. 2 shdws as an example a set of isotopic distributions-vs.
product mass number>for elements with 75<z<83; i.e., in a region whére
only the fusibnéfission component is present. Note thét the cﬁrves drawn

in Fig. 2 deviate from those according to equation.(B).by the just
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mentionéd simplifications. The exact charge dispersion desqription
according to Eq. (2) is used in Fig. 3 to represent the charge dispersion
for product mass number 199 (ffagment mass number 207.98 for v=12). The
crosses in Fig.b3 represent yields estimated by interpolations in Fig. 2.
The width parameter 0, = 0.85 Qf the fitted Gaussian in Fig. 3 has been
determinéd by least-squares methods from Chérge dispersion curves for the
prodﬁct,maSSés'l96—204. Fdrvthe variation of 0, with A' for the fusion-
fission diétribution, see_TableriI. |

Chargé dispersion in the more coﬁplicated méss regions near A=90
and A=130 (see Fig; 1{b]) is illustrated by thevisbtopic yield-distributions
for yttrium isotépeS'(Z=39) and iodine iéotopes (Z=53) which are shown in '
Fig; 4. These yields can not be approximated by a'siﬁgle-component’
Gaussian‘charge dispersion curve: the excess yield,of_neutron-rich.
isotopes, evén though being partially or completely cumulafive, cahnoﬁzbe.
explained in terms of the fusion-fission dispersion cufves indicated by
solid lines 'in Fig. 4. These cross sections as well ag'large pbrtions
of the yields éf 93Y,‘99Mo, 10‘3Ru', 105Ru, 107Rh, l393a,.;408a,‘141Ce,i
142La, 143Ce, 149%d ana others have to be assigned to an addiﬁional,'

neutron-rich product distribution superimposed on the fusion-fission

distribution. This neutron-rich distribution is intéfpreted as the result -

of figsion after transfer of a few nucleons'aﬁd small ambﬁnts.of excita-
tionvenergy to the 238y target nuclei. To verify this interpretation,

we bomb&rded a Pb-target with S4kr ions, which cause tﬁe;same transfer-
induced fission as 4°Ar.14;24 Lead isotopes have much higher fission |
barriers than‘urahium.' Thus, Pb-fission should not occur after the

transfer of a few nucleons to the target, and the measured iodine
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. isotopic distribution shows that the neutron-rich component was

missing.

C. Mass Distributions

'Plots'similar to those presented.in:Fig 2-4 hévé béen prepared
for ﬁhé en£ire_mass region 24 <a<240. Only smooth, cbnti.riuous ' |
variaﬁiohs‘in the charge dispersion parametefs'and'cohtinuous functions 
Pp were ailowed.‘ The various cdméénentsvcontributiné to-the overall
mass distribution were then separated from the most abundant component
(A) in Fig. lfb), according to their‘occurrenCe in different mass regions,
on the basis of their different charge dispersions, and by assﬁming a -
Gaussian shape for the mass distribution P, of the fusion—fissidn
'component. The last assumption is derived from the following'arguments.
It ié known that in'heavy-ion-induéed fission symmetric mass.distribu-
tion525’26’27 in agreement with theoretical predictionsza‘are associated
with triangulaf.contour Qlots éf fragment mass vs.>ffagment fotal kinetic
energy,29 Because the tfpicgl triangular appearance of fragment massb
vs. total kinetic energy was observed for fission after full momentum
transfer for the 405y + 238y system,5'30'the assumption of a symmetric
Gauséian mass distributioﬁ for this reaction channel éeems to be
appropriate;'

In‘thejfolldwing we discuss details relevant fbr the determination
of the mass disttibutions and integral croés sections of thé various

4

components.:

1. Complete fusion-fission.

The mass distribution function Py and the integral cross section
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for complete fusion-fission were calculated with the assumptions abduf
neutron evaporation and charge dispersion discuésed in the preceding
section; Thé relevant parameters v and o, were defined in equations
(l) éhd'(2)i The depepdence of the mos; probable nuclear charge
Zp on the fragment mass A'vﬁas treated (1) empirically and (2) with a
| f;xed Zp4functiOnIaCCOrding to the usual charge dispersion hypotheses.
This is discuséed}inkmore detail in section IV. D. In the first éése/
empiricai Ap?vaIUesvwere first determined from isotopic distributions
for which morg than one indeéendent yield waé méasufed (Sc, Zn, Br, Rb, Y,
Ag, I, Cs, ib, Dy, Er, Tm, Ir, Au;‘fl, Pb and Bi). The other dispersion
curves were then inferpolated with the requirement that thé Ap—values of
adjacent iso;opic_distributions must be,seéafatéd_by approximately 2.4
mass units. This value is estimated from thé mass to charge ratio of.the
compoéite s&stem together with appropriate assumptions on the prompt
neutron evaporation according to equation (1). Succeésive aéproximations
were used to'qbtain an'empirical set Oflzp—valdes as a functign of

A'. '

This set of Zp—values or one of the fixed Zp—functions was

used in a three-dimensional iterative procedure (code MASS) developéd
to determine the free parameters v,0,(A') and the parameters defining

the Gaussian mass distribution function P_. Another input to this

A
least~squares procedure was the cross-section data for isotopes
assigned.to the fusion-fission component on the basis of the plotted
isotopic distributions.

If one excludes the yields of neutron-rich isotopes with mass

number 80 <A <150 and the Ag, Pd and Cd cross sections for reasons given
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beiow, the fissioning nueieue is calculated to be close tovizgx with

V=12, as'expecﬁed. The smallest overall error in the computatiohe is

o . ' . fusion-fission

obtained when the empirical set of Z,-values is inserted. The calculateQA
cross section is ef the order of 500 te_550 mb, depending somewhat on the
Zp—anCtion ueed in the calculation and the width of the Gaussian mass
diseributionecurve is close to OPA=35. Also, it is found thet the charge

) : _ ; the widths
dispersion curves are widest for symmetric mass divisions, an@«decrease
with increasing‘mass esymmetry. In Table II the results are summariéed

and compared with the results of en earlier radiochemieal iAVestigatien by
Karamyan et al.22 Qhere the charge and mass distribution paremeters.were
extraeted from’a>cohsidefably emaller number of measured cross sectionsf

The posﬁ neutron emission mass yield curve fof the fusion-fission
reaction iesqltihg'from the data in Table II is shown in Fig. 5 (coﬁponent
A). Its integrated cross seetion'is 555:t80 mb.
This cross section is probably slightly low beCause the experimental

technique is not sensitive to fission-fragmente whicheescape from the
target intolfhe backward hemisphere. We have perfqrmed a kinematic calcu-
letion on the_,‘_mAr + v238U system in the energy interval. 288 MeV ZE 2200 MeV,
where the velocities of the fiagments were derived ffom theif measured
energies.3°'31 Also, the finite thickness of the target ahd the related
stopping powersl.5 for fission-fragments with different masses we#e‘taken
into account. This calculaﬁibn showé that for fragments with mass numbers
A'=200, A'=139, A'=100 and A'=40 the losses, averaged over the whole

ehergy inteivél and tafget thickness, are 10%, 20%, 30%,'and'40%,'
respectively. _Iﬁ our.least—squares'determinationvof the mass

distribution parameters, the majority of measured cross sections
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refer to isotopes with A' >120. Thus a correction to the integral
cross: section for fusion-fission of the order of 10 to 20% is considered
appropriate. . This correction results in a complete fusion-fission

cross section value of 6201150 mb.

2. Transfe;-induced fission.

Usipg the parameters given in Table II we have caleulated
independent yields and eumulative yields for a pure fusion;fiseion
‘produc; distributien and have subtracted these calculated cross sections
from the measured data. From fhe residuai cross sections of the neutroﬁ-
rich isotopes with 80 <A <150 one can.then estimate charge- and mass-
distribution characteristics for the low-energy tranSfer—induced'fiseionv
channel (component B in Fig; 1[b] and Fig. 5) and its infegral crbss secﬁion.
This part of the evaluation is described in more detail in-a forthcoming
paper14 for the system 84Kr + 2380, where the.same eomponent was obeefved
with characteristics that do not differ within the ekperimental
uncerﬁaintieS‘fromifhe 40Arl+ 238y case. With a constant 0,=0.8 and vv4
one obtains a double-humped mass‘distfibution siﬁilef to those known for
low-energy fission at excitation energies of the fissioning nucleue of
about>15d20 Mev. The corresponding mass diStiibution curve is indicated
in Fig; 5 (coméonent B). The integral cross section for component é is
150 £ 30 mb, which is lower than the amount qf low-energy transfer-inauced
fission.that one would estimate from the difference ip cross section
between the heavy "rabbit eaxs“ {component F, N220 mb) and its light
complement (eomponent E, 5400 mb). The discrepancy may arise because in

a grazingAcollision the heavy fragment will receive very little forward
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momentum so that closertov50% of the fission fragments would be émitted
into the backward hemisphere and:leave the target; The loss is expécted
to be‘<50§ because a thick target was used. The subtraction of calcﬁlated
cross sections for isotopes formed ip the fusidn-fissioﬁ feaction from
the experimental cross sections resulted in another region of residual -
cross sections which is indicated in Fig. 1(b) as shaded area (component»
D). These aré, in‘particular, the cross sectipﬂs ofjloeAg, lllAg, 112Ag,
112Pd, 115c3 ‘and 117cd. From the charge to mass ratios §f these products
it is evident that they cannot be attributed to the just mentioned

low-energy transfer-induced fission. By analogy with the 84y, 4 238

U
system, where we cobserved massive cross sections_for these and other
isotopes in this maés region originating from the seqﬁehtial fission of

the highly.excited "quasi-U" fragmen;s,l4'24 we conclude that the exCessive
yields of the Ag, Pd and Cd isotopes have to be attributed to fission after
deep inelastic collisions. We are unable to deduce a cfoss section for
this fission process f;om the few measured yields; hpwéver, a rough

estimate indicates that a substantial fraction of the heavy products from

deep inelastic processes undergoes fission (as discussed in the next section).

3. Quasi-elastic transfer and multi-nucleon transfer.
The delineation of products formed in quasi—elastic transfer and

deep inelastic multi-nucleon- transfer reactions should be made on the
fragment kinetic energy is
grounds of kinetic energy determlnatlons becausgAthe most important param-

eter characterizing transfer reactions from strongly damped collisions.

Distinguishing the reaction products on the basis of different mass dis-

32

tributions alone is difficult. However, it has been shown by Thompson
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et al.33 ana 3acmart et al.34 that the cross sections as a function qf z
for light products formed in deep inelastic coli&sions of 4%ar ions form
broad distributions aroundvthe nuclear charge of the projectile rather
than exhibiting a pronounced peak at Z=18. On the other hand, it is
. evident from the work by Arthuk et a1.10/12 ¢pae quasi-elastic transfer

in the 4°Ar +.232

Th reac;ion is largely restriéted to the stripping or ~
" pick-up of<§2_prbtons and a‘few neutrons while deep inelastic processes
are the.main mééhanism fof the formation of reaction products as a reéult
of the ﬁrar;s'fer' of 22 protons.
| In the.présent work, the cross sections of products formed by no
more thzé a two-proton transfer such as 388, 38Cl, 39Cl, 41Ar, 237U, 239U,
an .
238Np‘\239Np have been found to be several téns to hundreds times higher
than the‘yields of products such as ?4Na, 47sc, 48sc, 56mn, 6lco, as well
and _ _
. as 224Acl\22§Ac which are formed as a result of multi-nucleon transfer
reactions. Although it is possible to fit the‘yields of the §,-Cl, Ar, U apd
Np isotopes with very narrow isotopic distribution curveé (FWHMN2, see
Fig. 6), the dispefsion in‘A for elements with 2 diffefing by more‘than
two units froﬁ Z¥18 is moté than twice as Wide (FWH&=4—S, See Fig. 7).
The number of meaéured cross sections leaves much to be desired.
Therefore, the locations and shapes of the isotopic distribution curvés
in Figs. 6 and 7 are very rough‘estimates. HoWever, ig can be concluded
from the data that the mass distributionsvfor quasi-elastic and deep
inelastic transfer are sufficiently different to allbw the‘differehfiation
of #he two processes in this work.

The width of the curves shown in Fig. 6 is the same as observed in

the 84Kr + 238y reaction24 where more data are available. The s, Cl, ‘Ar

1
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and K yields seem to indicate that in the quasi-elastic transfer protons
are preferentially transferred.from the projectile to the target. The.
comparison of estimated cross sections for the formation of'compleﬁehtary
elements. (K-Pa, Ar-U, Cl-Np, S-Pu) as indicated in Fig. 6 shows that
transferéinduced fission becoﬁe5<£ncreasingly importahf as the number of
nucleons transfgrréd to the target nﬁcleus increases. The integral

cross sections for component E (¢400 mb) and component F (@220 mb) are
éstimated to be accurate to *30%.

_The  inset in Fig. 7 shows the cross séctions for the formation of
transfer products (quasi—elastic plus déep inelastic) in the 40ar + 2327y
reaction at 388 MeV as a function of the atomic nﬁmber as.given by Arthuk
et al.lz-'A distinction between quasi-elastic ahd,deep ineléstic trahsfer
| on the basis of their different ﬁass number diétribution, as discussed
above, would assign most of'the Ar, Cl and S yield to the quasi-elastic
transfer. Then an almost symmetric distribution remains for the deep
ihelastic tr;nsfer products'with a flat méximum near Z17 as indicated
by the dashed cﬁrVe_in‘the inset of'FigLv7,. In the main diagram in
Fig..7 we cqmbihed'this information with our é#perimeﬂtal déta{

In doing this, we negleqt the slight odd-even effect favoring

the formation of even~Z fragments in the multi*nudledn transfer
.proceSs.l°'12'34 For the purpose of the following esﬁimates, this is
certainly satisfactory. For mass numbers A >70 (2 ?30) our measured cross
sections ére,suﬁcessfully fitted with ﬁhe parameters describing thev
.complete fusion-fission distribution. The continuation of the isotopic
distributidﬁvcurves towards lower mass number$ in Fig. 7‘is'reasonébly

well defined.byfthe cumulative yields of ©7cu, ©5ni, 6lco, and 56Mn.
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Note that there is no break in the ZP(AN) systematiés.in going from a

mass region where fuéioﬁ—fission dominates to masses preferentiglly forméd'
in deep inelastic direct processes. The curves for 12<2zZ <19 are rough
estimates based on the cross section systematics shown in the inset of
Fig. 7. The.dottéd'curve in'Fig. 7 indicates the integrated mass yieids
o(a). By subfracting the post—neuérpn emission mass distribution cﬁrve
for the fusion-fission component (see Fig; 5) from this curve, we obtain
oﬁr estimaté-for the mass distribution of‘multi—nucleon transfer producﬁs
(indicated by the component C curve in Fig. 5). This

estimate corresponds to a total cross section for deep inelastic transfer
of ~100 mb. |

The complementary heavy product distribution was not detecied in

tﬁis'work for two reasons. Firstly, the paﬁcity of data points between
A=204 apd A=224 is due to.experimental difficulties in defecting the
short-lived isotopes in this mass region with thé chemical techﬁique;
applied in this work. Secondly, it is expected that subétantial parts

of thé:heavy.transfer'producfs undergo fission, wﬁidh may be indicatéd by the
excessive Ag, Pd and Cd cross sections mentioned above. From the'Shapé

of the‘mass.distribution curve of component C as reflected to A=238,
together with the assumption of neutron evaporation‘according £o”equation
(1) with 9=12f one can estimate that the contribution pf deep ipelastic
traﬁsfer préducts-—were they not to fissioﬁ——is 16% fof A=200 and 6% fdf
A=190. The'yielas of 203,204p; ang the cumulative yields of the
neutronQdeficient Pb isotbpes, which afe slightly high when compared with the
calculated fusi&n-fission cross sectipns, may indicate the presence of

surviving multi-nucleon transfer (deep inelastic) products.
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D. The Zp-function for Fusion-Fission and Deep Inelastic Transfer

Empirical Zp-values for a few mass number chains are listed in

Table II. As mentioned above, these Zp-valués describe the data better

than any of the usual charge distribution hypotheses on the basis of
émaller overall errors obtained in the calculations. 'Also, it was
méntioned that there is’novbreak inithe.mass to éhargé ratios if one
leaves‘the ﬁéss reéion dominated by fusibn-fissibn and enters the deep
inelastic transfer.région.' Here_%L ~ratios of abéut‘2.4 are observed,
the %L Qratios.of the composite system being 2.53. This result is in
agreement with Ref. 10, and with recent results obtﬁinéd at Orsay.35
Appafently, the mass to cha;ge ratio of the composite’system plays a
dominant'fo;e in £he detérmihation of this ratio for‘the'fragments. This
implies that the mass to charge ratiq degree of freedom, which is known

to be equilibrated in the fusion-fission process, is alreaay equilibrated

in deep inelastic'coliisions; i.e., has a relaxation time short compared

to the lifé-time of the doubl'e—m.i_cleus-—structurel.0 in deep inelasticv
collisions. On the other hand, our data indicate that equilibration is

not reached in the qﬁasi—elastic transfer where %L -ratios of "2.25 énd
52.58 are observed, for the light A and heavy A coméonents, resﬁectively,
whiqh are close to those of projectile and target.’ These ratios are calcu;
lated with thé assumption that no_partiéles are evapofated from’the'transfer
products. This is proven for the light fragments34; also, the heavy trans-
fer products observed in this work are most likely formed with exéitation

energies too low for particle evaporation, because at higher excitation

energies fission would compete strongly with particle evaporation.
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Proposals regarding the charge distribution in fission have been
available since 1947. The empirically determined Zp-values for deep
-inelastic transfer products and for fusion~-fission products are compared

in Fig. 8(a) with the predictions of the three main recipes which are in

general use:

1. Unchanged charge density (UCD). This hypothesis assumes that the

composite nucleus (Z,,A,) fissions so rapidly that the fragments

would both have the same neutron-to-proton ratio and

(4)

The UCD assumption.cqrrésponds to straight lines with different

slopes for different v-values in a 2p-0.4 A vs. A diagram (see’

| Fig. 8[a]).

Equal charge displacement (ECD). This hypothesis proposes'that the

Zp—values of the fission fragment and its complement be an equal

number of units away from the line of B-stability:

| () - zg(al) | = | Zp(a) - 2g(a}) | | (5)

where ZB(A'), i.e. the charge that corresponds to_B-stability, is

" calculated from the Myers-~Swiatecki mass formula.36 The resulting

Z,-0.4 A vs. A curves for v=10 and V=12 are plotted in Fig. 8(a).
The minimum potential energy (MPE) postulate proposes a distribution

of charge such that a minimum is obtained for the potential energy

(including Coulomb repulsion) of the two'touching fragments. In the

absence of shell effects Swiatecki37 has given an 3pproximation for

two tangent spheres of radii Ry, Ry:
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z. = A' - 29 |140.005 a,2/3 - F L (6)
p I o R, :

where F is the folloWing function
FOO = (0.2 + 1.20 - 1.2)2 - 0.233)/(14A) (1413)5/3
and A = Ry/Ry.- '
The respective curves for v=10 and v=12 are plqtted in Fig.va(a).

- A minimization of the sum of potehtial energy and Coulombic
repulsion using the Myers—Swiateck; mass formula (which thus includes
shell effégts-for two separated fragménts) gives Zp-0.4 Avs. A
curves that are sihilar‘to the ones obtained from Swiatecki's
MPE-approximation; however,‘their agreement with the experimental
data is somewhat worse. |

Fig. 8(a) shows that the UCD prediction is.not in agreemenf with
.phe éxperimental findinés. The ;—shaped pattern of the data is réaéonably
reproduéed by the MPE-app:oxiﬁation with v=12 for the masses A<150 or by
ECD-prediction with v=12 for masses A=100. Both predictions deviate
from the data for light (ECD) or heavy (MPE) masses; The general
disagreement of.the experimental'dependence Zp-0.4 A vs. A with the
UcD-prediction and, on the other hand, the proximity of the déta to both
ECD and MPE predictions éignify that the time necessary to equilibrate
the mass to éharge ratios of the fragments originating from fu#ioh-fissibn :'
and from deep inelasti; transfer is short'compared to the lifetime of the
composite system.

The use of a liquid drop formula ﬁo.describé the.potential energy
E of two touching fragments allows us also to p;ediét the dependence'of
ﬁhe charge dispersion width pérametér 0, as a function of A'. 1In a first

"approximation 02 is given as
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_ A{

0, ®~ =~ = const - A' a2 . (7)
32g .1 Ay - .
az?

1

Ao

This relation37 has a maximum at A'= 5_.which is in agreement with expe£i~
‘ment (see Table_II). In Fig. 8(b) the experimentélly observed depéndence
O, gg.'Ai/Aé is compared to the functional form of this dependencé-(hot'
its absolute magnitqde) as predicted by a veréioh‘of equation (7) which
includes higher order terms. The agreement is reasonable for aéymmetfic
mass splits. A systematic deviation tq higher cz?values is indicated for
the_nearly symmetric mass splits. Most likely this deviation is the
iesult of a contribuiién of cqmponent D to 0, of the fusion-fission -
component in this mass region, which we did not attempt to take into
account. Kéramyan.et 51.22 compared the absolute magnitude of 0, to the
ptediction of the statistical theory of fission. .Due to £he diségreement
: betweén experimentvand theory, it was concluded that an additioﬁal cﬁargé
variance originatiﬁg ftom the finite dimensions of fhe neck joining the

fission fragments at the instant of fission has to be assumed.38

V. ANGULAR MOMENTA INFERENCES
It is interesting to compare the cross sectiorns obtained in this
.y . 40, . 238, o .
work with the prev1ously reported results on the Ar + U system by
Hanappe et al.,5 Nguyen Tac Anh et al.,39 sikkeland11 and the results on
the very similar system 40ar + 232h by Arthuk et al.10/12 15 the
following the 40pr + 2329y system is treated as if the target had been

238U; the differences in the barriers and radii are considered small

enough to igno:e for the purpose of the following discussion. Table III
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summarizes.the available data. Except for the measured total feaction
créés secﬁioﬁ of this work, the O,.-values are eséimated by using the
relation
| | oy = mR2(- B

E
where R = Toge (A3 + AL/3) with rege = 1.4 fm, B = 171 Mev!1s2] in the
center of mass system. r ge-values determined and extrapolated from
el#stic scattering data using the one—quartér point téchnique are close
to 1.41 fm (Ref. 32); however, a slightly larger radius would be more
éonsistent with-the fact that at the one-quarter point of a%g%gt.one usually

already observes a sizeable cross section for quasi-elastic transfer
reactions.v The value rgo¢f = 1.44 fm was proposed by Oéanes;ian et a1.2l _
As discussed in section IV. C. and illustrated ip thebinsert of
‘Fig. 7, we have made estimate§ on how to divide cdir10,12 at 297 MeV and
388 MeV into their quasi-elastic and deep inelastic components on thé
basis of their_differenﬁ-mass distributions. Our estimates_are included
in Table III. Thé oq_e.t.—values indicate that at low energies quasi-
elastic transfer is an important part oflcr, while itsirelétive cross

o . :
section —9:8:t. decreases for higher energies to<25%. On the other

Oy :

hand,.the deep inelastic direct component is of little impo;tance at low
energies. According to.Refs. 10,12 its importance increases substéntially
with increaéing energy.

While thé Oqir at 297IMeV10 ﬁay still be considered as consistent
with the Géﬁs~fiss data at 270 Mev3? and 300 MeV,5 eSpeciaily if one keeps
in mind thét the 300 MeV fusion—fission cross section is probably slightly
overestimated, 40 the direct reaction crossvsectién Ogir at 388 Mev10,12-

and the fusion-fission cross section measured by Sikkelandll at 416 Mev
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are clearly inconsistent. 'One can thihk of arguments which ﬁodify the

' . . for example, .
interpretation of both these gxperiments:"Arthuk et a;.loflz may have _
underestimated the width GPA of the fusion-fission mass distribution,
which should be very large at 388 MeV. This would imply that part of
the light fraéments detected in their work were fﬁsionefission fragments.
.On the other hand, Sikkeland's fusibn-fission cross séction might be high
because it may include contributions from deep inelastic collisions,
which also occur after full momeﬂtum transfer from7the'projectile to the
combinéd system. Aléo, Sikkeland's assumption that the total binary
‘fission cross gection observed in his experiments is equal to the total
reaction cross section needs to be re-examined. |

Despite the serious uncertainties -in Ofus-fiss at high energies
we would like to conclude with a remark related to the limiting angular

in Table III and their energy dependence.

momentum values 1crit

First, we would likébto compafe these results wifh the predictions
by the rotating liquid’drof mo_del41 which has been successful in repro-
ducing evaporation residue cross séctions'fbr iight systems if fission
competition in the de-excitation of the-compognd nucleﬁs is included.

In this model the limiting value 1.5+ is obtained from the condition
that the fission barrier vanishes (Bg=0) for a particular-J value aone
which a compound nucleus should not exist. The prediction for 40pr + 238y
is that Bf=d'evén for the'lbwest partial waves and that no compound
‘nucleus should be formed. If this prediction has a physical significance,
one mighﬁ expect that the fission events observed iﬁ 40Ar»+ 238y (and in
lighter systems at higher energies) are distinct from fission of angular‘

momentum states with definite fission barriers. However, there is no
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experimental evidence for such a distinction. The fission events above

Bg=0 have the same characteristics as fission from an equilibrated

compound nucleus: é;; angular distributions,‘mr42 triangular shaped
fraémeh£ mass vs. fragment total kinetic enérgy contours29 and symmetric
mass distributions with eéuilibrated mass to charge ratios (this work).
The discrepaﬁcies between the expeiimental fusion—fission cros$ sections
énd the rotating liquid drop model predictions mAy be connected with the
éharp—cutoff aéproximation.at'Bf=O.29

The Bass model,43 where the limiﬁations of Ofﬁs-fiss are derived
from a static interaction configufation, has been qﬁite successful in
reproducing fusion cross sections including cross sections for fusion-
. fission.- In particular, this model reproduces well the general observation
that 1,,.;¢ increases with increasing center of mass energies. This moael
predicts a saﬁuration at a maximum value of lcrit for the highest energies.
Fig. 9 shows the prediction of the Bass model together with the
experimental lgrit—values from Table.III. In contrast to the model
prediction and in contrast to a large body of other fusion and fusion-
fission data for sysﬁems up to 40py 4+ 165Ho,1 the 1crit values aerived
from the resulté by Arthuk et al.10+12 yould indicate é marked decrease
of lcrjt at higher center of mass energies. If this frend is-cdrrobérafed
by new measurements, this could be the first evidence that the fission
process in a case iike 40py + 238y ig aistinct from fission of a compound
nuéleus insofar as the energy dependence of its‘limiting orbital ahgular

momenta is different from that for compound nucleus fission.



-28=

VI. SUMMARY

The results obtained from this survey experiment can be summarized

as follows:

1.

In the energy interval investigated fusion-fission accounts for about
55% of the total reaction cross section, while 35% quasi-elastic and

10% deep inelastic transfer are observed. The mass distribution of

‘these components are shown in Fig. 5. The total reaction cross

' section amounts to about 1100 mb.

Evidenqe ié presented for fission of heavy nuclei after transfer
reéétions. Quasi-elastic transfer leads to a double-humped fission
pProduct distribution signifying the transfer of relatively small
amounts of excitation energy in grazing cdlliéions. Fissioﬁ‘after
deep inelastic¢ collisions seems to lead to a fission fragment mass
distribution which is typical for higher excitatién energies of the
fissioning nucleus.

Protoq pick4up reactions are observed leading to a build-up of
products with 2>26; i.e., the mass distribution for multiFnucleon,
transfer and fusion-fissionYQQerlap considerably.

It is shown that the mass to charge ratios for both multi-nucleon

- transfer- and fusion-fission fragments are equilibrated. No

equilibratién of this degree of freedom is attained for products
formed by quasi-elastic transfer.
The icrit value derived from this work is consistent with the

predictions of the rotating liquid drop model described by Bass.
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VII. APPENDIX

For the separatibn of Au, Tl and Y the uranium target Qas dissolved .
in conc. HNO3. After addition of 10 mg of Y3+—éarrier and 50 ug of Au3+-
carrier as well as a.khéwh amount of 1'951’\u,tracerf:xctivity, the solution‘
was made 2 M in HCl/C12.; ‘

Gold and thallium were extracted from the aéﬁeéus phase into
diéthyl ether. The ether was evaporated and ﬁhe residue diséolved ih :
0.5 ml df.12~§_HC1/C12.‘ This solution was passed through a cation
_exchange column (AG 50W x 8, 3 x 50 mm) which absorbs Au and T1(III).
_The'column was washed with 3 ml of 12'§_HC1. Au and T1(III) were then
Stripped from the column in 0.5 ml of water and mounted for counting by
evaporation."The éhemical'Yiéldvfor Au was déte:mined via the amount of
traéer activity recovered in.the final sample (typically.50—70%). .The
chemicél ?ield of T1(III) was obtained by normalizing the cross sections
" to the previously determined créss sections of 199T1 and 201, |
Yttrium was precipitated in the aquéous phase as Y(OH) 3. Itsb
" further purification procedure involved extraction of Y(III) into'a
n-heptane solution of di-(é—ethylhexyl)-ofthophosphoric acid and a series
~of érecipitationsvbf YF3, Y(OH)3 and Y2(C203)3. Details are described
elsewhege.44‘ The final Y,(C,0,)4 precipitate was filtered onto a membrane
filter and mounted fof counting. Aftér completion of the counting the
sample was ashed to Y503 and weighed to determine'thé chemical yield for
.Y {typically 40%). :The cross sections of a few heavy lanthanide eléments,
'_which accompany yttrium in tﬁis separation procedure; were normalized to

-

previously determined cross sections.
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-v:Table I. Cross sections of individual radioactive isotopes produced in

" the bombardment of a thick 23%%y target with 288 Mev “%Ar ions.
Type , ) R |
of ' : Cross section | Se- Weighed
Nuclide Half- cross | Bombard- -~ (mb) lec- average Remarks 9
life - sec— ment ' ted
' tion @ gb Ac€ | value | © Ao
Na 24 | 15.0 ﬁ" 2 5U 0.47 0.11
s 38 2.83h | 2 6u 33.8  10.9
cL 38 | 37.2m 1 66_ 45.7 18.5
lc1 30 | 56 m 2 6U 70.8 7.2
Ar 41 ._1.83h 2 6U 131.6 15.6
K 42 12.4 h- 1 50 6.56 0.86
K 43 22.2 h 2 '5U 6.94  0.69
ca 47 4540 2 6u 2.54  0.18 x
cé 47 4,544 2 5U 3.08 0.70
Sc 47 3.424 1 6U 2.18  0.36
sc 48 | 43.7hn 1 6U 1.84 " 0.53
v 48 | 15.97d 1 6U <4.1 1
o 529 | 5.74 (3) 6U 1.55 0.31 2
Mn 56 2.58h 2 5U 211 0.55 2.39 0.33
Mn 56 | 2.58h | 2 6u 2.59  0.38
Co 61 1.6 h 2 5U 2.78  0.39
Ni 65 2.52h 2 su','. 2.98 _0.41
Cu 67 | 61.9 h 2 6U 2.90 0.70 X
cu 67 | 61.9h | 2 5U 3.80  1.57
zn 69m| 13.9h | (1) 5U 1.16 0.18 1.27 0.13
Zn 69m| 13.9 h | (1) 6U 1.39  0.20
Zn 7m| 3.9h | (1) 5U 0.83  0.27 1.02 0.16
Zn 7lm| 3.9h | (1) 6U 1.15  0.18 |

(continued)
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Table I. continued

Type }

of Cross section Se- Weighed
Nuclide Half- cross Bombard- {mb) lec- average Remarks &

life sec- ment ted

tion 2 ob Ag€ | value | © Ao
Zn 72 46.5 h 2 5U 1.63 0.71 1.76 0.37
Zn 72 | 46.5h 2 6U 1.82  0.33
Ga 72 14.1 h 1 5U 1.60 0.21
Br 80m 4.42h (1) 5u 0.85 0.26
Br 82 35.34h 1 50 1.91 0.33
Br 83 2.4 h 2 50 6.25 2.04
Br 84g 31.8m (2) ‘50 1.80 0.33
Rb 84 34.54d 1 50 0.81 0.26
Rb 86 | 18.7 d 1 5U 2.49  1.13
Sr 91 9.5 h -2 5yU 7.82 1.12
sf 92 2,71h 2 5uU 7.99 1.16
Y 85g 4.9 h (3) 15U -0.05 0.01 1
Y 86m| 48 m (1) 15U 0.07 - 0.02
Y 8/m| 13 . h (1) 150 0.24 0.05
Yy 87 80.3 h 1 150 0.20 0.04
Y é8 108 d 1 150 0.52 0.08
Y 90m 3.1%h (1) 150 1.67 0.26
Y 9lm| 49.7 m (1) 5U 3.35 0.36
Y 92 3.54h 1 50 2.92 0.50
Yy 93 10.1 h 2 5u 10.86 1.16

{2r 95 64 d 2 - 50 12.66 2.09

zr 97 16.8 h 2 5U 10.10 3.31
Mo 93m 6.9 h (1) 5U 0.39  0.33

(continued) -
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Table I. continued

Type _
: of Cross section | Se- Weighed
Nuclide | Half- cross'’ | Bombard- (mb) lec- | average Remarks 9
life sec~ ment ted
tion @ gb Ao | value | O Ao

Mo 99 | 66.0h 2 5U 15.19° 1.26

ic 94g | 4.9 h (3) s 0.14 0.05

Ru 103 | 39.3d | 2 5U 115.40 11.08

Ru 105 | 35.5h [ 5y 12.27 1.11

Rh 107 | 22 m | 2 5U 6.83 1.30

Pd 112 | 20.1 h 2 50 10.07  1.09

Ag 106m | 8.3d | (D) 5U 0.67 0.39

Ag 110m [250.4 d | (1) 5U 21 0.25

Ag 111g | 7.5 4 2 5U . 10.2  4.31
“Ag 112 3.12h 1 50 6.19  2.63

cd 1159 | 53.4 h || (2) s5u 10.1  3.21

cd ;1; 2:222 (2) 5U 12.0 1.94

In 111 2.83d 3 5U. 0.12 0.04

I 123 | 13.2 h 3 50 1.44  0.20 i

I 124 4.15d 1 5U 2.08 0.34

I 125 | 60.14d 1 50 2.47 1.0

I 126 13.0 4 1 5U 4.27“’ 0.76

I 128 | 25 m | 1 50 4.88  1.30

r 130g 12.36h (1) 5U 3.31 +1.07 3

. . -0.44

I 131 8.04a | (1) 5U 5.84 0.56 4
I 132m| 84 m 1 50 4.0 1.2

I ;i; 8§.38§ 1 50 416 0.72 | %

(continued)
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Table I. continued

Type
: of Cross section | Se- Weighed
Nuclide Half- cross Bombard- (mb) " lec- _average Remarks 4
life sec- ment ted
tion @ ob Ao € value | O Ao
I 133 | 20.8h | (2) 5U 7.35  0.95 5
I 13¢ | 52 m| 1 5U 7.08 0.81 6
I 135 6.5% 2 5U 6.45 0.72
cs 127 6.25h 3 5U 1.05 0.23
Cs 129 | 32.1h 1 5 1.95 0.26
Cs 132 | 6.47d i 50 4.77 1.41 -
Cs 134m 2.9 h (1) 5U 2.30 0.31 7
Cs 136 | 13.04 1 50 2.64  0.39 |
Ba 131 11.5 4 3 50 1.93  0.28
Ba 139 | 82.7 m 2 5U 8.57 2;16
Ba 140 | 12.8d | 2 SU‘. 6.45 1.02
La 140 40.2 h 1 sﬁ 3.0,  0.51
La 142 92.5 m 2 5U 7.60 1.90
Ce 139 [137.5d 3 - 5U 5.70 1.50
Ce 141 | 32.5 a 2 sy 9.28 1.30
Ce 143 | 33.0 n 2 5U 7.40 1.07
N@ 149 1.73h 2 su 3.05 0.58
Pr 138m | . 2.02h | (1) . 5U 1.05 0.42
Pm 148m | 41.3 d (1) 5U 2.8 0.5 1
Pm 149 | 53.1 h 2 50 5.0  2.35
Pm 150 2.7 h 1 5U 1.25 . 0.26 1
Pm 151 28 h 2 5U 1.65 0.27 1
Tb 153 2.34d 0.43  0.29

150

(continued)
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Table I. continued

Type _ )
| of Cross section Se- Weighed
Nuclide | Half- cross | Bombard- (mb) lec~ average Remarks 9
life. . sec=- ment _ ted. :
| tion @ gb Ao € value | O Ao
Tb 156g | 5.35d4 | (1) 50 f 2.65 0.70
by 155 | 9.59n | 3 150 0.42  0.19
Dy 157 | 8.1 h 3 | sv 1.63 ,0.25‘
Dy 157 8.1h | 3 15U 1.49  0.20 | 1.55 0.07
Er 161 31n | 3 “ 15U ~0.72  0.34
ler 171 7.5h | 2 150 0.17 0.04
Tm 165 | 30.1h | 3 5U 1.50 0.25
Tm 165 | 30.1h | 3 | s 0.95 0.14 |15 0.2
Tm 167 9.25d 3 [ su | 4.12 0.59
Tm 167 9.25d 3 150 2,72 0.42| 3.33 0.70
T™m 173 8.2 h : 2 15U 0.21  0.07
Lu 172 6.7 d 1 5y ~1.87. 0.61
ue 175 | 70,04 | (3) 5U 1.89 0.46
w 187 | 23.8nh | 2 | sU 0.27 0.12
|re 1869 | 90.6 1 | @ 5U 0.99 0.78 | | 11
Os 183g | 14 h | (3) 50 0.62 0.39
|1r 1869 | 15.8 1 | (3) | SU 0.63 0.11
Ir 188 | 41.5nh | 1 sy | 1.78 0.58
Ir 190g | 12.1 4 W su | 1.60 0.81
Ir 1929 | 74 & | (1) 5U | 2.15  0.27 : 1
Au 190 | 42.8 m 1 150 0.22  0.04 i |
Au 191 3.18h 1 150 0.34 0.19
:Au-l92~v--'5;0~h31 -'l~n 15U 0.82 0.1l

(continued)
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Table I. continued
~Type _
of Cross section | Se- Weighed
Nuclide | Half- cross | Bombard- (mb) lec- average Remarks
life - sec- ment ted :
tion @ gb Ao | value | 0 - Ao
Au 193 17.65h 1 15U 1.27 0.10
Au 194 39.5 h 1 15U 1.56  0.21
Au 196m| 9.7 h | (D) 15U 0.99 0.08
Au 196g | 6.2 a 1 15U 1.41 0.11
Au 198m | 2.3d | (1) 150 - >0.27 8
Au 199 3.134 1 15U 0.15 0.06
Au igg igzz 2l 15U 0.026 0.01
‘T1 198m l.87h. (1) 150 10.35  0.05
T1 198 ;:g?g 1| s 0.68 0.07 °
T1 199 7.42h 1 | 5U 1.27 0.12
T1 200 | 26.1 h 1 15U 1.32  0.54
T1 201 73.5 h 1 5U 0.96 0.28 j
Pb 198 2.4 n 3 50 6.44 0.19
Pb 199g‘ 1.5 h (3) 5U 0.62 0.26
Pb 200 | 21.5 h 3 50 0.99 0.16
Pb 201 | 9.4an | 1 5U 1.07 0.21
Pb 202m | 3.62h | (1) 5U 1.06 0.17
Pb 20dm | 67 m (1) 5u 0.62 0.22 |
Bi 202 1.8 5- 3 5U 0.22 0.07 , 1
Bi 205 11.76h | 3 5U 1.47 0.49
Bi 204 | 11.3h| 3 5U 1.85 0.67
Ac 224 2.9 h 1 5U 0.51 0.10

(continued)
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Table I. continued

Type R
of Cross section | Se- | Weighed
Nuclide | Half- cross Bombard-~ (mb) lec- average Remarks @
life sec~ . ment ted
tion 2 . | ob Ao © value | © Ao
Ac 226 | 29 h 1 5U " 0.24 0.04
Th 234 | 24.14 | 2 | 5U <60.5 | - 10
U 237 6.754 | 2 5U 84.7 20.2
U 237 6.75d 2 6U 109.6 12.3 X
U 239 | 23.5m 2 6U 19.7 2.3
{u 240 | 14.1 h 2 50 1.41 0.88
Np 238 50.8 h 1 50U 4.38  0.93
Np 239 | 2.35d 2 50 38.4 6.6

a1 = independent yield
2 = cumulative yield within a B™-decay chain
3= cumulativeiyield within a B*- or Ec-decay chain

For classifications in parentheses see text and the following example:
198may (1) = independent yield of isomer

19894 (1) independent yield of ground state

198 Au -1

independent yield of isomeric state + ground state

b aAssumed effective target thickness 17.3 mg U/cm2 (Ref. 15), corresponding to

a general reaction barrier of 200 MeV (lab.), (Refs. 11, 21).

¢ Linear combination of systematic uncertainties and the uncertainties due tp-'

counting statistics.
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Table I. continued

10.

The assignment of the observed activity to this nuclide is uncertain.

'Probably formed from an oxygen contamination of the target.

The 9.2 min isomer (84% isomeric transition) was not observed. The upper'

‘uncertainty limit takes into account the possibility that 16% of the

independent yield of 130 rémained undetected.

Not corrected for the growth from 25 min 1319re; this value should be
considered as an upper limit.

No precursor‘correction performed because the isomer ratio of 133Mre to
133gre is ﬁﬁknown; this value should be considered as a lower limit.
The 3.8 min isomer (98% isomeric transition) was not observed. The
yield of this state is assumed to be included completely in the measured
cross section.

The.independent yield of 134mcg (87) is not ‘equal to .the total
independent yield éf l3.4Cs, because spin and parity are also high

(4%) for the ground state.

The yields of 198mAu and 1989ay were not determinedrbecause the decay
of the 412 keV Y-ray line, which contains contributions from 198mT1’
198gpy, 198mpy ang 1989py, could not be resolved into its compohents.

The yield of lgngl, including the contribution from 198mp, (55%

' isomeric transition), was measured to be 0.52 *0.05 mb.

Corrected for the activity of 234qy, from the a-decay of 238U.
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Table II. Chargg and mass’distribution for complete fusion-iission in
the reaction of 288 MeV “%Ar ions with thick 2%%U targets.

Pro- Frag- _ ‘ ‘
duct - ment Charge distribution , Mass distribution’
mass mass : : _
number number | this work Ref, 22 € | this work Ref. 22
A At Zpa o, ®'| A Oy o |
70 73.15 | 29.85 0.85
80 '83.51 33.95 = 0.87 i
9 | 94.06 | 38.05 0.93 | 'cPA=35t4  ,_'31
100 | 104.51 | 42.1 1.0
110 | 114.96 | 46.15 1.06 o ] ov=1am 11
120 125.41 | 50.05 1.08 |
130 | 135.86 | 53.95 1.15 |
140 146.32 | 57.85 1.12 144 1.19:0.3
150 | 156.77 | 61.65 1.05 | M52  1.16
160 167.22 | €5.5 1.0
170 - | 177.67 69.35 0.98
180 | 188.12 | 73.3  0.90
190 198.57 | 77.25 0.87 | 205 0.95
200 209.02 | 81.20 0.85 | 209 0.91
210 - | 219.47 - | a218 0.1

a ZP: Most probable charge for a given fragment mass A'; uncertainties

in Zp estimated to be <0.4.
b g, Width parameter for the .Gaussian charge dispersion curve;
uncertainties in U, of the order of 0.2.

€ Results from 270 MeV'4OAr incident on a thick 2380vtargét; the 0,-values

are extracted from five data points in a'Zoz !§._Ai/Aé diagram.




Table III. Summary of measured cross sections in the

4°A: + 238

(1} (232Th) system, deduced

angular momentum limits and comparison with theoretical predictions.

. 4 ’ 2 e - Rotating .
, Ejap Ec.m. Ofus- Odir - 9q.e.t. 04.i.t. Or L lnax lerit liquid Bass
Ref. _ fis ' ; o drop J(limit)
(MeV) (MeV) (mb) (mb) (mb) (mb) (mb) (mb) (h units) ¢h units) model (£ ._.i)
£
This 200~ 171 620 500 400 100 1120 0.09177 108 8l
work 288 246.6 :
5_ 250 214 7662 1210 0.08965 115 91
39 270 231 950 1570 0.08298 . 137 106
10,12 297 253 (BSO)b 1160 525c 575° 1950 0.07581 159 (105) 0 147
5 300 257 12202 2020  0.07470 163 127
10,12 388 331 (360)® 2560 800° 1760° 2920  0.05795 223 (78)
11 416 356 1330 0.05388 240 156

3140

a According to recent angular distribution measurements by Tamain et al.4o-these values are slightly overestimated.

b -
Obtained as Or Odir

€ pivision of Uiy into

d

q.e.

€ calculated from o, = nkz(lmax+1

£ calculated from Ofus-fiss = ﬂkz(l

cri

t+1)2

The. Op-value from this work is obtained experimentally for a thick target as O,
The other values are calculated for thin targets with rgee = 1.44 fm.

. and O3.i.¢t. performed on the basis of their different mass distributions (see text).

= Ofus-fiss * 9q.e.t. * Oa.i.t..

-"-
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 FIGURE CAPTIONS

Fig. 1l(a). Indépendgnt and cumulative formation cross secti§ns of
individual nuclides produced in the bombardmént of a thick 238y target
with 288 MéV 40y ions.

Fig.li(b). Contour lines for équal independent formétion cross sections in
a Z,A-plane. 1 mb-isopieths are shown for compénehts A, B and C. The
isopleths'for’components E and F refer to 10 mb cross sections. For
the interpretation of compdnenés A through F, see caption of.Fig. 5.

Fig. 2. Independen£ and cumulative yields bf’isotopes of the elements
Os through Bi and their respective isotopic distribution curves.

Fig. 3. Charée dispe:sion curve and barameters (agcording to equation [2])
for the mass chain A=199. | |

Fig. 4; Isotopic.distribution for yttrium and iodine; The solid curves
represent the isotopic distribution curves foi component A (fusion-

_ fission) fitted with the parameters given in Table II.’ The»dashed?
curves represent the_isotopic distributions for component B
(double-humped transfer-induced fission).

Fig;_s.v Toﬁal integraﬁed mass yields (upper and lower limits ate ihdicated
at those mass numbers for which éxperimental data were obtained) and '
their decomposition into individual components: -(A) complete fu#iohe .
fission, (§) traﬁsfer—induced fission, (C)'deep.inelastic t#anSfer; (E5

. and (f) quasi-elastic transfer (ﬁrabbit éars").' fhe existence of
products from . the sequential fission of heavy fragments fotmed in deep
inelastic collisions (D) is also indicated; however, we are unable té

deduce a mass distribution for this component.
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Fig. 6. Cross sections for quasi-elastic transfer produéts. The isotopic
distribution curves are fitted to the data after subtraction of the
contribution from deep inelastic transfer. Total élement yields and
the most probable mass to charge ratios are also given. |

Fig. 7. Isofopic distribution curves for light products (z<3l). Cross
sections for isotopés produced preferentially by quasi—elastic transfer
are shown separately in Fig. 6. The dotted cﬁrve répresents the mass
yield disﬁribution for deep inelastic transfef plus fusion-fission.
Inset: Cross sections for lighf Z elements fofmed in quasi-elastic
and deep inelastic processes (froﬁ Ref. 12). Our estimate for a |
division of 044, into Uq;e.t._and 04.1i.t. is indicated by the dashed
curve (see text).

Fig. 8(a). lComparison of experimentally determined Zp—values for
fusion-fission products and products.from deep inelastic transfer
with predictiong‘according'to the UCD, MPE and ECD hyéotheses (see
text) . |

Fig. 8(b). ‘Dependence of the width.parameter g, of the charge dispersion
for fusion-fission on the ratio of the fragment masses. -The curve
indicates the shape of the liqﬁid drop prediction.v

Fig..9§ Comparison between experimental and calculated values of 1..i¢
as a function of the bombarding energy. The experimental results are

shown by the pdints. The prediction by the Bass model43 is indicated

" as a solid line.
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Quasi - elastic transfer
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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