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 FISSION-EXCITATION FUNCTIONS IN INTERACTIONS OF

- 11p, 12¢, 14N AND 19F WITH VARIOUS TARGETSY

Torbjgrn Sikkeland*, Jack E. Clarkson**, Naftali H. Steiger-Shafrir***,

and V.E. Viola****

Lawrénce Radiation Laboratory, University of California

* ~'Berkeley, California 94720

ABSTRACT

Fissibn ¢ross sections for the sygtemsvieng + 11 1751y ; 11p
and 12¢, IZ“Y:4 12¢, 182y 4 12¢ "165yg 4 14N ang 1597 + 19% havé been -
measured for ﬁeavy—ion bombarding energies up ;0.10.4 Mevlper nucleon.
The experiﬁéhtal technique consisted of éounting coinciaeﬁt fission-

- fragment paifs with two gold-surface-barrier silicon-diode detectors.

For the above systems fission takes place only for reactions in
which a compound nucléus is formed between the incident projectile and
the target'nﬁcleus. Values of the cémpound»nucléus"crbss sections for
these :eactioﬁs are estimated from other data in order to account for
surface reactions which occur in heavy ion bombafdment. The difference
betwéen thévcrossésection for compodnd nucleus formation andvthat for
fission fsvéssumed to bevequal to the cross-seétion for neufron evapora-
tion produtfs, The ratio of the fission cross—séctibn to that for

‘neutron evaporation is then taken to be equal to <rf/rn>, the ratio of
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the 1¢§é1 widths for the two eompeting processeé averaged over

the variooé.feaction channels. -A'theoretical‘fit to the <rf/r >
values 1s obtalned for the low-energy region of the excitation
functlon where first chance f1351on is h1gh1y probable. We find the
ratio of-thevlevel density parameter for f1ss1onAto that for neutron -
;emission.tovoe 1.2 £ 0.1 and values for the fiSsion barrier‘fb be in

agreeﬁent.With those predicted by Myers and Swiatecki.

I. INTRODUCTION

Measunements of fission eXC1tet10n functlons constitute an
1ﬁportant source of information concerning the probablllty of nuclear
f1$51on as a function of various nuclear parameters.1 Analysis of
fission—to-neutron-evaporation level width ratios, Ff/Fn, derived
' fromﬁeuch data are useful in determining nuclearllevel density para-
metersngission barrier heiéhts, the dependence of fissionability on -'
angulaf'momentum, etc:2 Inveetigations of this‘type heye been
performed.for several combinations of oomba;diﬁg_ions and heavy
target,noclides (A > 200),,tﬁe results of which are summarized in

Refs. 1 and 2.

The present work is primarily concerned W1thlthese aspects of
the f1551on process when heavy-ions are used as incident particles on.
light target nuclides in the rare,earth reglon_and is a continuation .
of sfudies reported pfeviously.3 A broad underetanding of fission
probabilities for heavy-ion-induced nuclear reactions is of particular

concern at the present time in view of current efforts to synthesize
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super-heafyfélements near Z = 114 by means of such reactions. In
gddition‘g kpowledge of trends in fission bérrier energetics és a
function‘of}atomic number Z aﬁd mass numﬂer A afe_useful in estimating
the stabilify of such elements against spontanebussfission. In this

- work wefhaye measured fission excifation functions for a series of
primari1y even-Z compound nuclei using the projectiles !B, 12¢, !N
and 19F and the'targets 17%Yb and 182y fseparatea isotopically) and
159TB, 15590,,159Tm and 175Lu (naturally moﬁoiéotopic). ‘In Ref. 3 |

these same targets were studied with !2C, 160 and 2%Ne ions.

For ﬁéévy-ions incident on targets heavier than tungsten (Z = 74),
fissioﬁ cross-sections are neafly equal to the compound nucleus forma-
tion cross-section. For this reason it is not possible to obtain
reliable I‘f/I‘n values without simultaneous mea;ureﬁent of both fission
cross-sgctiqns and neutron evaporation crdss-séétions.- However, for =
the systems examined here and in Ref. 3, the fiSSion cross-section
_ differs*sgfficiently from that for compound nucleus formation that the
neutron evaporation cross-séction can be determihed reliably from the
difference:ﬁetwéen the calculated compound nucleus formation cross-
section énd.the measured fission cross-section (See below). The
accuraéy of this assumption is proﬁably compéraﬁle to that for the

experimental determination of total néutron'evaporation cross-sections.

' The experimental technique employed here is similar to that of
Ref. 3. It consists of counting coincident fission-fragment pairs

with two gold surface-barrier silicon-diode detectors. The advantage
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of thiéuﬁefﬁod is that # fission eVent is nbt 6n1y identified by the
energy of the fragments, but also by a c01nc1dence requirement and
by an angular correlatlon between the two fragments The latter
characterlstlc offers a convenient way of study1ng f1$51on of targets
11ghter than lead and blsmuth In<genera1\such‘targets_W111 have
‘heavy-element 1mpur1t1es such-as,lead, bismﬁth and uranium‘that are
diffi;gi§ £6ve1imina£e. ﬁyiproper pdsitioning of the two detectors,

one can minimize interference from fission of such impurities.

Thévtheoretical analysis is somewhat difféfént from that of
Ref. 3. ‘As will be described in Section IV, the[average value for
Pf/rn;;éen?§ed <Pf/rn>, iqub§ained by-ayeragingv0ver Ff/fn for |
individuaifz—Waves‘of thé incoming iqns. In“référence 3, <rf/rh>‘
was set'éQual to T /F for the average i-wéve.éf the éompound
nucleus reactlons that 1n1t1ate f1$51on We shall also use a formula
~for T /P wh1ch contains angular momentum terms;- The main purpose of

the fltIlng process is to obtain values for the f;ssion barrier height.

II. EXPERIMENTAL PROCEDURE

We $ha11 only give a brief account of the experimental arrangement
since it has been described in earlier publications.3~5 Heavy-ion
beams were furnished by the Berkeley HILAC which accelerates ions to
10.4 Mev/nucleon. The beam_was magneticaily deflected through
30 deg;eés'before reaching the fission chamber. Lower energies were

obtained by inserting weighed aluminium foils into the beam path.
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Northcllffe s range- energy curves for. a1um1n1um were used to estlmate
- the resultlng energy. 6 Addltlonally, the ranges of the 1ons in
emu151on were measured and from thlS the average energy and the energy
spread could be evaluated.”? The average energles obtalned W1th the
two methods were generally in agreement at the highest energies, but

' dlffered by as much as 2 Mev at the lowest energles.

Before striking the target, the beam passed:through two.circular
collimators 1.5 mm in diameter and 62 cm apart. fhe last collimator
was 6'cm frdm the target{ iThe beam current wasHeollected in a Faraday
cup arrangement descrlbed prev1ously3 4,5 and was converted to the
number of partlcles striking the target with the aid of values for the
equilibrium charge distributions for heavy 1ons,pa551ng through
matter.® Targets were made by vaporizing the metais onto 100-ng/cm?

nickel films. Target thicknesses were about 200 ug/cm?.

Theisiiicon detectors were of the gold surfaee-barrier type. They
‘were mennted on movable arms with one of tnem in a permanent position
at 90° to_the beam. The angular position y of ‘the ‘second detector was .
varied'tevobtain the angular correlation of fission events, Circular
collimatoré;were used for both detectors,.eachZWith a geometry of
1.4 x 10“3'steradians. Measurementvof the angular correlation functions:
is important in these experiments in order to obtain the following |

information:
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(aj-ﬂfhé felative contribution of fission induced by surface
reactions to the total fission cross-section; this is
';‘fGUnd to be a negligible effect for the targéts used here.
| (b) ‘The angular position ¢y of the most probable angle of
c¢oincidence with the 90° detector. |
(o) The most probable value of the center-of-mass transformation

L 2
: LParameter, X mp*

 The latter parameter is deinfed as X? = (V/v)2, where V is the velocity
of the'centéf-of-mass_and v is the velocity of the reaction product in

the cehter-of—mass‘system.

Thevparameter szp is related to the most’probable angle of coin-
cidence Y by the relationship: |

X = (L+ 4 tan?)h, . )

It is necessary to know this quantity in order to convert the laboratdry
- angular distributions to the center-of-mass system for calculation of

the total cross-sections, as discussed below.

Measﬁrement of the fission cross-sections for the compound nuclei
formed in thesé bombardments is complicated by the relatively low
kinefiﬁjenérgieé of the frégments.A With semiconductor detectors it
be;omesﬁdifficult to obtain-differéhtial.croéé;sectiohs from such'frag—
ments beéause the fission,events are_nét easily differentiated frqm

background noise. This problem can be eliminated by counting coincident
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events betweenszo detectors. 3 'In order to detérmine the number of
fragmehts emitted at a giVen anglégusing-this fechnique,-it is
‘essential tﬁat thévcomplementéfy défector have a large enough geoﬁetry '
to.catchvall coincident fragmentéé..i.e. it must record fhe integréted

angular correlation.

Iﬁ this work a low geometry'aetectbr (1.4 x 1073 steradians) was
used to measure the differential fissidn cross-section at 90° in the
laboratory §ystem at each bombarding energy. A large geometry
detector (0.28 steradians) was then placed at the angle Eﬁ determined
_in the angular correlation experiments. The counting efficiency of

this arrangement was.checked for the system 197Au + 124 Mev 12C ions,
. where distinct single fragment spectra_could be.obtained. We found
the value for_coinéidence counting to be about 95% of the value
. obtained from couﬁting with a single déﬁeétor. Appropriate correc-
tions for this loss in counting efficiencvaere then applied to the

data.

 The total cross-section for fission was then calculated from the

equation:

,cf ) 'Zn[do° (r/2)/ds] [do (6) ] sin® ; do (8) sin6ds 2

abs [do"(g )] sing” o do(n/2)

where:(dc/dﬂ) refers to the differential cross-section for fission
at the'angle 8, which is the center-of-mass angle corresponding to
the 1aboratory_ang1e Y. The angle E'corresponds to the angle W

- determined in the angular correlation experiments.
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Thé?érosé-sectioné were measured'relative_fd those for 150
bombar&mentlof the same target, and the sgperscript o refers to
values_dﬁtained with 160 ions. The quanti;y'[dc(ﬁ/Z)/dﬂ]abs is the
absolutev&ifferential_cross-section value at fhé center-of-mass angle
ﬁ/2 fo:r{§ofincident 6n'a.gi§en target;b Thésé values weie taken from
Ref. 3; ;The ratio of the rélative differential.crosS—sections for the
ion in'quesiion to fhat'of 169, dd(gﬁ/doégﬁ, was obtained by measuring i
‘the numﬁer bf fragments.per bombarding paiticle at thé same aetector
geomet:y-fqr each ion.  In ofder to normalize.this.ratio to 90° in
the centexfof—mass system, this'differential cross-section ratio must
“be multi?lied by sin6/sin8°. This accounts for the angular diétribu-

tion of the fragments, as is discussed below.

The,integral.in Eq. (2) accounts for the angulér disfributiqn
relativévtd 90° for the fission fragments. The acﬁuai ffagmenf'.
angulaifdiStributionS‘couid not be measured béééﬁse of difficulties
 in obtaihiﬁg good fragment spectra for angles néar the beam-axis.
Howevef; it is known that the angular disﬁributiéﬁs follow the
l/siné iaw:up to about 15° of the beam axis.? ‘We have assumed the -
, integr#l_to be 0.957 at 10.4-Mev/nucleon and that it decreases
linéarly.With ion energy to 0.857 at 6-Mev/nu¢1éon Bombarding energy.
Errors‘introduced by this assumption are believed to Be about 5%.

(By errors we mean standard deviation).
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III.. EXPERIMENTAL RESULTS

The}fiegmentefragmeﬁt angular cetrelation fpnctions of ;11 the
systems‘stﬁdied here showed only ene peek The positioﬁs of the peaks
~and the fact that they were .symmetric clearly demonstrates that all
fragments originate from compound nucleus formatlon between the target
and projectile. Such correlation functions have been discussed and

analyzed in detail in references 4 and 5.

Values for the fission cross section at various ion energies for

the dlfferent systems are given in Tables I, I,‘and-III. In the same .

R

cross section, and Eﬁ, the average angular momentum generated in the

tables are also listed the ratio cf/aR,-where o, is the total reaction

reaction.:VValues for-cR and Iﬁ were calculated as follows:

op = J o,and T, = (] to,)/0, 3)
= 2::0 :

where oy is the cross-section for the 2-th partial wave and is given

o, = 2 (2% + i)TQI | “ ' . (4)‘

Here % is the de Broglie wave length of the projectile and T, is the
transmission eoefficient. In the calculation of T2 we used the para-
bolic approximation to the real-part of the‘optieal—model potentiali
suggested by Thomas.? Values for the parameters of this potential

were taken from Viola and Sikkeland.!0
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Genétaily; the errors in the ratio o./op are about ten percent.
The data have also been corrected for energy spread in the beam.
This correction becomesvsignificant only in regiohs where the fission

cross—éection changes rapidly with bombarding éneigy.

Iv.  DISCUSSION

A. Experimental <I./T > Values

‘As péinted out in the previous section, fission takes place only
from réaé£ions where a compound nucleus is forméd between fhe bombarding:
ion aﬁd th¢ targeté stﬁdied iﬁ this work. 1In this case the initial
compoﬁnd'nucléi in each reéctipn studied here'alllhave the same nucleonic
compositioﬁ and excitation energy. The angulaf momentum distribution is
a functioh}of the incident heavy ion and hencé.varies from one compound
nucleﬁs”ﬁ§ another. The value of I‘f/I‘n for aigystem with a particula?'
angulat;mqmentum z'isvdendtedvhere as (Pf/Fn)g and that obtained By
averaging over all %-waves in the reaction is the average level width

rat10'<rf/rp>.

In the region where the probability for fission is increasing
rapidly with excitation energy, the experimental value of'<Ff/Fn> can

be appfoximated by the expression

<F£/Pn> = of/(cCN-— of) : | (5)

CN.is the formation cross-section for compound nuclei..

where o
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Equation (5) is valid for a given compound nucleus in the case where

. all fission‘évents occur before neutron evaporgtibn:from the compound
nucleﬁs,: Bécasue of the:sfeepness of the excitaﬁioﬁ functions in the
region'of;édr data, we have assumed fhat only thé first chance fission
contributéé to the fission cross section. This assumptionvis not
ekpect¢d to:be rigoroﬁsly frue, bgt‘éalculations by Plasilll also indi-
caté that the contribution to the fission tross}séctiqnvfrom latter
chancé'fissions should be small, It.hés also been:assumed that charged
pérticleveQaporation is a négligible mode of deéay for the compound |

nucleus in regions where the excitation functions increase rapidly.

The total cross-section for compound nucleus formationYGCN has been
derived by correcting the-calcu1ated total reaction cross-section’oR
for thq,éffects of surfacebrééctions. -The ratip'dCN/oR is taken to be
0.82, 0.80, 0.76 and 0.66 for llg, 12¢, 14y, and‘léF ions respectively.3»%
The reméinder of the cross-section is assﬁmed to be taken ﬁp by sﬁrface
feactionébin which thére is incomplete momen tum transfer to the.struck
nucleus, This assumptién is discussed in more detail in Ref. 3. The
ratios UCN/OR are presumed to be independent of excitation energy and

are based . on the measurements of Ref. 5.

“The ratio of/CGCN - of) for the differenf'systems studied here is
plotted as a function of excitation energy in Figs. 1, 2, énd 3.
Fig. lialso includes the curve for the system 169Tm + 12C from Ref. 3.
The excitafion energies'weré computed from the bombarding energies and
the maséés_of the nuclei involved in tﬁe reaction. Values for the

masses were taken from Ref. 12.
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Theffigures show qualitatively»theteffect.of various quantities,
on the,fiseion probability. Figure 1 shows the effect of target mass
on <Pf/{ QrWhen.the same projectile is used to bobbard several targets.
It is observed that as. Z and A of the target decreases, the excitation
functlons are dlsplaced towards hlgher excitation energles, i.e. the
_f1551onabr11ty decreases. A 51mllar shift is observed with 160 as
the boﬁber&ing'ion.3 Of epecial interest is the’similarity of the
»exc1tat10n ‘functions for 169Tm and 17%b bombardments. For the compound
nuclei 181Re and 1860s formed in these reactions the values of the
fissionebility parameter Z2/A and the neutron binding'energies are very
nearly:theveame.'vHence, the expected dependence-of fiesionability on

Z2/A is confirmed.

From Fig. 2 it 1s apparent that the exc1tatron.functlons for a
partlcular compound nucleus are the same when_llB and 12C are used as
bombardrng_lons. The masses of these ions are‘51m11ar, resulting in
approximately the same f%-wave oistribotion for tbe eompound nuclei
formed with each of these ions. in'Ref.ZS signifieant-differences were:
observed between the excitation functions for the. compound nucleus
181gpe produced by 12¢, 16p, and 22Ne ions, wh1ch give distinctly

different angular momentum distributions for bombardment with each ion.

Iﬁ—Fig. 3 are shown the excitation functions for fission of the
consecutive isotopes 178W, 17?W and 180w, It is observed that the
excitation.functions for the two latter converge at low excitation
energies;,ipdicating the values of the fission barrier to be quite

similar. For higher energies, the system formed with the heaviest
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projebtile;'which invplves the largest angular momentum transfer, is

found to fiséion with thé highest probability.

B. Theoietical Formula'for-<rf/Pn>.

In tﬁé?followingfdiscgésion.we.attempt to fit~§heoretical <rf/Pn>
vaiues»té #he.ekperimentai onés ét the steep part-of”the curves where
first chapCleissiOn dominates. Several formulasvbaséd on statistical
models exiéﬁithat relate.the ratio srf(rn> to varibus nuclear quantities{
A satisfgé;ﬁfy fit to the experimental data at low energy has been

obtained with‘one that is based on the level dens_ity'expression1

p(E) « exp[2(aE)}/2] o o : (6)
. Where angﬁigr_momentum effects are included in the calculation of the

energy E. For the first chance fission we then have:?2

- K [2a,}/2 (E - EL - ED1/2 _ 1]
rsr), = 2% £ R - G
f " 'n'g. . 2/3 . ° i .
n 4a2/3(az/a ) (E - B! - E2)

exp{Zanl/z[(af/an)l/2 (E -‘E% - Eﬁ)l/2 - (E-B - EE)I/Z]}"
and the average value of I‘f/I‘n is:

- on S ey - | B
T/ry> = L] 0T, 00/ ] o . (8)
S i=0 o L=0. -
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The parameters of the above equations are as follows:

E° =_—h~°—z(gi+f'1)/'2 £ -

|3s]
]

r = h2e (2 * /2 -

CN

|

where ocN/oR values are

the excitation energy of the compound nucleus; .

the partial cross-section for the 2-wave ion;

= 9,8 Mev (Ref. 2);

the m;ss number of the:compound nucleus;

the level density parameteré for neutron
-evapbration and fission; respectively;

the effective neutron bipding energy where B
is the'neutron-biﬁding'eﬁergy and.An is the
energy gap for the ground state of the nucleus
foilowihgvneutron cvapoiétibn;

the effective fission barriér, where Ef is the
experimental fission barrier and*Af is the
énergy'gap for the fissioﬁihg nucleus at the

transition state configuration;

the rotational energy of the nucleus following

neutron evaporation which is characterized by

a moment of inertia ELé;

the rotational energy of thé fissioning nucleus

at the transition state shape with moment of
inertia f,vand

a cut-off value above which;compound nucleﬁ;
formation does not take placé. It can be -

estimated from the equation:

i
( g,)/ o, .
L4=0 L =0 L

given in Sec, IV A.

©)
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In Eq. (7) theséffect_of quantum-méchanicél_barrier penetration
has been neglected’becauSé the excitation energies spanned by the
data are well above the fission barriers.!* We have further ignored
the angular momentum carried off by a neutron, Whiéh should be a good
approximation if our assumption of first chance fission is valid. |
The quantities Br'x’ E%, go, .and a-f are all functions of angular momentum
since rotation is expected to alter the shapes and masses of the states
whicﬁ'decay via neution evapbrafion and fissiéﬁ.ll We have asSumed
thét fhe.inclusion of>rotationalﬁenerg} terms in Eq;‘(7) accounts to
first'ofder for fhe changes in these quantitiésvreéulting from deforma-
tibn due to angularlmomentum.  THu$; these quantities take on the
Vélues of théir non-rotating‘equivaients; i.e, the zero angular

momentum case.

C. Fitting Procedure

As expected, good fits were obtained with many sets of values for -
the parameters introduced in Eqs. (7) and (8). ‘Since the main purpose
of the analysis was to extract values for E%, it was necessary to choose

.values for some of the other parameters; specifically, Bﬁ, ah,_and‘gb,‘

the values of which were estimated in the following way: |,

BA,: 'Values for Bn‘were taken from Ref. 12. The quantity An was
set equal to 0, a, aﬁd 2a for an odd?odd, odd-A, and.an
even-even nucleus, respectively, where a = 12/VA Mev.

a_ : Values were estimated from the formula a = A/10 Mev~1,
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For the nucleus after neutron evaporation the moment of inertia

|

is'expected to be very nearly equal to thé moment of inertia of
a‘rigid body. We have assumed the shape of this state to be

spherieal so that
‘} = 275/3
- = (2/S)mroA

where mvis:oneatonic masseunit'and-ro - 1.22 x 1013 cm is the nuclear
tadius paraneter; B o N | |
The uncertainty in BA is about 2 Mev which will introduce a
similar error in EL. The parameters a and Zt are weakly correlated -
with the ether parameters,v e.g. Et, ag/a_, and 3 / g‘(see Refs._3
and 13). Hence, the functional forms .of an and Bb'are.not critical,
We shall in the evaluatlon of the errors in E%;vassign-an'uncertainty
of 1 unit 1n'an.' In the f1tt1ng process we found that the slope of
{rf/rn> inereases strongly'when the values of af/an' and 2’/2} were
lrespectively, increased Or'decfeased; Their values could both be
chosen as constants independent of excitation energy, and of target and
ion used "The result of such an analysis is presented below in Sec. IV E,
Most importantly, if af/an indeed is a constant, the rotational energy -
terms in Eq.:(7) cannot be left out if one is to obtain a fit to the
data. When these terms are ignored one ebtains; howevet; equally good
fits if af/an is allowed to be a function of the target and ion. 'in
this caee the angular nqnentum.effects are tied in with the value-of
af/an. The advantage‘of such a procedure is that one does not have to
know the angular momentum'distribution of the compound nucleus. The

results of such an approach is presented in the following,
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D. Level Density Formula Without Rotational Energy Terms.

In this case we have taken E} and af/aﬁ as the only adjustable

f
parameteis, both of which are assumed to be indepehdent of bombarding
energy.e'Their best fit values for the various systems are given in
Table fv end the corfespondihg eaicuiaoeo <rf/rﬁ> values are presented
as curves in Figs. 1 - 3. We see thatvthe fit-to eXperimehtal values
s exCelient for the onsetvof the excitetion foﬁction.. In Fig. 3 are
also shown the curves which represeot the 1imits of what we define as
a.reasonable fit. This introduced’errors of only O,OSIand 1.0 Mev

in af/a and Ef, fespectively‘ Their overall eriore were 0.10 aﬁd

4.0 Mev, re5pect1ve1y, when the errors of 2 Mev in B' and 10 Mev-1 in

an*were taken into account.

Tﬁe'aeta in Table IV show that within‘the'liﬁits of our errors
af/an is independent-of the target used and increaees with increasing
mass of thevion. This is a direct result of angular momentum effects.
: Tﬁat is, the average angular momentum and hence <r /F > increase
faster w1th excitation energy as the mass of the ion 1ncreases.v
Assumlng a linear variation of af/a with the mass number A, i of the

ion, we obtain the following empirical relationship:
ef/an = 1.11+ 0.075Ai ' (10)

'Hence,rfor a non-rotating system the value of af/an is 1.11 thch
should correspond to the one obtained using the'foimula containing
rotational energy terms. It isvdifficult to attach physical signifi-
cance to such an expression. However, such.e semi-empirical expression

has considerable utility for prediction purposes.‘
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E. Level~Density.F6rmu1a-With Rotational Energy Terms.

Théfbest overall fit to the daté wasvobtaiﬁed with the values
1.20 and 2.0 for the ratios a‘tf/an and Sf/%, ‘ré'spectively." These

t

values aré in agreement with previous results}3>‘Thé‘Va1ues for Ef
- are listed in Table IV and the calculated curves for <T /T > were
similar to those given_in-pigs, 1 -3 The ovepgll_érror in ag/a
was-eStimatéd to be 0.05. This iS correlated s;rqngly with E%'but
rather Wéakiy with an, the ratio Sf/Qt, and thé'angular momentum
distribution, including its variation with excitétion energy. The
reason for the weak correlation in the lattef tﬁé'cases is that the
aVerage véiues for EE and Ei-are much sméller.fhan those for E%.
"I'his introduces, however, a large error in af/:’t," For the assumed
Z-distribufion we find this error’tbfﬁe about 0.5. The_formﬁla we
have uséd:to estimate the l-distriﬁufion is semi%émﬁirigal.and contains
>‘$everal parameters whose values have beeh obtaihed’by extrapolation.
The reliﬁbility‘of this cannot be evaluated. Tﬁe‘érrors in the
paramete'rsvaf/an, '.}f/’%, Br;, an& a ’introduceb-in E% the errors

1.5 Mev, 1.2 Mev, 2.0 Mev, and 0.8 Mev respectively, to a combined

uncertainty of about * 3.0 Mev forfE%.

V.  CONCLUSION

The data in Table IV suggest that the average values for E% and
af/an are respectively, only about 1.5 Mev lower and 0.02 higher when

the formula without rotaiionaivenergy terms is used}. In Table IV we



- 19 - UCRL~19928

have also listéd the valueS'for'Ef as estimated by Myérs and Swiatecki
using a:Sémiéempirical formula,lS The agfeement'is quite consistent
with theupredictibns of Ref. 15, It,i§ interesting to note that the
average.difference between the values of Ef and E% corresponds to a
value ova,7 Mev and 1.4 Mev for the energy gap at saddle of an odd-A -
and an even-even nucleus, respectively. lHowever;_the unceriainty in
the déta isvtoo large to take thesé values for7;hé energy gap‘séri&usly.
A'lineé?'éxtraﬁbiation of fhé values for af/an_given in Table IV |
'yields a value ofil;li for af/an fbr a non-rotating system} This is
”substantially»loWer thah the value of 1.20 6btainea‘with the formula
'which contains.rotafional energy terms. Since we do not know if such
a linear éxtiapolétionhis juétified we Suggest-rather conser&ﬁtivély
that in this region ofvfhe periodic table the Value of af/én is

1.20 + 0.10, o

Our-cgnclusion is that when E% is large thé inclusion or exclu-

sion of rotétional energy terms in the fbrmula for <Ff/Pn> yields
similar values for E% and af/gn;. The lgttgr analysis is rather easy
" to perform. We should finally reemphasize that the fits have been
made only at the lowest energies of the\excitation'functions. As
the'energy:increases the deviation between calculated and experimental
<Pf/Tn> véiqes increa;es. Possible reasons for ihis discrepancy hﬁve

been discussed in Ref. 3.
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Table I. Values for s cf/cR and fn at various laboratory ion energies, EL, for ‘the systems
(15°Tb + 19F) and (165Ho + 1%N) where op is the total experimenﬁal fission cross-

section and ¢, and Iﬁ are respectively, the estimated total cross-section and

R

average angular momentum in the interaction.

1537y + 195 - ' '_ T 18Sf0 « 1@&
B QMev) Tl og() ooy E(Mev)  T(h)  og(nb) o/og
1938 68.0 530 2.30-10"1  145.3 50.5 241 1.10- 101
170.2 60.0 516 2.46-1071  140.0 . 48.7 192 8.97.1072
155.0 55.5 421 2.16-1071  134.5 47.0 183 8.88.10"2
| 143.5 51.0 . 329 1.81-10°1 1225 . 43.0 109 5.71.1072
132.2 46.4 219 1.32.10°1 1157 0.7 68.9 3.81:1072
'.120.6" 42.0 166 1.15-10"!  109.5 . . 38.4 37.0 2.18.1072
113.8  35.0 120 9.40-102  105.9 37.00 - 30.0 1.83 1072
107.9 . 30.5  - 62.0 ~ -5.48-1072  102.7 35.6 19.7. 11.26-102
101.1 20,0 28.8 31002 loz.2 3.4 177 L1312
94.2  26.0 8.0 113102  98.7 4.0 1.2 7.57.10°%
87.0 - 19.1 | 1.4 3.4-1073  96.0 . 32.7 6.9 4.9 .10-3
| 95.2 32.2 7.9 5.6 -10-3
91.4 30.4 4.1 3.2 . 107
91.1 30.2 4.2 3.3 +10-3
i . - - - 880 28.6 3.1 - 2.6 -107
R o s 22 s L3.109

83,2 5.8 0.4 3.9 -107"

- g266T-THON




Tabie 11,

E; (Mev)

114.4
108.6
105.8
102.6
96.5
89.8
86.4
82.9
81.0
77.8
73.4

71.3

the systems (169Tm + 11B) and (175Lu + !!B) where o

Values for Tes cf/cR and QR at various laboratory ion energies, EL, for

f‘is the total

experimental fission cross-section, and o_ and Ek are respectively, the

R

estimated total cross-section and average angular momentum in the

inferaction.
1691 + Mg iZfEE;ﬁ_Lﬂi
T ) 0 ¢(nb) PN CE (Mev) - T@)  op(nh)
4.0 74.8 3.28-102 1144 412 134
39.5 60.0 2.70-1072 . 110.0 39.7 101
38.5 - 50.9 2.31.10°2  105.7 .~ 38.5 719
37.5 47.3 2.19-1072  101.2 37.0  S8.
3.5 26.2 1.28-102 96.6 355 31.
33.0 12.5 6.47-1073 93,5 - 34.5 2.
2.0 9.9 7-5;27-10‘3.  ss4 36 1S
30.5 5.5 3.0 +1073 - 83.3 30.7 6.
30.0 4.5 2.6 +207% 7.6 29.3 4.
28.5 4.3 2.6 -10°3 71.6 257 L.
27.0 1.5 9.5 «10°% 69.6 24.8 0.
8.1 -207%

260 1.2

og/op

.80-10-2

.51-10-2

.34+10"2

.79+1072
.53-10-2
.32+1072

.05-10-3

.7 1073

.8 +10-3

.2 +1073

.0 «107Y4

-cz-

- g266T-THON



Table III.

Vélues for Tes O and IR at-vai'ious laboratory -ion energies, EL, for 12C ions ihcident
on '7b, 1751y and 182 yhere o¢ is the total experimental fission cross-section, and
- op and E’R are respectively, the estimated total cross-sectioﬁ and average angular
momen tum Iin the interaction. |
170y + 12 1751, + 12¢ s ' 182 , 12
eV LD o) ooy R o) ooy RED o) ogle
124.6 43.1 106 4.91-1072  43.0 241 L1070 4n0 0 752 3.58.10"1
120.2 42.0 193.1 4,43+10"2 41.9 229 1.05-10~1 41.8° 745 . 3.61-107!
‘>_116.3 40.8 69.8 3.39:10-2 40.5 178 8.77-1072 40.2 612 3,06+10-1
111.8 3%.4  48.6  2.45-10°2 39.1 147 7.56-10"2 . 38.5 551 ~ 2.87-107!
109.7 - - .- 37.8 103 5;37-10-2 38.0 519 2,73-1071
107.8 38.9 34.9 1.81-1072 -- - - 371 493 2.66+10-1
102.8 36.2 22.9 .1.24-10-2 35.9 72.9 4;02-16-2 35.6 382 2.18.10"1
. 98.2 34.5 11.0 6.3 +10°3 -- -- - 5.3 322 1.94-10°1
1 95.8 -- -- -- 33.5 36.3 2.17-102 - -- .
93.2 - .- S - - . -- . 316 223 1.44-10-!
90.6 31.4 45 2.9 °10°3 312 244 1.58:10-2 30,8 .153' : 1.03519'i
88.1 30.1 3.1 2.1 -10-3 29.9 17.2 1.18-10°2 2.2 140 9.86-10-2
85.6 29.1 1.9 1.3 -1073 28.8 10.8 7.7 -10-3 - - --
82.7 —- e - 27.2 6.2 4.7 1073 2648 54.9  4.39.1072
79.8 26.3 0.6 4.5 1107 - 26.0 40 3.3 4103 o -- --
77.9 25.3 0.4 5.4 -107% 24.8 1.9 1.5 +1073 24,2 30.8  2.63-10°2
74.3 -- e | 22.8 1.2 1.1 .10-3 22.2 1.4 1.19-10-2
70.8

- - - - == 2000 Siz 1.15-10°2

9266T-T0N



Tahle IV, Various quantities used in the fit of calculated <Ff/Th> values to experimental ones, and a

comparison of experimental and calculated fission barrier values.

System Cbmpognd Z2/A BA | af/aha _ E%a o E%p Efd
' o Nucleus_ L (Mev) | (Mev) = (Mev)f | (Mev)
1s9my . 19 178y 30,76 10.7 125 215 2300 25.3°
1650 + 14N - 7%y 30.59° 7.5 . 1.24 23,2 25.2 25.6°
169y 4+ 11 180y 30.42 - 10.3 119 25,0 . 28.7 25.01
1691 + 12¢ 18lge 31.08 9.7 1.21 24,0 25.0°  23.9%
174y » 12¢ 1860 31.05 0.0 1.20 24.7 25.7  23.2
1751y + 11p | | 186ps osios 10.0 - 1.20 24.9 26.0 23.2
1751y + 12¢ 1871y 5,71 9.4 120 216 218 211
182y 4 12¢ ,‘ 194y 32.99 10.2 1.20 19.8 19.4 - ;8.3

S Best fit vaiués Whénuanf=_A/10 Mev~1 énd rotétional-energy-terms aré’igno:ed. |
b ' Best fit values when a_ = A/10 Mev~1 ,‘ a./a = 1.20 , and &/ %= 2.0.
» n : f''n . ff0
¢ ‘Data taken from ﬁef. 3. ‘ |
d Values taken from Ref. 15.
e

This value is equal to that of the saddle mass, as taken from Ref. 15,'reducea by 1.0 Mev.

-G2-

9266 T-T40N



Fig. 1.

Fig. 2.

‘Fig. 3.
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Figure Captions

' Experimental <I /T > values as function of the excitation

energy, E, of the compound nucleus Withflzc'incident on

182y @p; 175Lu (a); 17%b (0); and 169 (0).

The curves are calculated using the formula without rotationai

“energy terms with a = A/10 MeV-1 and with the Values for

. ' ' 0 X . T .
,Bn’ af/an, and E!. as given 1n_Tab1e_IVf_

f

- Experimental <Ff/Fn? values as function of the excitation

- energy, E, of the compound nucleus for the reactions

174yy + 12¢ = 18605 (0) and 1751y + 11p = 18605 (a).
The curve is calculated using the formula without rotational .
terms with a_ = A/10 MeV'l,'Bﬁ = 1_0.‘0.Mev,,af/an ='1.2o,

f

. and EL = 24,7 MeV.

. Experimental <r/T > values as function of the excitation

energy, E, of the compound nucleus for the reactions

1597 + 19F = 178y (A), 16514 + 14N = 179 (A), and

_"1eé-m + 11 = 180y (0).

_‘The curves are calculated using the fomrula without rotational

energy terms with a_ = A/10 MeV-! and with values for B! as
given in Table IV. For the solid lines we used the best fit

values for af/an and E% as listed in Table IV. For the dashed

‘lines labeled a and b, we used af/an = 1.20 and E% = 22.4 MeV,

and a/a_ = 1.30 and E. = 24.8 MeV, respectively,

f



27— . UCRL-19928

Lol taaal

2,

1 NN | i

Ll Jd1 ol

041y L
o580 60 70 80 90 100 110
| - E ( MeV)

XBL 706 6212

Fig. 1



'_10,-'_1.“_

T/

~ UCRL-19928 .

1021

10~4

i e o 7T

105

1

P W T A B 7 -

L il

P 1 lll'll

1 LJ'illlI.

1

50

70

- 80
CE(Mev)

I

90 100 110 :

XBL706 6213

CPig. 2 .



_29-

chL.-i9928 -

10

107t

1 .

10-3

- |_ B LA

5 S D ’le

r

1 DL Ijlﬁl

1 H

»
1 1 1114

L1 3 raed ol

Looaatl

l I

10-4
950

60

70

80 90
E (MeV)

Fig. 3

100

110 - 120 130

XBL 706 6214



LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. .

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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