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Average angular momentum in fusion reactions deduced from evaporation-residue cross section

O. A. Capurro and D. E. DiGregorio
Laboratorio TANDAR, Departamento de Fı´sica, Comisio´n Nacional de Energı´a Atómica, Av. del Libertador 8250,

1429 Buenos Aires, Argentina
~Received 9 September 1997!

Average angular momenta of compound nuclei were deduced from measured evaporation-residue cross
sections on the basis of statistical model calculations. We have applied this method to the following systems:
4He1197Au, 16O1147,149,152,154Sm, 32S1138Ba, and48Ti1122Sn. For some of these systems, the average an-
gular momenta were compared with those extracted from earlyg-multiplicity measurements. A reasonable
agreement was found between the values of the deduced average angular momentum obtained from both
methods, giving support to the validity of the present method. The average angular momenta for all the systems
exhibit the energy dependence predicted by a standard fusion model calculation.@S0556-2813~98!01501-5#

PACS number~s!: 25.70.Gh
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Knowledge of the first moment of the angular momentu
distribution acts as a constraint for fusion models. Con
quently, a more stringent test of the theoretical models
be obtained by comparing their predictions with the expe
mental average angular momentum of the compo
nucleus. In this work, we have analyzed the experime
yields for the evaporation residues produced in fusion re
tions to deduce the average angular momentum of the c
pound nucleus. The relationship between the measured
tive cross sections for the evaporation residues and
average angular momentum of the compound nucleus
established through statistical model calculations. We h
applied this method as a natural extension of the studie
isomer ratios reported in previous publications@1,2#. This
technique has been employed for some reactions that f
compound nuclei of mass numberA ; 100 @3#.

The procedure carried out in the present analysis is c
pletely analogous to that followed and described for the i
mer ratios in Ref.@2#. For the present case, we define t
ratio between the yields for the (x11)m and xm
evaporation-residue channels (m indicates neutrons and/o
protons! as

Y~x11!m

Yxm
5

s~x11!m /s fus

sxm /s fus
5

(JsJYJ,~x11!m

(JsJYJ,xm
, ~1!

wheres (x11)m andsxm are the cross sections for the evap
ration of (x11) and x nucleons,s fus is the fusion cross
section,sJ is the cross section for the formation of the com
pound nucleus with total angular momentumJ, and
YJ,(x11)m andYJ,xm are the relative yields for the (x11)m
and xm evaporated nucleons for the compound nucleus
fixed excitation energy and total angular momentumJ.

The cross section for the formation of the compou
nucleus,sJ , taking into account the values of intrinsic spin
of the reactants,s1 ands2, can be expressed in terms of th
partial angular momentum distributionss l ,

sJ5
~2J11!

~2s111!~2s211! (
S5us12s2u

s11s2

(
l 5uJ2Su

J1S
s l

2l 11
, ~2!
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whereJW 5 lW1SW andSW 5 sW11sW2. The average angular mo
mentum^J& of the compound nucleus can be evaluated a

^J&5
(JJsJ

(JsJ
, ~3!

There is no difference between the values of^J& and ^ l &
~defined aŝ l &5( l ls l /( ls l) when the intrinsic spins of the
projectile and the target are equal to zero.

Equations~1! and ~3! establish the connection betwee
the relative yields and the average angular momentum wh
has to be quantitatively determined through statistical mo
calculations and the comparison of the experimental and
culated values ofY(x11)m /Yxm . We chose the Monte Carlo
code PACE @4# to simulate the Hauser-Feshbach compou
nucleus decay mode. The first step in the analysis wa
adopt a set of input parameters for the statistical model
culations. This was done by fitting the experimental rat
(Y(x11)m/Yxm) at energies well above the Coulomb barri
where the spin distributionsJ has a known triangular shap
for every fusion model. Then, a series of statistical mo
calculations were performed to obtainYJ,(x11)m andYJ,xm at
different excitation energies. Knowledge of these calcula
relative yields enables us to determine the theoretical r
Y(x11)m /Yxm for any initial angular momentum distribution
Finally, we searched for the angular momentum distribut
whose theoretical ratioY(x11)m /Yxm agrees with the corre
sponding experimental value. To ensure a general surve
all typical shapes of angular momentum distribution,

s l5
p

k2
~2l 11!Tl , ~4!

the transmission coefficientTl was parametrized assuming
Fermi function,

Tl5
1

11exp@~ l 2 l 0!/D l #
, ~5!

where bothl 0 andD l were considered as free parameters.
this manner, a wide family of distributions with differen
shapes~from bell-like to triangular shapes! was obtained as
430 © 1998 The American Physical Society
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57 431BRIEF REPORTS
done in Ref.@2#. In Eq. ~4!, k is the wave number associate
with the center-of-mass bombarding energy.

In order to investigate the ability of the method describ
above, we performed the following statistical model calcu

FIG. 1. Relation between the ratioY4m /Y3m and the average
angular momentum for the compound nucleus170Yb at ECN* 5 41.3
MeV. Statistical model calculations were performed to obtainYJ,4m

and YJ,3m for every J at this excitation energy. These calculat
relative yields enables to determine the ratioY4m /Y3m for any ini-
tial angular momentum distribution applying Eq.~1!. A Fermi func-
tion was used for the shape of the transmission coefficient wh
parametersl 0 and D l were varied to obtain a wide family of spi
distributions. These spin distributions span from bell-like sha
~small l 0 and largeD l ) to triangular shape~large l 0 and smallD l ).
Their average angular momenta were obtained from Eq.~3!.

FIG. 2. ~a! and ~b! Experimental ratiosY(x11)m /Yxm for the
16O1152Sm and16O1154Sm systems~open diamonds forx52 and
open triangles forx53!. These data were reported in Ref.@5#. The
solid lines are the results of the combined calculations of co
CCDEF and PACE ~see text for details!. ~c! and ~d! The average an-
gular momentum deduced from the experimental rat
Y(x11)m /Yxm is plotted for both systems~solid circles!. The open
circles are thê l & values deduced fromg-multiplicity measure-
ments@10,11#. The solid lines correspond to the mean value of
l distributions estimated byCCDEF.
d
-

tions for the 16O1 154Sm system. The fusion of these nucl
leads to the formation of compound nucleus170Yb. At the
laboratory bombarding energy of 63.8 MeV, the excitati
energy of this compound nucleus is 41.3 MeV. We calc
lated the ratioY4m /Y3m and ^J& according to Eqs.~1! and
~3!, respectively. We used Fermi angular momentum dis
butions withl 0 varying from 2\ to 56\ in steps of 2\, and
D l from 0.2\ to 2.7\ in steps of 0.5\. The results of these
calculations are shown in Fig. 1. The correlation between
ratio Y4m /Y3m and^J& is represented by open circles. As ca
be seen in this figure, there is practically a one-to-one co
spondence between the ratio and the average angular
mentum. In other words, differentl distributions having
similar average values lead to similar evaporation-residue
tios. For example, a ratio of 1.26 0.1 leads to âJ& value of
~10 6 1! \. However, it must be noted that there is a regi
where the correlation is not single valued. This happens
large ^J& values because the highest partial waves of th
distributions only contribute to feed theY2m yield. In any
case, this is not a problem since the deduction of^J& was
always carried out through the ratio between the two do
nant evaporation-residue yields at each energy. In summ
Fig. 1 substantiates the validity of the technique to ded
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FIG. 3. ~a! and ~b! Experimental ratiosY(x11)m /Yxm for the
32S1138Ba and 48Ti1122Sn systems~open diamonds, triangles
squares, and circles forx52, 3, 4, and 5, respectively!. These data
were reported in Ref.@6#. We adopted a 25% as total error for a
ratios in these systems~the authors only report statistical errors
the fusion cross sections!. The solid lines are the results of th
combined calculations of codesCCDEF and PACE ~see text for de-
tails!. ~c! and~d! The average angular momentum deduced from
experimental ratiosY(x11)m /Yxm is plotted for both systems~solid
circles!. The percentual errors of the deduced^ l & values are signifi-
cantly larger than the corresponding residue ratios at the hig
energies in the48Ti1122Sn system. This occurs because the ra
Y5m /Y4m reaches the saturation region~see Fig. 1! since the fission
channel begins to compete with the 4m channel for largeJCN val-
ues. The open circles are the^ l & values deduced fromg-multiplicity
measurements@12#. The solid lines correspond to the mean value
the l distributions estimated byCCDEF.
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the average value of the initial spin distribution by measur
the ratio of the evaporation-residue cross sections of the
dominant decay modes for the fusion-evaporation proces

Using the present method, we deduced the average a
lar momentum for some systems:16O1 152,154Sm, 32S1
138Ba, 48Ti1 122Sn, 4He1 197Au, and 16O1 147,149Sm. The
evaporation-residue cross sections were reported in Refs@5–
8#. The experimental ratiosY(x11)m /Yxm are plotted as a
function of the bombarding energy in Figs. 2~a!, 2~b!, 3~a!,
3~b!, 4~a!, 4~b!, and 4~c!, and are indicated with open star
diamonds, triangles, squares, and circles forx 5 1, 2, 3, 4,

FIG. 4. ~a!, ~b!, and~c! Experimental ratiosY(x11)m /Yxm for the
4He1197Au, 16O1147Sm, and16O1149Sm systems~open stars, dia-
monds, triangles, and squares forx51, 2, 3, and 4, respectively!.
These data are reported in Refs.@7# ~for the first system! and @8#
~for the other systems!. The solid lines are the results of the com
bined calculations of codesCCDEF and PACE ~see text for details!.
~d!, ~e!, and~f! The average angular momentum deduced from
experimental ratiosY(x11)m /Yxm is plotted for these systems~solid
circles!. The solid lines correspond to the mean value of thel dis-
tributions estimated byCCDEF.
g
o

.
u-

and 5, respectively. The solid lines represent the result
the statistical model calculation performed by the codePACE

using as input the angular momentum distribution predic
by the fusion model codeCCDEF@9#. In this code we adjusted
the depth of the nuclear potential to fix the Coulomb barr
parameters for every system considered here. For those
tems involving samarium isotopes as target nuclei, we
cluded the coupling to the quadrupole deformation of
target in theCCDEFcalculation. Besides this deformation, th
coupling to inelastic and transfer channels was included
the calculations for32S1 138Ba and48Ti1 122Sn according to
Ref. @6#. No coupling was considered in theCCDEF calcula-
tion for 4He1 197Au. The values of the input parameters us
in the codePACE for each system are presented in Table
Wherever possible we adopted the same input parame
determined from analyses of previous studies@5,6,8#. The
remaining input parameters, such as the optical-model
rameters for the transmission coefficients, were as descr
in Ref. @4#. We can observe a very good agreement betw
calculated and experimental fractional evaporation-resi
yields for all the systems, with a few exceptions at the low
bombarding energies.

Figures 2~c!, 2~d!, 3~c!, 3~d!, 4~d!, 4~e!, and 4~f! display
the deduced̂ l & values as a function of the bombarding e
ergy for all systems studied in the present work~solid
circles!. The deduced ^ l & values, obtained from
g-multiplicity measurements for16O1 152Sm @10#, 16O1
154Sm @11#, 32S1 138Ba @12#, and 48Ti1 122Sn @12#, are also
shown~open circles!. The solid lines correspond to the pre
dicted average angular momentum byCCDEF. Our deduced
^ l & values agree fairly well with the fusion model predictio
as well as those values obtained through theg-multiplicity
technique.

In summary, the ratio of the evaporation-residue yie
can become a useful tool to derive the average value of
initial spin distribution of the compound nucleus. This wo
is an extension of the analyses published for the isomer
tios in Ref.@2#. To achieve the purpose it is necessary to
the experimental residue ratios over the whole energy ran
In particular, this fitting must be very good at energies abo
the Coulomb barrier where the spin distribution is almo
fusion-model independent. The proposed procedure for
termining the average angular momentum in fusion reacti

e

TABLE I. Parameters used in the codePACE.

32S1138Ba
System 16O1152,154Sm 48Ti1122Sn 4He1197Au 16O1147Sm 16O1149Sm

~Ref. @5#! ~Ref. @6#! ~Ref. @8#! ~Ref. @8#!

a ~MeV21) A/8.5 A/9.0 A/11.5 A/8.5 A/8.5
Yrast line Sierka Sierkb Gilbert-Cameronc Sierka Sierkd

E1 ~W.u.! 0.025 1.4e 0.00001 0.025 0.025
M1 ~W.u.! 0.01 0.01 0.01 0.01 0.01
E2 ~W.u.! 9 9 9 9 9
M2 ~W.u.! 1.2 1.2 1.2 1.2 1.2

aThe rotational energies are obtained from Ref.@13#.
bThe rotational energies obtained from Ref.@13# are multiplied by a factor of 0.8.
cThe rotational energies are obtained from Ref.@14#.
dThe rotational energies obtained from Ref.@13# are multiplied by a factor of 1.2.
eFraction of sum rule exhausted by the integratedE1 strength.
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relies only on the statistical model parameters. The disc
ancies observed at subbarrier energies for some of the
tems studied in this paper can be originated in the fusi
model calculation and/or perhaps in the data due to the s
cross sections involved.
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