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Scaling laws in 3He induced nuclear fission
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Fission excitation functions of compound nuclei in a mass region where shell effects are expected to be very
strong are shown to scale exactly according to the transition state prediction once these shell effects are
accounted for. Furthermore, the method applied in this paper allows for the model-independent determination
of the nuclear shell effects.@S0556-2813~96!04012-5#

PACS number~s!: 25.85.Ge, 24.75.1i
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I. INTRODUCTION

More than half a century after its discovery@1#, the study
of fission is still of general interest. While the availability o
relativistic heavy ions has enabled the study of several
pects of the fission process in the high energy region@2–11#,
it has been shown recently that a new approach@12# to in-
vestigate excitation functions of low energy, light partic
induced fission allows for the model independent extract
of fundamental quantities of the fission process, like fiss
barriers, shell effects, and the much discussed fission d
time ~see, e.g., Refs.@12–14#!.

From early studies it is well known that the fission ex
tation functions vary dramatically from nucleus to nucle
over the periodic table@15–17#: Some of the differences ca
be understood in terms of a changing liquid-drop fission b
rier with the fissility parameter, others are due to to stro
shell effects which occur, e.g., in the neighborhood of
double magic numbersZ582 andN5126. Further effects
may be associated with pairing and the angular momen
dependence of the fission barrier@18,19#.

Fission rates have been calculated most often on the b
of the transition state method introduced by Wigner@20#, and
applied to fission by Bohr and Wheeler@21#. The success o
this method has prompted attempts to justify its validity in
more fundamental way, and to identify regimes in whi
deviations might be expected. Recent publications claim
failure of the transition state rates to account for the m
sured amounts of prescission neutrons org rays in relatively
heavy fissioning systems@13,14,22#. This alleged failure has
been attributed to the transient time necessary for the
called slow fission mode to attain its stationary decay r
@23–31#. The larger this fission delay time, the more favo
ably neutron decay competes with the fission process. T
leads to an effective fission probability smaller than p
dicted by the Bohr-Wheeler formula. The experimen
methods of these studies, however, suffer from two diffic
ties: First they require a possibly large correction for po
saddle, but prescission emission; second, they are ind
methods since they do not directly determine the fiss
probability. The measured prescission particles can be e
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ted either before the system reaches the saddle point, or
ing the descent from saddle to scission. Only from t
anomalies in the first component, would deviations of t
fission rate from its transition state value be expected. T
experimental separation of the two contributions, however
fraught with difficulties which make the evidence ambig
ous. It seems therefore desirable to search for transient
effects by directly measuring the fission probability and
energy dependence against the predictions of the trans
state method for a large number of systems and over a b
energy range.

In the last few decades, several studies have investig
heavy ion and high energy light ion induced fission@19#.
These reactions involve a large and variable deposition
energy, mass and, most important, of angular moment
The latter, in particular, greatly affects the fission proce
and makes comparisons with liquid drop model calculatio
difficult @18,19#. In contrast, the problem of excessive ang
lar momentum, mass and energy transfer and the assoc
uncertainties can be minimized by the use of light projecti
and relatively low bombarding energies; see, e.g., R
@15,17,32#. Becchetti et al. have, in particular, measure
3He induced fission excitation functions of several nuc
with masses between 159 and 232 at bombarding ener
ranging from 19.1 to 44.5 MeV@33#. Their analysis with
statistical fission theory indicates fission barriers which,
contrast to heavy ion induced fission, differ only slight
from liquid drop model predictions.

In a recent paper, a new scaling of fission excitation fu
tions based upon the transition state prediction, collapse
large number of fission excitation functions from compou
nuclei produced ina-induced reactions@17# to a single
straight line, once the shell effects are accounted for@12#.

In this paper, we show the results of a recent experim
investigating 3He induced fission of the compound nucl
200Tl, 211Po, and212At at excitation energies between 25 an
145 MeV. These fissioning systems bracket the closed s
region around208Pb, and due to the strong shell effects, t
analysis of these systems represents a sensitive test o
method introduced in Ref.@12#.

The present paper is organized as follows: In Sec. II,
present an experimental setup which allows one to mea
fission excitation functions for various nuclei efficiently, an
we show the results of such a measurement. In the su
quent section, we describe the analysis of the fission data
our findings. Finally, our summary can be found in Sec. I
3062 © 1996 The American Physical Society



54 3063SCALING LAWS IN 3He INDUCED NUCLEAR FISSION
TABLE I. Experimental fission cross sections.

E(3He! s f ~mbarn!
~MeV! 200Tl 211Po 212At

21.0 0.001960.0004 0.000460.0002 0.010860.0023
24.0 0.018760.0038 0.017160.0036 0.217660.0441
27.1 0.085960.0175 0.14860.030 1.2560.25
30.8 0.29860.060 0.70760.141 3.860.8
35.0 0.76560.154 2.260.4 10.362.1
39.7 1.960.4 6.161.2 19.964.0
44.9 3.660.7 11.263.9 33.666.7
50.6 6.261.3 19.466.3 54.2610.9
56.8 10.662.1 31.769.3 78.1615.6
63.4 15.563.1 46.6610.5 100.6620.2
67.1a 18.163.6 52.6614.5 115.1623.1
70.6 23.964.8 72.7617.9 143.8628.8
74.4a 30.766.2 89.7619.9 160.3632.1
78.3 34.166.8 99.7619.4 178.6635.8
82.3a 33.466.7 96.9623.6 177.9635.7
86.5 42.668.5 117.8630.6 211.3642.3
92.5 63.0612.6 152.8631.4 243.5648.8
95.2 56.6611.3 157.0632.6 255.8651.3
99.9a 59.4613.1 162.9638.1 253.7650.8
104.4 67.4614.9 190.3639.3 282.4656.6
108.5a 71.2614.3 196.5645.5 285.7657.2
114.1 78.1615.6 227.3649.2 318.3663.7
119.0a 88.0617.6 245.9655.6 333.0666.7
124.3 94.9619.0 277.8646.3 358.9671.9
130.0a 86.7617.4 231.6653.7 305.3661.2
135.0 100.3620.1 268.6654.3 351.5670.4

aThe bombarding energy was achieved by using a degrader foil as described in the text.
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II. EXPERIMENT

Fission of three compound nuclei,200Tl, 211Po, and
212At, formed in the reactions3He1 197Au, 208Pb, and
209Bi was investigated. The targets were mounted at 45
grees with respect to the beam axis and had thicknesse
tween 240 and 500mg/cm2. The Lawrence Berkeley Na
tional Laboratory’s 88-Inch Cyclotron delivered3He beams
with 19 different energies between 21 MeV and 135 Me
The number of energy points was increased to 26~see Table
I! by using a set of degraders made of aluminum foils w
thicknesses between 186 and 433mm which were deter-
mined by weighing.

In the past, these fission reactions have been studied u
small solid angle solid state counters or nuclear track de
tors; see, e.g., Refs.@15,17,32,33#. Therefore, beamtimes o
the order of weeks were necessary to measure complete
citation functions. To cover a large solid angle and, the
fore, to minimize beam time, we performed an experim
using two large area parallel-plate-avalanche coun
~PPAC’s! with an active area of 2003240 mm2 each. The
detectors were mounted at 80° and 260° with respect to
beam axis, allowing for the detection of both fission fra
ments in coincidence. The PPAC’s were placed at a distan
of 150 mm from the target to the center of each detector.
the beam energy increases the velocity of the compo
nucleus in the laboratory’s frame increases, resulting i
decreasing folding angle. Since we require the detection
-
be-
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both fission fragments in coincidence, and our detectors
mounted at a fixed relative angle, the acceptance has a w
dependence on the bombarding energy of the projectile:
our detector setup, we have determined a geometric ang
coverage between 18 and 20% for bombarding energies
tween 135 and 21 MeV, respectively.

The PPAC’s detector volume is divided by a cathode f
made of 2mm thick mylar foil which is set at a voltage o
450–550 V during operation. The readout of the catho
gives a position independent amplitude and time signal.
both sides of the cathode, signal wireplanes are mounted
distance of 3 mm, one with horizontal and the other one w
vertical oriented wires. The wires have a thickness of
mm, the distance between the individual wires is 1 mm. F
wires are combined to a group which is read out by a de
line to reconstruct the position of the particle. An intrins
resolution of 1.0 mm~FWHM! has been achieved in bot
horizontal and vertical position which allows for the me
surement of the folding angle precisely. Each detector has
entrance window made of mylar foil which separates the g
atmosphere in the detector from the chamber vacuum. In
present experiment, the counters were operated by flow
isobutane gas at a constant pressure of 4 mbar.

In Fig. 1, we show a typical experimental amplitude spe
trum for coincidence events. It shows that the fission pea
clearly visible and the background is negligible. Cross s
tions were determined for these fission events using
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s f5
nfA

nbeamNAm
h~u,f!, ~1!

wherenf andnbeamare the number of fission events and t
number of beam particles, respectively.A represents the
mass number of the target,NA Avogadro’s constant, andm
the thickness of the target. Due to the incomplete ang
coverage, the quantityh(u,f) which accounts for the geo
metrical acceptance and for the nonisotropic emission of
fission fragments has be be taken into account. The an
tropic angular distribution (ds/dV)u /(ds/dV)90° of the fis-
sion fragments has been shown to be reasonably desc
by the function sin21u @18#. We have used this dependen
for the determination of our acceptance. The beam norm
ization was done using a Faraday cup. The systematic un
tainty of this method can be estimated to615%.

In Fig. 2, we show the experimental fission cross secti
for the three compound nuclei200Tl, 211Po, and212At as a
function of excitation energy. The error bars denote both

FIG. 1. Typical amplitude spectrum for coincidence events
measured with the PPAC’s in the reaction3He1197Au at 86.5
MeV.

FIG. 2. Excitation function for fission of several compound n
clei formed in 3He induced reactions. The different symbols cor
spond to the experimental data points. The solid line shows
results of a fit to the data using a level density parame
an5A/8. The error bars denote the statistical and systematic er
combined in quadrature.
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statistical and the systematic errors. While the statistical
rors dominates at the lowest energy points, the system
uncertainties are the main contribution at higher excitat
energies. The excitation energy was calculated assumin
full momentum and mass transfer of the helium ions to
compound nucleus~CN!. The binding energies of3He, the
target isotopes, and the compound nuclei were taken f
Ref. @34#.

III. ANALYSIS AND RESULTS

We will analyze our data according to a method intr
duced in Ref.@12# that allows us to investigate deviation
from the transition state rates and enables us to extract e
tive fission barriers and values for the shell effects which
independent of those obtained from the ground state mas
The transition state expression for the fission decay wi
@20,21#

G f'
Ts
2p

rs~E2Bf2Er
s!

rn~E2Er
g.s.!

~2!

allows one to write the fission cross section as follows:

s f5s0

G f

G total
's0

1

G total

Tsrs~E2Bf2Er
s!

2prn~E2Er
g.s.!

, ~3!

wheres0 is the compound nucleus formation cross secti
G f is the decay width for fission, andTs is the energy depen
dent temperature at the saddle;rs andrn are the saddle and
ground state level densities,Bf is the fission barrier, andE
the excitation energy. Finally,Er

s and Er
g.s. represent the

saddle and ground state rotational energies. This equa
can be rewritten as

s f

s0
G total

2prn~E2Er
g.s.!

Ts
5rs~E2Bf2Er

s!. ~4!

To further evaluate this expression, we use the formr(E)
}exp(2AaE) for the level density. This leads to:

lnS s f

s0
G total

2prn~E2Er
g.s.!

Ts
D 52Aaf~E2Bf2Er

s!. ~5!

If the transition state null hypothesis holds, plotting the l
hand side of the equation versusAE2Bf2Er

s should result
in a straight line. This equation has already been used in
@35# to demonstrate the scaling of over 80 excitation fun
tions obtained by the study of the emission of complex fra
ments from compound nuclei like75Br, 90,94Mo, and
110,112In.
Since the neutron widthGn dominates the total deca

width in our mass and excitation energy regime, we c
write

G total'Gn'KTn
2
rn~E2Bn2Er

g.s.!

2prn~E2Er
s!

~6!

whereBn represents the binding energy of the last neutr
Tn is the temperature after neutron emission, a
K52mnR

2g8/\2 with the spin degeneracyg852.

s

-
e
r
rs
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TABLE II. Values of the effective fission barriers,af /an , and shell effects. For comparison, we give t
values of the isotope211Po obtained from the analysis of4He induced fission@12# and the calculated shel
effectsDcalc taken from Ref.@37#.

CN Proj. Bf* ~MeV! af /an Dshell ~MeV! Dcalc ~MeV!

212At 3He 19.561.0 1.00860.020 10.761.5 9.6
211Po 3He 23.061.0 1.00960.030 13.761.5 10.8
211Po 4He 23.161.5 1.02860.050 13.461.5 10.8
200Tl 3He 25.161.0 0.99560.046 12.161.5 6.6
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The study of the fission process in the lead region for
us to take strong shell effects into account. For the fiss
excitation functions discussed in this paper, the lowest e
tation energies for the residual nucleus after neutron em
sion are of the order of 15–20 MeV and therefore hi
enough to assume the asymptotic form for the level den
@36# which is given below:

rn~E2Bn2Er
g.s.!}exp@2Aan~E2Bn2Er

g.s.2Dshell!#
~7!

whereDshell is the ground state shell effect of the daugh
nucleus (Z,N21). For the level density at a few MeV abov
the saddle point, we can use

rs~E2Bf2Er
s!}exp@2Aaf~E2Bf*2Er

s!# ~8!

since the large saddle deformation implies small shell
fects. Deviations due to pairing, however, may be expec
at very low excitation energies. In Eq.~8!, we introduced the
quantityBf* which represents an effective fission barrier,
in other words, the unpaired saddle energy, i
Bf*5Bf11/2gD0

2 in the case of an even-even nucleus a
Bf*5Bf11/2gD0

22D0 for nuclei with odd mass numbers
Here,D0 is the saddle gap parameter andg the density of
doubly degenerate single particle levels at the saddle.

Finally, the use of Eqs.~7! and ~8! for the level densities
allows us to study the scaling of the fission probability
introduced in Eq.~5!:

1

2Aan
lnS s f

s0
G total

2prn~E2Er
g.s.!

Ts
D

5
lnRf

2Aan
5A~af /an!~E2Bf*2Er

s!. ~9!

The values forBf* , Dshell, andaf /an usingan5A/8 can be
obtained by a three parameter fit of the experimental fiss
excitation functions; the best results of the fits are shown
Fig. 2 and listed in Table II. For this procedure, the form
tion cross sectionss0, which is approximated by the reactio
cross section, and the corresponding values for the maxim
angular momentumlmax were taken from an optica
model calculation @38#. A simple parametrization,s0
5sgeom(12V/Ec.m.), wheresgeom is the geometrical cros
section,V the Coulomb barrier, andEc.m. the energy in the
center of mass, was used to interpolate the results of
optical model calculations. Here, we used the express
V5(Z1Z2e

2)/R for the Coulomb barrier, R5r 0(A1
1/3
s
n
i-
s-

ty

r

f-
d

,
.,
d

s
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m

he
ns

1A1
1/31d), andsgeom5pR2 for the geometrical cross sec

tion. The parametersr 0 andd were locally fitted so that the
resulting cross sections were in agreement with the opt
model calculations. The overall uncertainty of the calcula
formation cross sections can be estimated to 5%. Finally,
computed the rotational energy at the saddle assuming a
figuration of two nearly touching spheres separated by 2

In a previous paper, it has been shown that the emplo
method allows one to extract values for the shell effect
rectly from the data in contrast to the standard proced
where shell effects are determined by the difference of
ground state mass and the corresponding liquid drop va
@12#. Furthermore, it has been pointed out that the deter
nation of the shell effects is completely local since it on
depends on the properties of the considered nucleus.

In Fig. 3, we now plot the left hand side of Eq.~9! versus
the square root of the effective excitation energy above
barrier, AE2Bf*2Er

s, including the results of the fits de
scribed above. We should note that wedo notmake use of
the fitted value ofaf /an . A remarkable straight line can b
observed for the three investigated compound nuclei. T
scaling extends over six orders of magnitude in the fiss
probability, although the shell effects are very strong in t
regime. Furthermore, a linear fit to the data results in
straight line that goes through the origin and has a sl
which represents the ratioaf /an , consistent with unity. The
observed scaling and the lack of deviations over the en
range of excitation energy indicates that the transition s
null hypothesis and the above discussed equations for

FIG. 3. The quantity lnRf /2Aan vs the square root of the intrin
sic excitation energy over the saddle for fission of several co
pound nuclei as described in the text. The straight line represen
fit to the entire data set.
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level density hold very well. The result of this work is i
complete agreement with the findings of a similar analy
investigating 14 a-induced fission excitation function
@12,39#.

Since the experimental fission rates are well described
the transition state rates, it seems likely that any exc
prescission emission occurs during the descent from sa
to scission. If this is the case, then the present fission res
are not in contradiction with recent measurements of pres
sion neutrons andg rays@13,14,22#. More conclusive inves-
tigations are still needed to extract reliable values of a p
sible transient time.

IV. SUMMARY

Experimentally, we have investigated3He induced fission
excitation functions of three different compound nucl
200Tl, 211Po, and212At between 25 and 140 MeV excitatio
energy.
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The data have been analyzed and discussed according
method which allows one to check the validity of the tran
tion state null hypothesis over a large range of excitat
energy and a regime of compound nuclei masses whic
characterized by strong shell effects. The shell effects can
determined directly from the experimental data by using
above described procedure. Once these shell effects ar
counted for, no deviation from the transition state rate
observed.
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