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Scaling laws in *He 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 effect§S0556-281®6)04012-5

PACS numbdps): 25.85.Ge, 24.75:i

I. INTRODUCTION ted either before the system reaches the saddle point, or dur-
ing the descent from saddle to scission. Only from the
More than half a century after its diSCOVdM, the Study anomalies in the first component, would deviations of the
of fission is still of general interest. While the availability of fiSsion rate from its transition state value be expected. The
relativistic heavy ions has enabled the study of several aExperimental separation of the two contributions, however, is

o . : for fraught with difficulties which make the evidence ambigu-
pects of the fission process in the high energy re .1]’ ous. It seems therefore desirable to search for transient time
it has been shown recently that a new approdd to in-

) o . . . effects by directly measuring the fission probability and its
vestigate excitation functions of low energy, light particle energy dependence against the predictions of the transient

induced fission allows for the model independent extractionstate method for a large number of systems and over a broad
of fundamental quantities of the fission process, like fissiorenergy range.
barriers, shell effects, and the much discussed fission delay In the last few decades, several studies have investigated
time (see, e.g., Ref§12-14)). heavy ion and high energy light ion induced fissigi9].
From early studies it is well known that the fission exci- These reactions involve a large and variable deposition of
tation functions vary dramatically from nucleus to nucleus€nergy, mass and, most important, of angular momentum.
over the periodic tablE15—17: Some of the differences can The latter, in partlc_ular, gr_eatl_y a}ffects the fission process
be understood in terms of a changing liquid-drop fission bar&nd makes comparisons with liquid drop model calculations
rier with the fissility parameter, others are due to to stron ifficult [18,19. In contrast, the problem of excessive angu-

hell effects which in th iahborhood of thad" momentum, mass and energy transfer and the associated
she'l efiects whic occu_r, €.g., In _e neighbornoo uncertainties can be minimized by the use of light projectiles
double magic number& =82 andN=126. Further effects 54 relatively low bombarding energies: see, e.g., Ref.

may be associated with pairing and the angular momenturpy5 17 33 Becchettiet al. have, in particular, measured
dependence of the fission barr(@8,19. 3He induced fission excitation functions of several nuclei
Fission rates have been calculated most often on the basjith masses between 159 and 232 at bombarding energies
of the transition state method introduced by Wigf#8], and  ranging from 19.1 to 44.5 Me\{33]. Their analysis with
applied to fission by Bohr and Wheelggl]. The success of statistical fission theory indicates fission barriers which, in
this method has prompted attempts to justify its validity in acontrast to heavy ion induced fission, differ only slightly
more fundamental way, and to identify regimes in whichfrom liquid drop model predictions.
deviations might be expected. Recent publications claim the In a recent paper, a new scaling of fission excitation func-
failure of the transition state rates to account for the meations based upon the transition state prediction, collapses a
sured amounts of prescission neutrongyorys in relatively  large number of fission excitation functions from compound
heavy fissioning systenjd3,14,23. This alleged failure has nuclei produced ina-induced reactiong17] to a single
been attributed to the transient time necessary for the sastraight line, once the shell effects are accounted 1af.
called slow fission mode to attain its stationary decay rate In this paper, we show the results of a recent experiment
[23-31. The larger this fission delay time, the more favor- investigating *He induced fission of the compound nuclei
ably neutron decay competes with the fission process. Thi$%TI, 21po, and?!?At at excitation energies between 25 and
leads to an effective fission probability smaller than pre-145 MeV. These fissioning systems bracket the closed shell
dicted by the Bohr-Wheeler formula. The experimentalregion around®®®Pb, and due to the strong shell effects, the
methods of these studies, however, suffer from two difficul-analysis of these systems represents a sensitive test of the
ties: First they require a possibly large correction for post-method introduced in Ref12].
saddle, but prescission emission; second, they are indirect The present paper is organized as follows: In Sec. I, we
methods since they do not directly determine the fissiompresent an experimental setup which allows one to measure
probability. The measured prescission particles can be emifission excitation functions for various nuclei efficiently, and
we show the results of such a measurement. In the subse-
guent section, we describe the analysis of the fission data and
*Electronic address: TRubehn@Ibl.gov our findings. Finally, our summary can be found in Sec. IV.

0556-2813/96/54)/30626)/$10.00 54 3062 © 1996 The American Physical Society



54 SCALING LAWS IN 3He INDUCED NUCLEAR FISSION 3063

TABLE |. Experimental fission cross sections.

E(®He) o (mbarn

(MeV) 2007 211pg 2127t
21.0 0.00190.0004 0.0004 0.0002 0.01080.0023
24.0 0.0187% 0.0038 0.017%0.0036 0.2176:0.0441
27.1 0.0859%-0.0175 0.1480.030 1.25-0.25
30.8 0.298-0.060 0.707%0.141 3.8:0.8
35.0 0.765:0.154 2.200.4 10.3:2.1
39.7 1.8-0.4 6.1+1.2 19.9-4.0
44.9 3.6:0.7 11.2:3.9 33.6:6.7
50.6 6.2-1.3 19.4-6.3 54.2+10.9
56.8 10.6-2.1 31.7#49.3 78.1-15.6
63.4 15.5-3.1 46.6-10.5 100.6-20.2
67.12 18.1+3.6 52.6-14.5 115.1#23.1
70.6 23.9-4.8 727+ 17.9 143.8-28.8
74.42 30.7+6.2 89.7-19.9 160.332.1
78.3 34.1-6.8 99.7%419.4 178.6-35.8
82.32 33.4+6.7 96.9+23.6 177.%35.7
86.5 42.6:8.5 117.8-30.6 211.3:42.3
92.5 63.6G:12.6 152.8-31.4 243.5-48.8
95.2 56.6:11.3 157.6:32.6 255.851.3
99.92 59.4+13.1 162.938.1 253.7#50.8
104.4 67.4-14.9 190.3-39.3 282.4-56.6
108.52 71.2+14.3 196.5-45.5 285.7%57.2
114.1 78.115.6 227.349.2 318.%63.7
119.0% 88.0+17.6 245.%55.6 333.:66.7
124.3 94.919.0 277.8:46.3 358.%71.9
130.0% 86.7-17.4 231.6:53.7 305.3%61.2
135.0 100.320.1 268.6:54.3 351.570.4

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

Il. EXPERIMENT both fission fragments in coincidence, and our detectors are
Fission of three compound nuclefTl, 2'Po, and g]eouenr;tggna;eac:;xfﬁeri?t'\k’)e e:;gle, the acciﬁ)rt]ance hast_IaIV\I/:eak
212pt, formed in the reactions®He+ '%Au, 2%%Pb, and P moarding energy otthe projectiie: or
our detector setup, we have determined a geometric angular

2098j was investigated. The targets were mounted at 45 de- ; :
grees with respect to the beam axis and had thicknesses Be?V€rade between 18 and 20% for bombarding energies be-

tween 240 and 50Q:g/cm?. The Lawrence Berkeley Na- Ween 135 an,d 21 MeV, respectively. ,
tional Laboratory’s 88-Inch Cyclotron deliveretHe beams The PPAC’s detector volume is divided by a cathode foil
with 19 different energies between 21 MeV and 135 Mev.Made of 2um thick mylar foil which is set at a voltage of
The number of energy points was increased tds2@ Table 450-550 V during operation. The readout of the cathode
) by using a set of degraders made of aluminum foils withgives a position independent amplitude and time signal. On
thicknesses between 186 and 4381 which were deter- both sides of the cathode, signal wireplanes are mounted at a
mined by weighing. distance of 3 mm, one with horizontal and the other one with
In the past, these fission reactions have been studied usiivgrtical oriented wires. The wires have a thickness of 20
small solid angle solid state counters or nuclear track detegem, the distance between the individual wires is 1 mm. Five
tors; see, e.g., Ref§15,17,32,33 Therefore, beamtimes on wires are combined to a group which is read out by a delay
the order of weeks were necessary to measure complete eliae to reconstruct the position of the particle. An intrinsic
citation functions. To cover a large solid angle and, theretesolution of 1.0 mm(FWHM) has been achieved in both
fore, to minimize beam time, we performed an experimentorizontal and vertical position which allows for the mea-
using two large area parallel-plate-avalanche countersurement of the folding angle precisely. Each detector has an
(PPAC’9 with an active area of 200240 mn? each. The entrance window made of mylar foil which separates the gas
detectors were mounted at 80° and 260° with respect to thatmosphere in the detector from the chamber vacuum. In the
beam axis, allowing for the detection of both fission frag-present experiment, the counters were operated by flowing
ments in coincidence. The PPAC’s were placed at a distancésobutane gas at a constant pressure of 4 mbar.
of 150 mm from the target to the center of each detector. As In Fig. 1, we show a typical experimental amplitude spec-
the beam energy increases the velocity of the compounttum for coincidence events. It shows that the fission peak is
nucleus in the laboratory’s frame increases, resulting in @learly visible and the background is negligible. Cross sec-
decreasing folding angle. Since we require the detection ofions were determined for these fission events using
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. statistical and the systematic errors. While the statistical er-

] rors dominates at the lowest energy points, the systematic
uncertainties are the main contribution at higher excitation
energies. The excitation energy was calculated assuming a
E full momentum and mass transfer of the helium ions to the
compound nucleu$CN). The binding energies ofHe, the
target isotopes, and the compound nuclei were taken from
: Ref.[34].

Yield

Ill. ANALYSIS AND RESULTS

We will analyze our data according to a method intro-
0 200 300 600 duced in Ref[12] that allows us to investigate deviations
Amplitude (arb. units) from the transition state rates and enables us to extract effec-
tive fission barriers and values for the shell effects which are
FIG. 1. Typical amplitude spectrum for coincidence events agndependent of those obtained from the ground state masses.
measured with the PPAC’s in the reactidie+1%7Au at 86.5 The transition state expression for the fission decay width
MeV. [20,21

T pdE-Bi—ED)

A ~ — —
nf 77( 0v¢): (1) Ff 27T Pn(E_E?'S') (2)

of=——————
nbeanNAm

o allows one to write the fission cross section as follows:
wheren; andnye,mare the number of fission events and the

number of beam particles, respectivelx. represents the I'; 1 Tsps(E—B;—E))
mass number of the targe¥,, Avogadro’s constant, anch 0f=00 Ftotaf‘fo Tom 27py(E—ESS) ©)
the thickness of the target. Due to the incomplete angular " '

coverage, the quantity(6,¢) which accounts for the geo- whereo,, is the compound nucleus formation cross section,
metrical acceptance and for the nonisotropic emission of thg', is the decay width for fission, anf is the energy depen-
fission fragments has be be taken into account. The anisgtent temperature at the saddig;and p,, are the saddle and
tropic angular distributiondo/d(2) 4/(da/d€) g Of the fis- ground state level densitieB; is the fission barrier, ané
sion fragments has been shown to be reasonably describgge excitation energy. FinallyES and EYS represent the

. .71 . B ) . .
by the function sin~¢ [18]. We have used this dependence saqdle and ground state rotational energies. This equation
for the determination of our acceptance. The beam normalsgn pe rewritten as

ization was done using a Faraday cup. The systematic uncer-
tainty of this method can be estimatedtdl5%. o 2mp(E—E®) .
In Fig. 2, we show the experimental fission cross sections S T ——=ps(E-Bi—E)). (4)
for the three compound nucléP°Tl, 2*Po, and?*?At as a 0 S
function of excitation energy. The error bars denote both therg further evaluate this expression, we use the fi(E)
xexp(2/aE) for the level density. This leads to:

S 103F T ' ' ] o 2mp,(E—E>®)
£ 00l , In| o Tow— 1| =2Ja(E-B-ED. (5
§10 ¢ E If the transition state null hypothesis holds, plotting the left
© 4L E hand side of the equation versy& —B;—E; should result
10 'L ] in a straight line. This equation has already been used in Ref.
5 ] [35] to demonstrate the scaling of over 80 excitation func-
0 . 20 3 tions obtained by the study of the emission of complex frag-
10 L i ] ments from compound nuclei like™Br, %%Mo, and
4 * “Po 110,113,
10_5 v At ] Since the neutron widtH',, dominates the total decay
10 55 80 95 100 125 1%0 width in our mass and excitation energy regime, we can
Excitation Energy (MeV) write
_ __E9.ss
FIG. 2. Excitation function for fission of several compound nu- Lot~ n~ KTﬁM (6)
clei formed in®He induced reactions. The different symbols corre- 2mpy(E—E))

spond to the experimental data points. The solid line shows the

results of a fit to the data using a level density parametehereB, represents the binding energy of the last neutron,
a,=A/8. The error bars denote the statistical and systematic error§,, is the temperature after neutron emission, and
combined in quadrature. K=2m,R2g’/#? with the spin degeneraay =2.
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TABLE II. Values of the effective fission barriera; /a,,, and shell effects. For comparison, we give the
values of the isotopé'Po obtained from the analysis 8He induced fissiofi12] and the calculated shell

effects A, taken from Ref[37].

CN Proj. Bf (MeV) as/a, Aghen (MeV) Acac (MeV)
212t SHe 19.5+1.0 1.008-0.020 10.21.5 9.6
2pg 3He 23.0:1.0 1.009-0.030 13.71.5 10.8
2pg “He 23.1+1.5 1.028-0.050 13.4-1.5 10.8
2007] 3He 25.1+1.0 0.995-0.046 12.3+1.5 6.6

The study of the fission process in the lead region forces; Ai/3+ 8), and geon= wR? for the geometrical cross sec-
us to take strong shell effects into account. For the fissiog,o The parametens, and 8 were locally fitted so that the

excitation functions discussed in this paper, the lowest exci

fesulting cross sections were in agreement with the optical

tation energies for the residual nucleus after neutron emisy, | calculations. The overall uncertainty of the calculated

sion are of the order of 15—-20 MeV and therefore highformation cross sections can be estimated to 5%.

enough to assume the asymptotic form for the level densit
[36] which is given below:

p(E—By—EF*)cexi2ag(E— By~ Ef*— Aghen)]
(7
where Ag,q is the ground state shell effect of the daughter

nucleus Z,N—1). For the level density at a few MeV above
the saddle point, we can use

ps(E—B¢—E})xexd 2\ay(E—B} —E})] (8)

since the large saddle deformation implies small shell ef-
fects. Deviations due to pairing, however, may be expecte&

at very low excitation energies. In E(), we introduced the
quantity B} which represents an effective fission barrier, or,
in other words, the unpaired saddle energy, i.e
B¥ =B;+1/2gAj in the case of an even-even nucleus an
B¥ =B;+1/2gA5— A, for nuclei with odd mass numbers.
Here, A, is the saddle gap parameter agdhe density of
doubly degenerate single particle levels at the saddle.

Finally, the use of Eq97) and (8) for the level densities
allows us to study the scaling of the fission probability as
introduced in Eq(5):

1

| o r 2mwp(E—EP®)
n I t t |— ~N 12 T T
2\/a—n 0o o TS >OC o 2007
nR Q 10 » ™Po 1
nR; o 22at
=—==\(ar/a,)(E-Bf —E}). (9 s
2\/a—n n f r 95/ 8 i
£
The values foB¥ , Aghei, anda;/a, usinga,=A/8 can be 6T ’
obtained by a three parameter fit of the experimental fission
excitation functions; the best results of the fits are shown in T i
Fig. 2 and listed in Table Il. For this procedure, the forma- Slope = 1.002 +/— 0.001
tion cross sections,, which is approximated by the reaction 2r Offset = 0.012+/-0011 1
cross section, and the corresponding values for the maximum 0 ‘
angular momentuml ., were taken from an optical 0

model calculation[38]. A simple parametrization,og
=0geol 1 = V/IEc ), where ogeom is the geometrical cross
section,V the Coulomb barrier, ané ., the energy in the

center of mass, was used to interpolate the results of thg
optical model calculations. Here, we used the expressiongo

V=(Z,Z,e?)/R for the Coulomb barrier, R=ry(A}"®

Finally, we

¥omputed the rotational energy at the saddle assuming a con-

figuration of two nearly touching spheres separated by 2 fm.
In a previous paper, it has been shown that the employed
method allows one to extract values for the shell effect di-
rectly from the data in contrast to the standard procedure
where shell effects are determined by the difference of the
ground state mass and the corresponding liquid drop value
[12]. Furthermore, it has been pointed out that the determi-
nation of the shell effects is completely local since it only
depends on the properties of the considered nucleus.
In Fig. 3, we now plot the left hand side of E@) versus
he square root of the effective excitation energy above the
arrier, yE—B} —E?, including the results of the fits de-
scribed above. We should note that de not make use of
the fitted value ofa;/a,,. A remarkable straight line can be
observed for the three investigated compound nuclei. This

t

('j’scaling extends over six orders of magnitude in the fission

probability, although the shell effects are very strong in this
regime. Furthermore, a linear fit to the data results in a
straight line that goes through the origin and has a slope
which represents the ratm /a,,, consistent with unity. The
observed scaling and the lack of deviations over the entire
range of excitation energy indicates that the transition state
null hypothesis and the above discussed equations for the

3 4 6 8 0 12
(E—-B—E)"* (MeV'?)

FIG. 3. The quantity IR /2\/a, vs the square root of the intrin-
c excitation energy over the saddle for fission of several com-
und nuclei as described in the text. The straight line represents a

fit to the entire data set.
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level density hold very well. The result of this work is in  The data have been analyzed and discussed according to a
complete agreement with the findings of a similar analysianethod which allows one to check the validity of the transi-
investigating 14 a-induced fission excitation functions tion state null hypothesis over a large range of excitation
[12,39. energy and a regime of compound nuclei masses which is
Since the experimental fission rates are well described bgharacterized by strong shell effects. The shell effects can be
the transition state rates, it seems likely that any excesgetermined directly from the experimental data by using the
prescission emission occurs during the descent from saddighove described procedure. Once these shell effects are ac-

to scission. If this is the case, then the present fission resuligounted for, no deviation from the transition state rate is
are not in contradiction with recent measurements of prescighserved.
sion neutrons ang rays[13,14,23. More conclusive inves-

tigations are still needed to extract reliable values of a pos- ACKNOWLEDGMENTS
sible transient time.
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