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Abstract The electrofission angular distribution for 23% in the energy
range 5.5 to 13 MeV were measured and are analyzed together with those
obtained previously for 238 and 2%y, The competition between the K=O
and K=1 fission channels following E2 excitation is established, sho-
wing adominance of the K=O channel for near-barrier fission. A substan-
tial concentration of E2 strength near the fission barrier is found,
in good agreement .with earlier photofission angular-distribution stu-
dies.

Recent electron- and hadron- induced fission measurements for
238y, in the region of the isoscalar giant quadrupole resonance (GQR),
have yielcled contradictory results!’2. In addition to the controversy
concerning the total amount of E2 strength concentrated in the fission
decay charnnel for actinide nuclei, another point of conflict concerns
the distribution of E2 strength over the excitation-energy region in
which the GR is found. In this regard, we note here that from the ha-
dron-induced results the GQR peaks systematically at -11 MeV and vani-
shes below -8.5 MeV % Therefore, it is necessary to study carefully
the E2 strength distribution close to the fission barrier (§ 8 MeV)
by means cf an anambiguous experimental technique, such as the measu-
rement of the electrofission-fragment angular distributions, which
can help to delineate the low-lying fission levels populated by E2 pho-
to—absorptionA. In so doing, we hope to show that the picture drawn
from the hadron-induced results, namely, zero E2 fission strength at
excitation energies < 8 MeV for actinide nuclei, is physically unrea-

sonable.

A formalism for the analysis of electrofission-fragment angu-
lar distributions, utilizing the virtual-photon spectrum technique, was
developed recentIyL'. The application of this formalism to 23®u led to
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the identification of the low-lying levels of the transition nucleus;
also, the competition between the K=O and K=I channels of the fission
decay following E2 excitation in 238) was delineated. In this paper we
extend the application of this formalism to the study of 234 and 23°%u
Also, we extract the E2 strength functions for 235,2365238) ot Jow ex-
citation energies (near the fission barrier); by comparing them to the
angular-distribution data we establish 1imits for the E2 strength for
the ¥=0 and x=! fission channels.

in the present work we have measured electrofission angular
distributions for 23*U and analyzed them jointly with those for 230U
and 2%8U. The experimental technique and procedures were the same as
for our previous work and are described at length in Refs. 4 and 5. The

23%y,  in the

electrofission differential cross sections dae/dﬂf for
energy range from 5.5 to 13 MeV, wereobtained by irradiating 255
ug/cm? targets of 2%*U enriched to 99.1% with an electron beam from the
University of Sdo Paulo Linear Accelerator. The fission fragments were
detected with mica-foil track detectors located at up to twelve diffe-
rent angles between 10° and 100° (eleven, usually, are plotted in Fig.
1; the twelfth, at 1000, is redundant, and serves as an experimental
check). The uncertainties in doe/d&‘zf , arising both from statistical
fluctuations and from systematic uncertainties associated with geome-

try and target thickness determination, are typically -5%.

The electrofission differential cross section for a particular

fission channel (J7,k) is defined as*

5 0o (" K,M5E )
aﬁ‘;- (Jﬂ,K;Ee,ef) =[‘% TQ‘ W;;K(ef) . (1)

For even-even nuclei (ground state 'Jﬂ=0+) JTT=LTT, where L is the mul-
tipolarity of the absorbed photon; K and ¥ are the projections of the
nuclear angular momentum Jon the symmetry axis of the nucleus and on
thedirectionof the. incident electron, respectively; and MK(efD) is
the angular-distribution function. The coefficients of the angular dis~
tributions ¢e constitute the link between the electro- and photoex-
citation processes and are given by* (in what follows we consider only

electric transitions)
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Fig.1 - Electrofission-fragment angular distributions

da.
0, =, ef

from 5.5 to 12.7 MeV. The curves are least-squares fits of

A(E)

) for 23L‘U, for incident electrons having eneergigs

the function defined in egn. (3) to the experimental points.
Both systematic and statistical uncertainties are included
in the error flags {and were used in the fitting procedure).

236

Similar figures for U and 2% appear in Refs. 5 and g

respectively.
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(EL,M)

where %g is the nuclear strength function, N is the virtual -pho-

ton spectrum (calculated in DWBA®) for an EL-transition with magnetic

substate ¥, and C(L) = (ZTr)e'aJI’—H-L2 . The nuclear photoabsorp-
rl(2z+1) 1]

tion near the fission barrier takes place in the energy region corres-
ponding to the low-energy tails of the GDR and GQR; thus the product

gﬁ —-f reflects mainly the properties of the low-lying fission levels.

The (e,f) inclusive reactions for actinide nuclei are domina-

ted by nuclear transitions having L=l and 2. Therefore, from eq. (1)
one has
+
ic_@(ge)= ) {I (fKEe)-
ds’lf e’ f Jﬂ=l-,2+ %=0 de f
= Ae(Ee) + Be(Ee)sinzef + Ce(Ee)sinz(Zef) (3)
+

where the coefficient Ce' which contains contributions from the 2° je-

vels only, is given by* (for K=O and 1)

T T
c, &) = SC(L'Z) j [3 m250) . L2",050)-4 %(Ez-,w).Tﬁ(z*,x-,w)jx

2
IV(E > tot) w?duw (4)
(w,,)
and
(E'z tot) 3 (£2,0) &2,1) 1 (£2,2)
7 '2- N + N - '[; N (5)
(w ) (w,E) (w,E) (w,2)
An angular distribution having the form given by Eqn. (3)  has
been assumed (solid curves in Fig.]), and the coefficients Ae’ B, ¢
e’. e

were obtained by least-squares fitting to the experimental dce/c&? da-
ta. A simple visual inspection of Fig.1 reveals the presence of a ma-
jor E2 component in the electrofission cross section, at least at low

energies, as indicated by the systematic enhancement found in dde/cZQ

120



near 50°. Fig. 2 displays the C coefficient (representing contribu-
tions from E2 transitions alone) obtained here for 23u and from pre-

vious work*?® for 2%®u and 2°%0. The fission strength functions

B
Z —ZZZE (E2) . é«f (2+,K) which were obtained from the E2- photofission
cross sections are also plotted in Fig.2, If the photon energy

w < [Bf(2+) + A], where Bf(2+) is the 2+ fission barrier and A is the
pairing gap, then the K-values appearing in the above summation arere-
presentative only of the corresponding rotational bands (and are domi-
nated by the X=0 and K=I bands). The solid curves in Fig. 2 were obtai-

ned by numerical integration of

E
15 [ € E2 (E2,tot) dw -
22 (w) ¥ ’ — = C'(E) (6)
327 L OY,J" (“”Ee) w e e

using the experimentally determined E2 photofission cross sections
UEZ {w), from Refs. 5, 7 and 8, defined as

Y, f
T
oEz (w). = ‘7(L=2).w3. —C—Z§ (F2;w) z _Tf. (2+,K;w) =
Y:f dw K
= ;{: O'Y,f (2+,K;(JJ) (7)

. . +
Comparing eq. (4) and (6) we see that c, = Ce’ if OY f.(Z ,0) = OYEZ ,
that is, in a situation where the X=0 channel is the only one open’ to
fission. The opening of the X=1 channel causes a diminution of the

cross-section kernel of the integral C_ [eqn.(4)] and as a consequence

e
results in a change of its slope, as shown in Fig. 2 by the dashed cur-
ves. Therefore, the comparison of C'e and C‘e clearly establishes the
+
energy B (2 ,1) corresponding to the location of the fission barrier
T+ . dB Ef +
for the (2 ,1) level. The structure observed in T (E2) . F (27) near

. ¥
6 MeV resultspartly from the locations of the (2 ,0) levels and partly
from the neutron-emission competition. The total amount of E2 fission

strength concentrated in the K=O channel near the barrier is substan-

tial, and is in good agreement with earlier photofission angular- dis-
tribution data®; these results are listed in Table 1, and the E2 fis-

sion strength is expressed as a percentage of the isoscalar £2 energy
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-weighted sum-rule (EWSR), namely

28,25, 1)
J

T
] 45 (£2;w) . L (2*,0;0) qw x 100 ,
B(E2) a r

where B(E2) is equal to one E2 EWSR unit.
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Fig.2 - Absolute values for the coefficients of the sin?(26,)
term in the electrofission differential cross section C(EQ)
[eqn. (3)], obtained from the measured angular distributions
for 23%U (data points, scale on left), along with l% %‘Z (F2).
. ;f—‘ (2+,K) over the same energy range (solid curve, scale on
right). The solid curve C' is defined in the text. The shaded
bands (whose widths represent the uncertainty in their deter-
mination) and arrows represent the location of the fission
barriers as determined in this work and in Ref. 9, respecti-
vely. The locations of Bf‘(2+’0) were assigned simply frorn

consideration of the concentration of the E2 strength below

+
Bf.(Z ).



A

Clmb.10" 5™}

4

Clmb.10.sr" )

2500

10l .
8 ] o
2000 &
E o]
sk ] -4
- w
@
1 )
[ ~is00 &
p (9}
o 1 2
[K’OJ 410 : R}
& 1 N
. —H000 &
v 3
1 z
B¢(2*,0) B2, 1) 50 e
7] YA z
m
2o o I 3
11 1
1 i L L 1 0
50 55 . 60 65 70 75 80
PHOTON OR ELECTRON ENERGY (Mev)
Fig. 2B - Sane as in Fig. 2A, for 2385y
10 T 2000
2
o
[0}
[«
z2
sl 1500 »
it
D
m
=z
(7]
=1
of oo T
-
=
4
(9]
=
500 2
8 (2",0) g (2”1 %2
Yz Y4 =
2,0 oy jorn z
L 5 L 1 1 o ‘-’A_.
50 55 60 &5 70 75 80
PHOTON OR ELECTRON ENERGY (MeV)
Fig. 2C - Same as in Fig. 2A, for 238y,
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Table 1 - E2 strength concentrated in the (2+,0) fission channel and

+
the 2 fission-barrier heights.
} E2 Strength
Nucleus 9 Bf.(2+,0) Bf(2+,l)
(7,5 = (27, 0) (MeV) (MeV)
a) ’ b) a) b) a)
23y 10+ 2 16 + 3 6.0 to 6,4 |5.4 to 6.2 26.7
238y 13 + 2 8 +2 5.5 to 6.0 |5.6 to 6.0 26 .4
238y 6+ 1 71 5.8 to 6.2 |5.8 to 6.2 26.7

a) Present work.

b) Derived from the cross sections published in Ref. 9.

In conclusion: our results show that the fission process is

strongly favored in the decay of the GQR (for these actinide nuclei)

at excitation energies close to the fission barrier, because of the
+

fact that the 2 fission-barrier heights are considerably lower than

the values for Bn (the neutron evaporation threshold), whereas the 1
barrier heights are much closer to the Bn values (more details can be
found in Ref.l1).

However, for energies >BJ,_.+A, where intrinsic excita-

I -
ti%ns become increasingly important, it would be expected that -1,—"—‘(2+)=
z Fﬁ 0"y =

the present results stand in sharp contrast with those obtained for the

the fission probability of the compound nucleus. Finally,

hadron-induced fission of 238 in the energy region of the GQR, where

no E2 fission strength was detected at energies £ 8 MeV.
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RESUMO

As distribuicdes angulares de eletrofissdo do 2**U., na faixa

de energias de 5,5 a 13 MeV, foram medidas e a seguir analisadas con-
juntamente com as distribui¢ées angulares do 238)) ¢ 238 gptidas ante-
riormente neste Laboratdrio. Foi estabelecida a competicdo entre osca-
nais de fissao K=0 e K=1, mostrando o dominio do canal X=0 perto da
barreira de! fissdo. Foi detetada uma concentracdo apreciavel
de ''strength'' E2 perto da barreira de fissao, en excelente acordo com
dados anteriores de distribuicdo angular de fotofisséo.
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