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Electrofission of 239Pu in the energy range 7–12 MeV

J. D. T. Arruda-Neto, M.-L. Yoneama, J. F. Dias,* F. Garcia,† M. A. V. Reigota, and V. P. Likhachev‡

Instituto de Fı´sica, Universidade de Sa˜o Paulo, Caixa Postal 66318, CEP, 05315-970 Sa˜o Paulo, Brazil

F. Guzma´n, O. Rodriguez, and J. Mesa
Instituto Superior de Cieˆncia y Tecnologia Nucleares, Apartado Postal 6163, Havana, Cuba

~Received 18 June 1996!

The electrofission cross section of239Pu(e, f ) is measured between 7 and 12 MeV. The data are analyzed by
means of the virtual photon formalism, assuming thatE1,E2 (T50), andM1 transitions are involved. Using
known estimates for theE1 andE2 (T50) fission strengths, it is deduced anM1 fission strength of 19
64mN

2 concentrated near the fission barrier~between 5.4 and 5.8 MeV!. The levels of the239Pu transition
nucleus are theoretically obtained; a bunch of positive-parity levels shows up between 5.5 and 5.9 MeV, which
might well be associated with the deducedM1 strength, since theE2 strength is negligible in this energy
interval. @S0556-2813~97!04005-3#

PACS number~s!: 25.30.Rw, 25.85.Jg, 24.30.Cz, 21.10.Ma
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I. INTRODUCTION

The electrofission of actinide nuclei has been intensiv
studied in the past two decades since the seminal work
Kneissl at Giessen@1,2# and Shotter at Glasgow@3# where,
for the first time, attempts were made to deduce theE1 and
E2 strengths. On the other hand, the investigation of
nuclear fission process, induced by real~photofission! and
virtual ~electrofission! electromagnetic radiation, has be
efited from the advent of the high-duty factor, continuo
wave, electron accelerators. In particular, exclusive (e,e8 f )
experiments carried out at the Mainz Microtron facility wi
actinide nuclei have proved to be very convenient to dis
tangle the fission multipolar components~mostly E1, E3,
E2 and/orE0! associated with the primary excitation pr
cess@4#.

However, the investigation of near- and sub-barrier fiss
by means of (e,e8 f ) or tagged photon (g, f ) experiments is
very difficult, particularly at energiesv&6 MeV. In fact, the
very low cross sections, verified in this energy region, av
the obtention of reasonable count rate statistics. Thus, m
of the low energy data so far obtained come from inclus
bremsstrahlung- and electron-induced fission measurem
In particular, the potentialities of inclusive (e, f ) experi-
ments, for the study of multihumped fission barriers, ha
been recently demonstrated@5#.

For odd-N and/or odd-Z nuclei there is, however, an ad
ditional difficulty: photo- and electrofission angular dist
butions are expected to be isotropic or near isotropic at
ergies somewhat above the barrier@6#. Thus, a separation o
all the multipolar components~mostlyM1, E1, E2, and/or
E0! cannot be achieved unambiguously at low energies n
the fission barrier. We note, in this regard, that for235U
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Weber and collaborators@4# succeeded in the separation
E1 from E2 and/orE0 by means of an original analysis o
(e,e8 f ) data. However, it was not possible either to dise
tangleE2 fromE0, or to sample anyM1 strength~details in
Ref. @4#!.

On the other hand, an inclusive (e, f ) measurement is
dominated by events near thephoton point, because forward
momentum transfers prevail—thus longitudinal compone
like E0 arenaturallysuppressed. This peculiarity is explore
in this work. Actually, the complementary character of t
(e, f ) to the kinematically complete (e,e8 f ) data was pointed
out by one of us elsewhere@7#. More recently, however,
Weberet al. @4,8# estimated the fission barriers of238U as-
sociated with six fission channels: (Jp,K)5(01,0),
(12,0), (12,1), (21,0), (21,1), and (21,2), from exclusive
(e,e8 f ) angular correlation measurements. There is go
agreement with the results for (Jp,K)5(12,0), (12,1),
(21,0), and (21,1), obtained from the analysis of inclusiv
(e, f ) angular distribution data previously taken at this lab
ratory @9#.

Among odd actinides,239Pu has the smallest spin (J0
p

51/21); thus, its transition nucleus is expected to exhibit n
too many levels near the barrier, enhancing, thus, the se
tivity of the multipolar components. As discussed below, t
fact would provide a better evaluation oflL strengths con-
centrated near the fission barrier, as, e.g.,M1.

A quite complete and recent review on low-ener
electro- and photofission of actinides could be found in R
@10#, to which the reader is referred.

A. Low energy photofission

For photon energiesv&40 MeV, photoabsorption take
place by means of the excitation of nuclear collective mo
~the well known giant multipole resonances!. In addition,
pre-equilibrium emission is negligible~as discussed in@11#!
and, as a consequence, the photofission cross section is

sg, f~Ex!5sCN~Ex!Pf~Ex!, ~1!

wheresCN is the cross section for compound nucleus form

ba.
,
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2472 55J. D. T. ARRUDA-NETOet al.
tion with excitation energyEx , andPf is its fission probabil-
ity. Moreover, in this energy region the following approx
mations are valid@11#:

sCN5sT and Ex5v, ~2!

wheresT is the total photoabsorption cross section. The
fore, the photofissilitysg, f /sT is equal to the compound
nucleus fission probabilityPf .

The photofissility of actinide nuclei forv&20 MeV,
which is mostly associated with the fission decay of the gi
dipole resonance~GDR!, has been systematically measur
with monochromatic photons. A few MeV above the fissi
barrier (v*8 MeV) Pf , in general, is a somewhat flat func
tion of v up to the second-chance fission threshold (Bnf),
while for v.Bnf Pf is a moderately increasing function o
v. Thus, the shape of the experimentally obtained (g, f )
cross section is nearly proportional tosT @12#. Given the fact
that the properties of the GDR are well known, furth
photofission studies in this energy region are not stimulat

At energies near the fission barrier (v&8 MeV), the fis-
sion probability reveals aspects associated with the ba
parameters~its height, in particular! and with the nuclear
level densities as well@13#. Also, atv&8 MeV, one might
expect to find only the low energy tail of the giant res
nances, particularly the GDR and the isoscalar giant qua
pole resonance~GQR!. In this case, therefore, the photofi
sion cross section behavior withv reflects that ofPf .

B. Level distribution at the saddle point

The level sequence at the saddle point of even-even
tinides is the same as that built over the ground state, bu
level spacing is slightly different and it is a function of th
nuclear deformation~see, e.g., Refs.@6# and@14#!. Thus, for
electromagnetic excitations near the fission barrier, wh
E1 andE2 transitions are dominant, fission takes place o
through a few (Jp,K) channels: (12,0), (12,1), and
(21,0), mostly. In 238U, for example, only a single (11,1)
level shows up near the barrier@6#; this level with positive
parity could be populated only by means ofM1 excitations.

However, the situation is different for odd-mass-numb
nuclei, since their levels at the saddle point~identified as the
Nilsson states of a deformed potential! are much more
‘‘densely’’ distributed; also, the level sequence is differe
from that near the ground state@6,14#.

239Pu is a particularly interesting nucleus to study sin
up to'0.4 MeV above the ground state, all levels have po
tive parity (1/21,3/21,5/21, . . . ) while from '0.4 MeV to
'0.5 MeV the majority of levels has negative parity@15#.
There has been no experimental or theoretical evidenc
the existence of positive- and/or negative-parity bunches
levels near the saddle point. Positive-parity levels of the tr
sition nucleus are populated byE2 and/orM1 photoexcita-
tion. Thus the experimental observation ofE2 and/orM1
concentration of strength, in the vicinity of the saddle poi
would be compelling evidence supporting the existence
positive-parity bunches of levels. In addition, it would b
quite useful to perform complete calculations for the lo
lying levels of the transition nucleus~see Sec. III D!.
-

t

r
g.

er

u-

c-
he

re
y

r

t

,
i-

of
of
-

,
f

-

C. Low energyE2 „T50… fission strength

From the theoretical point of view we note that detail
statistical model calculations have been successful in
scribing the fission decay of even-even actinides follow
excitation ofEl giant multipole resonances@13#. Realistic
level densities and the levels of the transition state nucl
were used in an exemplifying calculation for236U and it was
found that the GQR fission decay probability is as large
that of the GDR at energiesv*8 MeV. At energies close to
the fission barrier, the GQR fission probability was found
be appreciably larger than that of the GDR, while theE0
giant resonance fission probability followed closely that
the GQR~details in Ref.@13#!. This is an indication that~a!
the densities of levels, populated byE1 andE2 transitions at
the saddle point, are different; and that~b! the same would
occur with the levels of the residual nucleus~formed after
one neutron emission! altering, thus, the (g, f )/(g,n) com-
petition.

In fact, photo- and electrofission-fragment angular dis
bution data, systematically taken for even-even actinid
have demonstrated the existence of substantialE2 fission
strength at energies just above the fission barrier. A deta
discussion on this issue is found in Refs.@9,16#. Regarding
odd actinides, low energy data are less abundant and m
difficult to analyze, due to the lack of fission angular dist
butions. Moreover, even for239Pu, where low-energy
(g, f ) angular distributions have been measured for three
cades@17,18#, it was not possible to obtain information o
multipolar transitions because, for odd nuclei, the aniso
pies are sensitive only toK ~the angular momentum projec
tion on the nuclear symmetry axis!, regardless of any par
ticular Jp @6#; this issue is retaken in Sec. III E. Howeve
electrofission studies carried out for233U, 235U, and 237Np
have indicated the presence of substantial fractions of G
strength near the fission barrier@19–21#.

D. M1 strength near the fission barrier

In the past decade, the study of magnetic dipole exc
tions of nuclei attracted much interest in low energy nucl
physics. Indeed, with the work of Bohle and collaborato
@22#, (e,e8) and later~g,g8! and (p,p8) experiments@23#
proved to be powerful tools for the investigation of th
nuclear orbital and spin magnetic dipole response in nuc
In particular, a clear picture concerning the features of
magnetic dipole response in rare earth nuclei could
drawn. However, the study of theM1 giant resonance in
actinide nuclei has been restricted to few cases@24#.

Indeed, the issue of the existence of a giant magn
dipole resonance~GMDR! has been the subject of much e
perimental and theoretical work~an excellent and compre
hensive review on this issue is presented in Ref.@25#!. In
fact, it seems that only forM1 transitions inA&60 nuclei
one can see any semblance of a GMDR. Thus, with the p
able exception ofM1 transitions in heavy nuclei, magnet
transitions do not manifest obvious resonances of the t
exhibited by giant electric modes. We note, in this rega
that (n,g) @26# and resonance fluorescence@27# measure-
ments appear to have succeeded in identifying compact g
M1 resonances in208Pb and in other heavy closed-shell n
clei.
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55 2473ELECTROFISSION OF239Pu IN THE ENERGY RANGE . . .
From the experimental point of view, however, it is ve
difficult to obtain reliable information onM1 transitions in
heavy nuclei from, e.g., single-arm (e,e8) experiments, even
at backward scattering angles@28#. The main difficulty
comes from the fact that an (e,e8) measurement samples th
strength function atq.v, and the extrapolation of the form
factor back to the photon point (q5v) is a tedious and un
certain enterprise.

On the other hand, an inclusive (e, f ) reaction is domi-
nated by small-momentum-transfer events; thus electro
sion measurements correspond to measurements nea
photon point. We have been exploring this peculiarity in
systematic investigation ofM1 strength concentrations ne
the fission barrier of several actinide nuclei~see Table I!.
These have been the only experimental information so
obtained forM1 transitions in the actinide region.

From the results shown in Table I we note that t
energy centroidsvc of the M1 transition strengths lie
within the range 35–40A21/3 MeV @25,26#, which
for 239Pu corresponds to 5.6–6.5 MeV with a width'1–1.5
MeV# ~'0.2v c). Also quite interesting is the fact that th
M1 strengths observed in odd actinides are about four ti
more intense than those observed in even actinides~see
Table I!; this could be due to the existence of seve
positive-parity levels bunched near the fission barrier of o
actinides, while for even actinides only one (11,1) level at
equilibrium has been reported~Ref. @6#, p. 42!. Such a pos-
sibility is checked in the present work for239Pu, both experi-
mentally and theoretically.

E. Aim of the present work

The general aim of the present work is to measure, for
first time, the electrofission cross section of239Pu at low and
near-barrier energies.

More specifically, a data analysis will be carried out
order to deduce a possible concentration ofM1 strength near
the fission barrier of239Pu. To this end, it is used as input o
the calculations: ~a! the well-knownE1 photofission cross
section of 239Pu @12#; ~b! the parameters of the GQR
(T50) taken from the literature@29#—actually, only an es-
timate of the GQR (T50) low energy tail is necessary; an
~c! fission probabilities obtained from the statistical mod
for the fission process.

In order to check the consistency of the results, we w
out a detailed calculation of the239Pu transition nucleus lev
els (Jp,K). The reliability of these calculations will also b

TABLE I. M1 strength for heavy nuclei.

Nucleus Strength~units ofmN
2 ! Peak~MeV! Reference

234U 5.861.8 6.460.3 @51#
236U 4.061.2 5.860.2 @51#
238U 4.161.8 6.560.3 @51#

233U 1865 6.360.3 @19#
235U 1664 6.060.4 @20#
237Np 1864 6.260.3 @21#

239U 18.5 6.5 @52#
208Pb 15.6 Fragmented @27#
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checked through their comparison with photofission angu
distributions of 239Pu found in the literature.

II. EXPERIMENT AND RESULTS

The absolute electrofission cross sectionse, f of
239Pu was

measured, for the first time, at the University of Sa˜o Paulo
Electron Linear Accelerator for electron energiesEe ranging
from 7 to 12 MeV, in small steps of 0.25 MeV. Mica foil
were used as fission detectors~100% efficiency!. For irradia-
tions in the interval 7–9 MeV, 12 mica foils (232 cm2)
were positioned around the target, 20 cm from its cen
covering the angular range 10°–100° with respect to the
cident beam direction. No statistically significant anisotro
was observed. The beam was monitored, before hitting
target, by a ferrite core toroid and, simultaneously, by a F
aday cup after hitting the target. The thickness of the239Pu
target ('650mg/cm2) was measured by a convention
alpha-counting method. There was negligibleg ray contami-
nation of the electron beam. Other background sources,
sulting from room-returned thermal neutrons and gamm
and scattered electrons, were experimentally shown to
negligible. In particular, the significance of fission induce
by neutron background was checked using the same pr
dure described in the appendix of Ref.@30#; it corresponds
for 239Pu to less than 0.5% of the total electrofission yie
Details of the accelerator, reaction chamber, monitoring
vices, detection techniques and procedures can be foun
Refs.@9# and @30#.

Figure 1 shows our results for the electrofission cross s
tion of 239Pu, which can be expressed by

se, f~Ee!5(
lL

E
0

Ee
sg, f

lL ~v!NlL~Ee ,v!
dv

v
, ~3!

whereNlL(Ee ,v) is the virtual photon spectrum calculate
in the DWBA with nuclear size effect corrections@31#, lL

FIG. 1. Data points: electrofission cross sectionse, f for
239Pu as a function of the incident electron energy. The uncerta
ties for the data points are of the order of 5%. The solid curve w
obtained by integrating the measured photofission cross sec
from Ref. @12# with the E1 virtual-photon spectrum of Zamani
Noor and Onley@31#.
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2474 55J. D. T. ARRUDA-NETOet al.
indicates the multipolar character of the transition, a
sg, f

lL (v) is the partiallL-photofission cross section; thus th
total photofission cross section is

sg, f~v!5(
lL

sg, f
lL ~v!. ~4!

We would like to stress that the disentangling of thelL
strengths cannot be performed unambiguously in an in
sive (e, f ) experiment. However, if among two or threelL
components just one of them is unknown, as in near-bar
data, it is possible to take advantage of different energy
tributions and thresholds of thelL strengths in order to ob
tain a reasonable separation, as shown below.

The kinematics of this experiment allow us to assume t
the main components in the 7–12 MeV range certainly
E1, E2 (T50), andM1 ~see discussion above!; thus, from
Eq. ~3! we have that

se, f~Ee!5E
0

Ee
@sg, f

E1 ~v!NE1~Ee ,v!1sg, f
E2 ~v!NE2~Ee ,v!

1sg, f
M1~v!NM1~Ee ,v!#

dv

v
, ~5!

and, from Eq.~4!,

sg, f~v!5sg, f
E1 ~v!1sg, f

E2 ~v!1sg, f
M1~v!. ~6!

Combining Eqs.~5! and ~6! we obtain

Dse, f~Ee![se, f~Ee!2E
0

Ee
sg, f~v!NE1~Ee ,v!

dv

v

5E
0

Ee
sg, f
E2 ~v!@NE2~Ee ,v!2NE1~Ee ,v!#

dv

v

1E
0

Ee
sg, f
M1~v!@NM1~Ee ,v!

2NE1~Ee ,v!#
dv

v
. ~7!

The full curve in Fig. 1 represents the ter
*0
Eesg, f(v)N

E1(Ee ,v)(dv/v) appearing in Eq.~7!, which
was obtained by numerical integration of thesg, f(v) mea-
sured at Livermore by Berman and collaborators@12# with
theE1 virtual photon spectrum.

A mere visual inspection of Fig. 1 does not allow to dra
any conclusions about the statistical and physical mean
of the electrofission cross section differenceDse, f in Eq. ~7!.
In this regard, Fig. 2 shows the ratio

R~Ee!5

E
0

Ee
sg, f~v!NE1~Ee ,v!

dv

v

se, f~Ee!
. ~8!

We note thatR(Ee)5K ~const! only for a pureE1 pro-
cess since, in this case,
d

-

er
s-

t
e

gs

se, f~Ee!5E
0

Ee
sg, f~v!NE1~Ee ,v!

dv

v
. ~9!

In addition, the magnitude ofK ~for pureE1 processes!
would be the consequence of normalization differences
tween the Sa˜o Paulo data (se, f) and the Livermore data
(sg, f). However, the strong dependence ofR(Ee) on Ee ,
particularly at low energies~see Fig. 2!, led us to the con-
clusion that sizeable multipolar components other thanE1
must be contributing to the photofission process, in all lik
lihood E2 andM1.

Regarding to normalization differences between S˜o
Paulo and Livermore, they were checked for239Pu and for all
the actinides so far investigated at this Laboratory, using
procedures described at length in Refs.@32# and @33#. The
mean normalization factor is'2%, and was already take
into account for the quantities shown in Fig. 1. As discuss
below, however, this is a minor source of uncertainties
regarding the main conclusions of this work.

We reproduce in Fig. 3 the restricted 7–9 MeV interval
Fig. 1, using a linear scale, where the physical meaning
Dse, f can be better appraised~see also Fig. 7!. Since
Dse, f is the difference between the total (e, f ) cross section
and the correspondingE1 component, this quantity is com
posed of theM1 andE2 (T50) components only; there i
no other possible interpretation. Therefore, the least we
state up to this point is that a substantial ‘‘non-electr
dipole’’ electrofission component has been detected. Fo
nately, literature indicates that a possibleM1 resonance
might well be located near the fission barrier of239Pu ~see
Sec. I D!, that is, in the region corresponding to the lo
energy tail of the GQR (T50) which, as a consequenc
enable us to perform the deduction of theM1 component
with some confidence.

III. DATA ANALYSIS AND INTERPRETATION

The key quantity for our data analysis and interpretat
is the electrofission cross section differenceDse, f @Eq. ~7!
and Figs. 3~inset! and 7#, particularly forEe&8 MeV ~see
below!. By a simple visual inspection of the cross sectio
ratio R(Ee) shown in Fig. 2, we get

FIG. 2. Ratio of theE1 electrofission cross section to the tot
electrofission cross section for239Pu as a function of the electro
energy.
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55 2475ELECTROFISSION OF239Pu IN THE ENERGY RANGE . . .
Dse, f'0.4 to 0.5se, f , Ee&8 MeV. ~10!

Thus, even if we double the uncertainties associated w
the determination of theE1 component~full curve in Fig. 3!,
we still obtain a sizeableDse, f . We cannot find, either from
theE1 estimate or from the experiment itself, any reasona
source of uncertainties able to account for the cross sec
differenceDse, f . Therefore, this is a significant quantit
representing (e, f ) components other thanE1.

The second point we want to stress, once again, is
only M1 and E2 (T50) transitions are associated wi
Dse, f . From them, we show below that onlyM1 is signifi-
cant at lower energies, since only the low-energy tail of
GQR (T50) is contributing to the whole process. Thu
even a crude estimate of the GQR (T50) strength, and of its
fission decay probability, do not alter our main conclusio
about theM1 component, as demonstrated by the calcu
tions shown in the following sessions.

Since, in general,

sg, f
lL ~v!5sT

lL~v!Pf
lL~v!, ~11!

where sT
lL is the lL-photoabsorption cross sectio

andPf
lL is the corresponding fission decay probability, on

a fraction of thelL strength is observed in the fission cha
nel, particularly at energies near the fission barrier~where
Pf

lL,1!. Thus, it would be useful to perform estimates

FIG. 3. Data points: linear plot of the electrofission cross s
tion for 239Pu ~Fig. 1! in the energy region between 7 and 9 Me
Solid curve: same as in Fig. 1~the dashed lines represent th
uncertainty of the calculation!. Inset: electrofission cross sectio
difference Dse, f ~data points! and the E2 contribution ~solid
curve!.
th

le
on

at

e

s
-

the lL-fission probabilities, but this issue is not crucial f
the final purposes of this work.

A. Calculation of fission probabilities

Considering high-Z nuclei and excitation energiesEx be-
low the second-chance fission threshold ('12 MeV), the
fission probability is simply given by

Pf~Ex!5
G f~Ex!

G f~Ex!1Gn~Ex!
, ~12!

whereG f andGn are the widths for fission and emission
neutrons, respectively.

With respect to the above mentionedlL-fission probabil-
ity Pf

lL @Eq. ~11!#, it is necessary to add a few more bas
comments. Possiblememory effectsrelated to the entrance
channel are unlikely. In fact, the amplitude of the giant re
nances is not sufficiently large to strongly drive the fissi
process~to induce a noticeable direct fission width, for e
ample!. The energy of motion of the two oscillating nucle
fluids ~protons and neutrons! must be damped into the com
pound nucleus and reappear as deformation energy be
fission can take place. Therefore, possible marked dif
ences among thePf

El’s could only be found near the barrie
as shown in the work of Diaset al. @13#.

We performed calculations ofPf @Eq. ~12!# using the sta-
tistical model approach developed by Vandenbosch and H
zenga@6#, where it is assumed that the level densityr(Ex) is
given by the so-called Fermi gas expression,

f ~Ex!5
Ap

12
a21/4Ex

25/4exp@2~aEx!
1/2#, ~13!

where a is the level density parameter. In this case, af
dropping some small terms and expressing the nuclear ra
by R51.2A1/3 ~fm! we obtain, for239Pu, the expression

Gn

G f
5

10.7r ~Ex2Bn!

2~ran!
1/2~Ex2Bf !

1/221

3exp†2an
1/2@~Ex2Bn!

1/22r 1/2~Ex2Bf !
1/2#‡,

~14!

wherer5af /an is the ratio of the level-density parameter
the fission saddle point to that of the residual nucleus a
neutron evaporation,Bn is the neutron binding energy an
Bf is the fission barrier. The fission barrier deduced from
(g, f ) experiment mostly corresponds to the barrier for fi
sion following E1 excitation. For 239Pu, Bf55.8 MeV
@6,12# which, in fact, represents the ‘‘effective barrier.’’

The level spacing parameteran was obtained from an
expression proposed by Iljinovet al. @34#, which incorpo-
rates corrections due to excitation energy and shell effe
For the parameterr5af /an , however, we know that both
their values and energy dependence are not well define
the literature; thus we decided to obtain it from a fittin
procedure, as described below.

The fission probability obtained from (g, f ) measure-
ments can be interpreted as anE1-related quantity (Pf

E1),
which is shown in Fig. 4 for239Pu. We fitted the expressio
@see Eq.~12!#

-
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2476 55J. D. T. ARRUDA-NETOet al.
Pf
E1~v!5

G f /Gn

11G f /Gn
~15!

to the experimental data~Fig. 4!, usingr5r (v) as the fitting
parameter; G f /Gn is given by Eq. ~14! with Ex5v,
Bn55.65 MeV @12#, and Bf55.8 MeV. The best fit was
achieved forr (v)51.4820.0238v, which is a moderate de
creasing function of the energy. This result for239Pu is
shown in Fig. 5 with that for240Pu @6#.

In order to estimatePf
E2 we assumed thatr (v) is the

same as that one obtained forPf
E1. Regarding the fission

barrier for theE2 fission decay we put, tentatively,Bf
55.5 MeV, which corresponds to the lowest positive-par
level we calculated for239Pu ~see Sec. III D!. The results are
also shown in Fig. 4.

We note that assuming the samer (v), for the calculation
of Pf

E1 andPf
E2, is equivalent to assume that the densities

positive- and negative-parity levels are approximately
same, which is reasonable for odd actinides. Thus the p
liarities of the energy dependence ofPf

E1 andPf
E2 are dic-

tated only by their corresponding fission barriers. The sit
tion is different for even-even actinides, where the le
densities also play a significant role~see discussion in Ref
@13#!.

B. Estimate of theE2 „T50… fission strength

TheE2 (T50) photofission cross section is given by@see
Eq. ~11!#

sg, f
E2 ~v!5sT

E2~v!Pf
E2~v!, ~16!

FIG. 4. Data points: experimental photofission probability o
tained from Ref.@12#. The solid curves labeledE1 andE2 repre-
sent, respectively, the dipolePf

E1 and the quadrupolePf
E2 fission

probabilities obtained theoretically~for more details see text!.
f
e
u-

-
l

wheresT
E2 is theE2 (T50) photoabsorption cross sectio

The E2 (T50) fission probabilityPf
E2 is shown in Fig. 4.

We know from the long-wavelength approximation th
@35,36#

sT
E2~v!53.0931026v3

dB~E2;v!

dv
~mb!, ~17!

wherev is in MeV. TheE2 strength functiondB/dv ~in
fm4/MeV! is well described by a Breit-Wigner curve@36#
with the following parameters@20#: ~a! peak at 9 MeV;~b!
width of 4 MeV; and~c! area equal to 100% of oneE2 (T
50) EWSR unit for 239Pu. As discussed below, the dedu
tion of theM1 strength near the fission barrier relies on a f
estimate of the GQR low-energy tail (v&7 MeV). In this
regard, we show in Fig. 6~inset! the result of our calculation
for sT

E2 @Eq. ~17!# using the GQR parameters mention
above~solid line!, and a calculation forsT

E2 using theE2
strength functiondB/dv obtained from a QRPA approac
for 238U @54#. The agreement between the two results in
range 5–7 MeV is reasonable.

The result of our calculation forsg, f
E2 is shown in Fig. 6,

and its integration with the kernel @NE2(Ee ,v)
2NE1(Ee ,v)] gave us theE2 labeled curve of Fig. 7@see
also Eq.~7!#.

For a better appraisal of the relative importance of
E2 component in the low-energy (e, f ) process, we refer the
reader to the inset shown in Fig. 3. Quite revealing is the f
that theE2 component is nearlyone order of magnitude
smaller than Dse, f . Even by drastically changing th

- FIG. 5. Ratio of the level density parameter (r5af /an) for
239Pu ~present work!, and for 240Pu @6# at the fission saddle point to
the level density parameter of the residual nucleus after neu
evaporation as a function of excitation energyEx .
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GQR (T50) parameters~peak and width! and theE2 fission
probability Pf

E2, this one order magnitude difference doe
not change appreciably.

Therefore, we came easily to the conclusion that, besid
E1 andE2, another multipolar component, with nearly all o
its strength concentrated near the barrier, is contributing
the electrofission process. The kinematics of this experim
place theM1 transition as the only possible candidate.

C. TheM1 fission strength

Equation~7! can be rewritten in the following way:

Dse, f~Ee!5Dse, f
E2~Ee!1Dse, f

M1~Ee!, ~18!

FIG. 6. CalculatedM1 andE2 photofission cross sections as
function of photon energyv ~MeV!. See text for details. Data
points: total photofission cross section of239Pu measured by de
Moraes and Cesar@53# ~full circle! and Bermanet al. @12# ~full
diamonds!. The dotted curve labeledE1 is only to guide the eyes.
Inset: totalE2 photoabsorption cross sectionssT

E2 for 239Pu~solid
line; this work! and 238U ~histogram!; the latter was obtained from
QRPA calculations for theE2 strength@54#.

FIG. 7. Data points: electrofission cross section differen
Dse, f(Ee) betweense, f and the solid curve shown in Fig. 1. The
dotted and dashed curves were calculated assuming that the tr
tions having multipolarity other thanE1 are purelyE2 andM1,
respectively. The full curve corresponds to the calculatedE2
strength with the addition of theM1 strength. The dot-dashed curv
represents the calculatedE2 strength~assuming thatPf

E251! plus
theM1 strength.
es

to
nt

where

Dse, f
M1~Ee!5E

0

Ee
sg, f
M1~v!@NM1~Ee ,v!2NE1~Ee ,v!#

dv

v
,

~19!
and theE2 contribution,Dse, f

E2, calculated in the way de
scribed in Sec. III B, is shown in Fig. 7~dotted curve! and in
the inset of Fig. 3. The calculations show thatDse, f

E2 is very
small for Ee&8 MeV; thus, in this energy range
Dse, f(Ee)'Dse, f

M1(Ee).
A mere visual inspection of Fig. 7 shows that theM1

contribution to the (e, f ) process,Dse, f
M1, must be a flat func-

tion of Ee in the interval 7–12 MeV, in order to fit the
experimental data. Given the integral nature of this quan
@Eq. ~19!#, such a flat behavior is reproduced only by mea
of a narrowM1 photofission cross sectionsg, f

M1 located
mostly below 6 MeV. In addition, this low-energy and na
row concentration ofM1 strength makesDse, f

M1 sensitive
only to the area ofsg, f

M1, for Ee*7 MeV. Thus, it is reason-
able to describesg, f

M1 as a flat function ofv, like a histogram
D MeV wide and with a height equal tosg, f

M15const. This
histogram was fitted to the experimental data through
integral cross sectionDse, f

M1 @Eq. ~19!#, producing the curve
labeledM1 in Fig. 7. The best fit was achieved forsg, f

M1

57.561.1 mb andD50.4060.05 MeV in the interval 5.4–
5.8 MeV.

In our approximation, theM1-fission strength, repre
sented by@B↑(M1)#Pf

M1, is proportional to theM1 cross
section areaD3sg, f

M1. By assuming thatPf
M1'Pf

E2 ~since
the barriers are similar! we deduced

FB↑~M1!

mN
2 G51964, ~20!

wheremN is the nuclear magneton, andB↑(M1) is the inte-
gratedM1 strength functiondB↑/dv @37#. In the hypotheti-
cal possibility wherePf

M1,Pf
E2, theM1 strength given by

Eq. ~20! would represent a lower limit.
Also, we would like to add a final comment on the iss

related both to theE2 strength, calculated in this work fo
v&7 MeV, and the determination of theM1 strength. We
note, in this sense, that the calculatedE2 strength does no
play a significant role. In fact, by repeating our calculatio
with anE2 strengththree times largerthan that obtained in
the first place~see the inset of Fig. 6!, we deduced anM1
strength'22% smaller, that is,B↑(M1)'15mN

2 , which
would not change appreciably our main conclusions~see be-
low!.

It is important to stress that we are by no means say
that this is the onlyM1 strength contributing to the (e, f )
process up to 12 MeV. We are just saying that this is
M1 strength concentrated near the fission barrier of239Pu,
which might well be associated with a bunch of positiv
parity levels in the saddle point of239Pu @as discussed below
in Sec. III D#. Because of the fast onset ofE1 and E2
~T50! for Ee*7 MeV, our data analysis technique is n
sensitive in samplingM1 strengths at higher energies whe
these transitions dominate.

The result of'19mN
2 for 239Pu is compatible with those

obtained for several odd actinides and a theoretical estim
for 239U ~Table I!. However, theM11E2 strength is insuf-
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ficient to explain the cross section difference between 11
12 MeV, even when amaximum E2 strength is assume
~dash-dotted curve in Fig. 7!. The maximum attainableE2
strength is obtained by assuming thatPf

E251. Although the
M11E2 ~maximum! strength is substantially enhance
above 11 MeV, it still cannot match the experimental resu
Moreover, the overall agreement below 11 MeV is worsen
by such a procedure. Contributions to the electrofission p
cess coming from higher order multipolar components~like
E3!, or from the onset of second-chance fissi
(threshold.12 MeV), are unlikely up to 12 MeV. It seem
to us thatDse, f is overestimated between 11 and 12 Me
because our (g, f ) input @see Eq.~7!# is underestimated in
this energy region. In fact, we note in Fig. 4 that the expe
mental photofission probability of239Pu is substantially low-
ered from'11 MeV till the (g,2n) threshold. On the othe
hand, by recalculatingDse, f between 11 and 12 MeV usin
a photofission cross section generated from the fittedE1 fis-
sion probability~E1 curve in Fig. 4!, an agreement with the
M11E2 strength is dramatically achieved.

D. Calculation of the transition nucleus levels for 239Pu

1. The semimicroscopic combined method

In order to calculate the transition levels for239Pu, we
used the so-called semimicroscopic combined met
@38,39#. This method uses the quantum statistical model p
posed by Decowskiet al. @40#, which takes into account th
shell and pairing effects calculated in the framework of
BCS model. However, this model does not give an adequ
description of the level densities at low energies due to
discrete structure of the spectrum. Therefore, at low exc
tion energy, the level density calculation is carried out us
a combinatorial method described in Ref.@38#. In both cases,
realistic single particle spectra and phenomenological col
tive enhancement of the level densities in deformed nu
are used. Since these calculations are carried out within
same model~BCS!, and make use of the same single parti
and pairing strengths parameters, a smooth joining of
discrete and continuous parts of the level densities is n
rally achieved.

To check the applicability of the semimicroscopic com
bined method, the calculations were compared with exp
mental data for239,240Pu and241,242Am in the excitation en-
ergy range 0–10 MeV @39#. At the energy region
corresponding to equilibrium deformation, the total lev
density of these nuclei was fully reproduced by these me
ods. At higher excitation energies~close to the neutron bind
ing energy! the calculated level spacing is in good agreem
with that from experiment@41#, showing that this method
can successfully be applied to describe level densities
wide energy range. Moreover, the comparison of the exp
mental 239Pu and241Am s(n, f ) cross sections with the the
oretical calculations showed that the combined method
describe also adequately the level density as a function o
nuclear deformation@39#.

2. Calculation of the single particle spectra

The semimicroscopic combined method described ab
is very sensitive to the single particle spectrum; in particu
d
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to the levels close to the Fermi energy. Therefore, an ac
rate calculation of the single particle states is necessary.

Due to difficulties in calculating the single particle spe
trum for strongly deformed shapes, previous studies h
generally taken methods appropriate to small deformati
and applied them to larger deformations. Very recently, G
rote et al. @42# developed a more convenient approach
calculate the single particle states for strongly deform
nuclear shapes. According to this code~Cassini code!, the
deforming shape~up to and beyond its separation into tw
fragments! is described by the Cassinian ovals proposed
Pashkevich@43#. The Cassini code uses an axially deform
average Woods-Saxon potential which has been success
applied to reproduce a number of single particle effects
strongly deformed nuclei~Ref. @44# and references therein!.

In this work, the single particle spectra were obtained
means of the Cassini code using the Chepurnov parame
for the nuclear potential@45#. These parameters describe s
isfactorily both neutron and proton single particle states.

Single particle spectra were calculated at the deforma
region corresponding to the first saddle point of the fiss
barrier ~e50.394,a4520.030! as well as in the region o
the second well~e50.505, a450.01!. The extreme points
were calculated using the Struntinsky method@46# with
Pashkevich parametrization of the nuclear shape@43#. Fur-
thermore, the pairing strengths were taken to beGN
524.5A21 MeV andGP527.5A21 MeV, respectively, for
all the extreme points of the fission path.

3. Spectroscopy of the second well: A stringent test

The identification of single particle spectra in the seco
minimum is extremely important in order to test the sing
particle models at large deformations. Experimentally,
first results of spectroscopic investigations of fission isom
was reported in 1972 by Spechtet al. @47#, who identified a
rotational band built on the 3.8 ns fission isomeric state
240Pu. Such rotational excitations have been latter identifi
~by conversion electron spectroscopy! for several other nu-
clei, including239Pu~@48# and references therein!. Therefore,
the reliability of our method at large deformations w
checked by calculating single particle spectra at the defor
tion of the second well of the double-humped fission barr
and by comparing them with experimental results@49#.

As we can see in Fig. 8, the agreement between the
oretical and experimental results is excellent, showing t
the semimicroscopic combined method proposed in
work can be successfully used to calculate the single par
states at any deformation. In our calculations a rotatio
band with spin 5/21 built on the 2.6 ns isomeric state i
239Pu was obtained using the rotational constantA
53.36 keV given in Ref.@49#. As mentioned before, the
deformation of the second well corresponds toe50.505,
a450.01.

More detailed results on the issue of spectroscopy of
second well for 239Pu, as well as for some other odd a
tinides, will appear in a forthcoming publication@50#.

4. Results and the issue of M1 strength in239Pu

From all calculated levels of the transition nucleus
239Pu, we show in Table II only those which could be e
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cited byE1, M1, andE2 transitions, and that are at the to
of the higher inner barrier~e50.394,a4520.030!.

We assigned to the lowest level, (Jp,K)5( 32
2
,
3
2), the

photon excitation energyv55.35 MeV, after a suggestio
made by Vandenbosch and Huizenga@6# in their successful
attempt to fit the experimental photofission angular distri
tions of 239Pu. In fact, the best fit was achieved by assum
( 32

2
,
3
2) as the lowest level at the first saddle, and as be

excited by absorption of photons withv55.35 MeV. Our
results, plus the energy scaling mentioned above~at v
55.35 MeV!, are qualitatively checked by means of a co
parison with experimental angular distributions~next sec-
tion!.

Figure 9 presents the transition levels associated only w
E1 andM1 transitions, forv<6.3 MeV. TheE2 strength is

FIG. 8. Levels of the second minimum in the fission barrier
239Pu. Experimental results are from Ref.@49#. See text for the
details of our theoretical calculations.

FIG. 9. Levels of the239Pu transition nucleus calculated in th
present work. Only those levels associated withE1 andM1 tran-
sitions are presented. The dashed curves are pictorial repres
tions of the Bremsstrahlung spectra, used in the experiment fo
(g, f ) anisotropies of239Pu @17# shown in the inset~Emax is the
energy of the Bremsstrahlung spectrum tip!.
-
g
g

-

th

negligible below 7 MeV@see Fig. 3~inset! and Fig. 6#. We
observe a distinct bunch of three positive-parity levels at
5.5,v,5.9 MeV ~Fig. 8! which, as discussed above, cou
be associated only withM1 transitions. Our deduction of th
M1 fission strength in239Pu ~Sec. III C! indicates a concen
tration in the v-interval of (5.4060.05)2(5.80
60.05) MeV, which is in good agreement with our theore
ical findings. This agreement reinforces the fact that mos
the strength responsible forDse, f @Eq. ~18!, Fig. 3 ~inset!,
and Fig. 7# is M1.

The levels of the second well~Fig. 8! are not included in
our data analysis because of the extremely low isomeric
sion cross section at energies above the fission barrier@5#.

IV. „g,f … ANGULAR DISTRIBUTIONS
OF 239Pu REVISITED

The photofission angular distributions of239Pu were mea-
sured with Bremsstrahlung at energies as low as 5.4 M
@17,18#; these results are shown in Fig. 9.

The angular distribution functionsWM ,K
J (u) of odd-A nu-

clei for all the possible transition nucleus levels (Jp,K), and
for all possible combinations ofJ, K, andM , can be put in
the form @6#

WK
J ~u!5(

M
WM ,K

J ~u!5a1b sin2~u!. ~21!

In the notation above,M is the projection of the angula
momentum on the laboratoryz axis, which coincides with
the beam direction, andu is the angle between the fissio
fragment trajectory and the beam direction.

Theoretical calculations for239Pu (J0
p51/21) show that

@6#

~a! b,0, for ~J,K !5~3/2,1/2!,

~b! b.0, for ~J,K !5~3/2,3/2!,

~c! b50, for ~J,K !5~1/2,1/2!.

The angular distributions do not differentiate positiv
from negative-parity levels, since we are considering non
larized photon beams. However, the excitation of differe
K bands can be observed by the sign changes of the so-c
‘‘anisotropy,’’ b/a ~a is always positive!.

In this regard, we compare the results of our calculatio
for the transition levels (Jp,K) of 239Pu with the experimen-
tal results forb/a @shown in Fig. 9~inset!#. SinceE2 exci-
tations are hardly observed with real photons, we assu
E1 and/orM1 excitations, only. In this case,239Pu decays
by fission through the transition levels: (1/21,1/2),
(3/21,1/2), (3/21,3/2), and the same set of levels as befo
but with negative parity. Thus the following conclusions c
be drawn from Fig. 9:~1! A strong positive anisotropy
(b/a.0) at Emax55.4 MeV could be mostly attributed to
the lowestK53/2 transition level, excited byE1; it is im-
portant to note that the levels close to the tip (Emax) of the
Bremsstrahlung spectrum do not contribute appreciably

f

ta-
he
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TABLE II. Levels of the 239Pu transition nucleus, as calculated in the present work.

*E2 strength'0, for v,7 MeV @see Fig. 3~inset!#.
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the observed anisotropy;~2! ForEmax55.65 MeV the anisot-
ropy falls abruptly to a negative value, which could be e
plained by the two K51/2 levels (1/22,1/2) and
(3/22,1/2), nearv'5.4 MeV and, to a lesser extent, to th
levels (1/21,1/2) and (3/21,1/2) near the tip;~3! b/a in-
creases only a little bit atEmax55.9 MeV, due to the pres
ence of the level (3/21,3/2) near the tip;~4! finally, towards
Emax56.4 MeV, b/a approaches to zero quickly becaus
now, the levels withK53/2, (3/21,3/2), and (3/22,3/2) are
being intensively populated, plus the level (1/22,1/2) which
contributes tob50. The level (3/21,1/2) is too close to the
tip.

For Emax.6.4 MeV the number of levels with differen
K ’s are numerous enough to keep the anisotropy aro
zero.

Although qualitative, the comparison with the (g, f ) an-
gular distributions shows that the transition levels we o
tained theoretically are, quite probably, at the right ene
positions, and that the correspondingJp andK were properly
assigned.

V. SUMMARY AND FINAL REMARKS

The results, data analysis and conclusions of this work
summarized as~1! the electrofission cross section of239Pu
was measured in detail~steps of 0.25 MeV! in the interval
7–12 MeV; ~2! kinematics considerations assured us t
only the multipolar transitionsE1, E2 (T50), andM1 are
contributing to the (e, f ) process;~3! from the well-known
(g, f ) cross section of239Pu ~taken from literature!, the
(e, f ) E1 component was calculated and subtracted from
total (e, f ) cross section~experimental data!, generating thus
the (e, f ) cross section differenceDse, f ; ~4! the cross sec-
tion Dse, f , corresponding toE2 (T50) andM1 transitions,
-

,

d

-
y

re

t

e

was found to be;50% of the total (e, f ) cross section for
Ee&8 MeV. Such a substantial fraction of the total (e, f )
process cannot be attributed to experimental and/or calc
tional uncertainties;~5! it was shown that the contribution o
E2 (T50) to Dse, f is less than 10% forEe&8 MeV, since
only the low-energy tail of the GQR (T50) is present in this
region; this fact greatly reduces most of the ambiguities g
erally associated with the analysis of inclusive data;~6! by
considering that the M1 electrofission strength is
'0.9Dse, f , we deduced anM1 strength of 1964mN

2 below
6 MeV; ~7! the transition nucleus levels of239Pu were theo-
retically obtained; these results were favorably compa
with photofission angular distributions from the literatur
~8! also, these calculations showed a bunch of positive-pa
levels in between'5.5–5.9 MeV, which certainly explains
the concentration ofM1 strength deduced in this work.

As final remarks, we note that the deduction of theM1
strength in 239Pu was feasible due to some special con
tions, particularly the concentration of the strength in t
region corresponding to the low-energy tails of the GDR a
the GQR (T50). Also, the fact thatNM1@NE1 is respon-
sible for a substantial (e, f ) M1 strength below 7 MeV, like
more than 40% of the total (e, f ) cross section experimen
tally obtained. Finally, we stress that no attempt was m
toward the decomposition of three multipoles. Actually, o
of them was taken from the literature (E1); another one,
E2 (T50), was found to be small~below 8 MeV! affecting,
thus, very little the data analysis; and only the remain
one,M1, was deduced.

All these special conditions of the experiment and d
analysis ‘‘attenuate,’’ to a great extent, the most signific
shortcoming of this work, namely, theM1 character is in-
ferred only from the magnitude of the electrofission cro
section, requiring thus a comparison with photofission da
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It is obvious that inclusive electrofission is not the best w
to look for M1, since multipole assignment is not direc
However, there has been in the literature no news of an
ternative effort toward the deduction of theM1 strength in
the odd actinide mass region, where angular distributions
very difficult to measure.
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