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ABSTRACT

The angular distribution of fission fragments
following excitation by electron scattering is investigated
using the method of the virtual photon spectrum, and the
transition state hypothesis; the results are compared with
photofission. Due to the lack of a strong selection rule on
changes in the magnetic quantum number, electrons will not
produce such pronounced angular distributions as photons.
Sample calculations for energies around the 238U threshold
show that angular distributions should be appreciable never-
theless, particularly for gquadrupole absorption.vThe possi-

bility of using information from both photofission and elec-

trofission for a more complete analysis, is discussed.




INTROUUCTION :

The angular distribution of fragments resulting
from nuclear fission following excitation by photons or fast
neutrons, is known to be anisotropic in certain circumstances.

1)

Several years ago, A. Bohr suggested that such anisotropies
could be explained as a correlation between the angular
distribution of emitted fragments and the quantum numbers of
the nuclear transition state. Circumstances restricting the
number of transition states accessible, or strongly favoring
one particular state, would then lead to a charécteristic
angular distribution. These ideas have been discussed in

2)

more detail by Griffin and further extended and used in
analysis of angular distributions by many authors; useful
summaries of current’ ideas may be found in reviews by Huizenga
and coauthors>~9) .

| Our purpose here is to investigate whether
anisotropic angular distributions could be expected following
fission induced by electron scattering, since this method

has gained some attention in recent years7_10). We first

give a very short review of the current ideas on the likely
properties of the nuclear transition state, sufficient to justify the
particular choices of energies and angular momenta for later
examples. We formulate the spectrum of virtual photons

emitted by the scattering electron and examine its.dependence

on the quantum numbers of angular momentum L,M, transferred
between electron and nucleus. The details of calculation of

the virtual photon spectrum for high Z targéts has been

11) and our

given in an earlier paper by Gargaro and Onley
discussion of theory here will be limited to those aspects
of the spectrum which determine the angular distributions

of outgoing fragments (particularly the z-component of

transferred angular momentum) .




THE TRANSITION STATE

The transition state is supposed to describe the condition
of the nucleus at a point just béfore fission, when the system is passing
the highest point of the fissicn barrier(the outerbarrier if there is more
ﬂuulone65~1f the enerqy imparted to the nucleus is barely
above the threshold for surmounting this barrier, most of its
energy is, at this point, invested in deformation, leaving the
other degrees of freedom in a condition presumably very similar
to that describing the lowest energy states of an extremely
deformed nucleus. Aside from the guantum numbers L,M, of the
nuclear angular momentum (which are of course well defined
and conserved throughout the fission process), one may attempt
to classify states into rotational bands, using the quantum
number K (the projection of the angular momentum on the
nuclear symmetry axis). Unlike L and M, the existence of a
definable K is not guarénteed but is part of the transition
state hypothesis. Supposing that the direction of emission
of the fission fragments to be along the direction defined
before fission by the nuclear symmetry axis, and supposing
that subsequent emission of neutrons will not materially
disturb this, then the angular distribution of emitted
fragments is given by the probability distribution of the
angles defining the original symmetry axis, i.e. by the square

of the wavefunction for a symmetric top :
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The notation‘and definition of dﬁK used in ref. (6) are

adopted here.

The functions of e'given by eq.(l) are quite




distinct for different values of L, M and K, but analysis of
angular distributions can only be made, with any reliability,
when the number of accessible states is very small. It is also
necessary that the excitation mechanism does not populate all
M-substates equally, since this would destroy the angular dis-
tributions even for an unique K and L. For photofission this
condition is met very well, because angular momentum transfers

are limited to magnetic substates with M =+ 1.

A simple case to consider is the fission of an
even-even nucleus such as 238U. The strong inhibition of high
angular momentum transfers in photoexcitation would justify
considering Ll = 1~ as the prime candidate for the spin and
parity of the excited state, with 2t and l+ as possible
contenders. For transitions just above the barrier the most
likely quantum numbers for rotational bands have been discussed

3)

by Huizenga and are reproduced in fig.l. We can see that

for energy very close to the top of the barrier (e.g. within

100 or 200 KevV), electric quadrupole excitation to the lowest

2% state may be the only available transition state. At energies
at which electric dipole excitation becomes possible there

will be a region of competition between 2+(K=0) and 1 (K=0)
transition states. At slightly higher energies the principal
contest should be between 1 (K=0) and 1 (K=1) states, etc.All three
cases lead to distinctive angular distributions in photofission.
The distribution becomes isotropic a few MeV above threshold
owing to the large number and variety of accessible transition
states, but reappears again at the threshold for second chance
fission apd again for higher chance fissions. Since the emission
of a neutron from a primary excited state will again leave the

residual nucleus in a condition with barely enough energy to

fission, we may expect the spectrum of transition states (now




the low lying states of a deformed odd A nucleus) to determine

the fragment angular distribution once again.

ELECTRON INDUCED FISSION

Suppose that measurements are made of the fission .
yield produced by scattering of electrons from 238U or a
similar target. The overall effect of the electrons on the
target is assessed by comparing the electromagnetic field
near the nucleus (at the origin of coordinates), produced
by the scattering electron, with an equivalent field which
could be produced by a pulse of radiation of external origin.
In this way a virtual radiation spectrum is defined12—14),
but because the equivalent radiation is not a plane wave, it
has a different composition from conventional incident
radiation. The amount of electric quadrupole radiation, for
example, is many times greater in virtual radiation than
plane wave radiationll). Also there is no restriction on the
magnetic substates of‘transferred angular momentum and as
this is likely to effect the angular distribution rather
drastically, we give here expressions for the virtual photon
spectrum, for a given value of L, subdivided into the
contributions of different M substates.

Using the notation of ref.(ll) we consider
the radiation field due to an electron moving in the Coulomb

field of a charge Z. Since the electron enters along a specific

direction P\ we can write the initial wavefunction as a
A M
K !
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specific combination of partial wave solutions

denoted here by \.’Jcr) :
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where the electron guantum numbers E, p, K, £, j, v and m acquire

suffixes 1 or 2 to distinguish initial from final quantities.




The vector potential will be expressed in terms
of the transverse electric and transverse magnetic multipole

solutions, here denoted by

Am we): J""";aw) v (5 42 V)
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The label is for standing wave solutions. We also need

to use travelling wave solutions, in particular the outgoing

solution labelled (out)

, which is obtained by replacing the
spherical Bessel function aL(UT) by the spherical Hankel

)
function A (WY) in egs.(2) and (3).

For an electron scattering from the initial

(02
state to a final state q/
\'P (’.’.‘.'E ) ( &) ,“)

electromagnetic potential produced at points in the neigh-

bourhood of the origin will be
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where 0(1 is the electron current operdtor.
Adn,

(st)
Alw

Notice that is the same field
component as appears in the multlpole expansion of a plane

electromagnetlc wave
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where Et, - 'T-L'—_ (£'_" l. y) are the polarization vectors .
for the two states of circular polarization.
Provided that no discrimination is made on the
basis of direction, i.e. the target and beam are not polarized,
and there is no directional discrimination in detection of
fission fragments or of the scattered electron, then the yield of excited
states produced by virtual radiation can, for a given multipole
transition, be related to the photoexcitation cross section

6}’ through a virtual photon spectrum12_14):
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The expression for N we use is that given in ref. (11):
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where it is understood that E2 = El -w, p; is the electron

(7)

momentum corresponding to energy Ei' and ® is the fine
structure constant. In eq.(7) S(A) is a projection operator
which retains only those terms in the angular momentum sum
satisfying the selection rule that (L.-I»lt L. ) must be
even for ) = @ (electric multipole) and odd for )sm

(A)
(magnetic multlpole), R, (k,,‘,' K2> is a radial integral
defined in ref. (ll) .

If, on the other ! hand, we observe the angular

distribution of emitted fragments, we are able to distinguish

substates in the transition nucleug. Now the fact that




expression (4) contains a sum over all M-states, whereas

eq. (5) contains only M = + 1, renders electron scattering and
photon scattering non equivalent. The angular distribution
for photofission via the transition state with quantum numbers
L, K would be WKL‘ (O), the corresponding distribution for

electrofission is
- ) E,W) /\ AL
M(alelw) -— % WKM N ( )/N (E)w) (8)

In eq.(8), NM'M is the virtual photon spectrum broken down into the

contributions of different M-states(as infigs.2 and 3), for

which we find the expression
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where, of course,
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Expression (8) is distinguished from its counterpart
for photofission, by being a function of E and W) as well as e .
The quantities actually measured in practice are

~ the fission yields as functionsof energy and angle of emission,

to dbtain expressions for which it is necessary to intearate over the photon

spectrum and sum over all undetermined quantum numbers. In a
bremsstrahlung experiment, where the photon spectrum is
denoted by Nar (E'u)) (note that this is independent of multi-

pole signature (AL)) , the cross section measured is:
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For electrons the angular distribution function must be

included under the integral sign :

€ (ALK) L tL)
AR R ACY I DIACOL
LK E k
Notice that the angular anisotropies persist only for energies
a few MeV above threshold and thus the range Eth (threshold)
to E0 (electron kinetic energy) is very small and consequently
the range over which we need to calculate functions of E and

W) is very modest.

Analysis of an angular distribution does not

proceed in any direct way, even for photofission, since there
is no unique expansion of a function of e in terms of w,:(ﬂ).

Usually the expansion made is

d‘iv - O+ bsin"e + C 5"”2'36 (13)
an
Any angular distribution created by dipole and quadrupole
states can be expressed in this form. Clearly with three
coefficients we must have no more than three states (L,K)
contributing, e.g. (1,0), (1,1) and (2,0) to achieve an
unigque analysis. One might hope that the additional information
provided by electron scattering would aid in tﬁé analysis to
the point of being able to include a more complete set of
quantum numbers. In principle ,this is possible but, perhaps,
not too realistic; we will devote a paragraph to it
nevertheless.

Suppose that each angular distribution function




is analysed in the form of eq.(13) i.e.
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and we write, for convenience,

Rktelw) - QZ(E) NBr(E/w) (16)

) = A B Ne(Bw) o
The functions of egs. (16) and (17) are accessible from theory.
Now consider that each measured angular distribution is

reduced to coefficients as in eq.(13), three for bremsstrahlung
a, b, ¢, and three for electron induced fission ags be' c_ . We

e

having then six equations derived from (11) and (12)
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and counterpart equations for b, c, be’ ce. A simultaneous
unfolding of egs. (18),(19) and counterpart equations could,
in principle, be performed to extract six cross sections
Q‘ALK ; this unfortunately is not enough to cover all
sets of quantum number A LK for dipole and quadrupole
transitions (we hesitate to suggest it, but one could
determine three more coefficients by positron scattering).

More realistically, one might expect to use the much enhanced

gquadrupole spectrum in virtual radiation, and look at the
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behaviour of ce( E ) alone. It should be possible to analyse
this in terms of isolated states of well defined K, for
example, if such states exist. In the following section we

will consider a few numerical examples.

DISCUSSION

Restricting ourselves to the three lowest
collective band structures for an even-even transition nucleus
(fig.1l), we have shown (figs.4-6) the expected angular
distributions of fission fragments following electro- and
photo excitation for pure L =1, K=0; L =1, K= 1 and
L =2, K= 0 levels. Although such pure transition states
are not expected to be accessible in practice, these plots
are nevertheless useful for the comparison purposes. The
angular distributions have been plotted for a fixed value of
photon energy, E"= 6.5 MeV, just above the fission threshold
for 238U. For electroexcitation, we have shown three different
curves A, B and C corresponding tovdifferent incident (and
scattered) electron energies chosen in such a way that the
transferred virtual photon energy , W), is always 6.5 MeV.

It can be seen clearly that the angular
distributions are less anisotropic for electrofission as
compared with those for photofission. Such behaviour is
rather marked for the dipole case while not as pronounced
for a quadrupole level. The anisotropy also seems to
decrease with the increase in the incident electxonm enerqgy
(for fixed virtual photon energy). Virtual photons near the
tip of the distribution produce the most pronounced angular
distribution (i.e. are most like real photons). This is most

apparent in figs. 2 and 3 which show the M = 1 ocompénent




.11.

dominating the spectrum in the tip region.

We have also shown the dependence of the correspond-
ing angular distribution coefficients (analysed as in egs. (14)
and (15)) on the incident electron energy in figs. 7-9. It is
apparent, that, although iﬁ is possible to analyse any angular
distribution data in terms of eq.(13), the energy dependence
of the resulting coefficients cannot be ignored in the case

of virtual photons.




FOOT NOTE FOR PAGE 6.

* The gauge used here (transverse) is different from that

A
used in this referencell) but the expression for 1&‘ ) can
be rendered in the same form with proper subtraction of the

pole at the origin encountered in the transverse gauge.
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FIGURE CAPTIONS

Schematic diagram of possible collective band structure e
for an even-even transition nucleus with a stable qua-

drupole deformation. The energy scale is schematic only .
(from ref.(3)).

Virtual photon spectrum for El radiation from a 10 MeV
electron scattering from a nucleus of charge, z = 92,
showing contributions of.substates M = 0 and M = 1 (the
sum of both M = 41 and -1).

Virtual photon spectrum for E2 radiation from a 10 MevV
electron scattering from a nucleus of charge 92, showing
M= 0, 1 and 2 contributions.

Fission fragment angular distribution expected for a
pure L = 1, K = 0 level in photo and electroexcitation.
The solid curve represents photofission angular distribu-
tion while the dashed curves represent electrofission
angular distributions for electron energies of (p) 7.5
MeVv, (B) 9.5 MeV, and (c) 11.5 MeV.

Fission fragment angular distribution expected for a pure
L =1, K= 1 level in photo- and electroexcitation. Diffe~-

rent curves have the same meaning as in Fig. (4).
Fission fragment angular distribution expected for a
pure L = 2, K = 0 level in photo- and electroexcitation.

Different curves have the same meaning as in Fig. (4).

Behaviour of angular distribution coefficients versus
incident electron energy for a pure L = 1, K = 0 level.

Behaviour of angular distribution coefficients versus
incident electron energy for a pure L =1, K =1 level.

Behaviour of angular distribution coefficients versus

incident electron energy for a pure L = 2, K = 0 level.
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