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Observation of the Electrofission of "Si
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A peak in the yield from the electron-induced fission of Si has been observed at an ex-
citation energy of 28.3 MeV, decaying by the channel ~ O(g.s.}+' C +(4.43 MeV). The an-
gular distribution of the carbon nuclei from this feature follows (1—cos Oc ~ ) indicating
an assignment of J=2 with a projection along the fission axis of K =26. The observed
peak could be due to excitations of the giant quadrupole resonance in the prolate well of
28Sl.

In this I.etter we report the observation of the
fission of "Si, into "C and "0, induced by elec-
trons in the energy range from 23 to 34 MeV.
This observation may have important implica-
tions for an understanding of the fission process
and a possible connection with giant quadrupole
resonances. The investigations were carried out
at the University of Toronto Electron Linear Ac-
celerator Facility a conventional pulsed linac
with a 10 ~ duty cycle. For such measurements
it is necessary to efficiently detect low yields of
carbon and oxygen ions with a large solid angle
amidst bursts of scattered electrons, neutrons,
protons, etc. To achieve this, thin polycarbonate
films were used to record the passage of an ion
by the molecular damage created along its track.
The particular film used in these experiments
was bisphenol-A polycarbonate (available as Mak-
rofol, type KG, from Bayers Dyestuffs) having an
average thickness of 5 pm. Observation of the
damage tracks was made possible by chemically
etching the foil floating on the surface of sodium
hydroxide (7.1 normal at 21'C); we visually count-
ed the holes that broke through to the aluminized

surface layer as a function of time. ' The number
of new holes that appear is a peaked function of
etching time for monoenergetic ion groups. Be-
low 5.5 MeV for x2C and 8 MeV for 0 there is a
one-to-one relation between etching time and en-
ergy. The foil is insensitive to n and lighter ion-
izing radiation at the etching times used.

A consideration of the Q values involved (- 16.V5

MeV for the decay into the ground states of "C
and "0) restricts the exit channels that can be
observed, below a bombarding energy of 34.0
MeV, to those involving a "C and an "0nucleus
either both in their ground states or with one in
its first excited state (4.4 MeV for "C or about
6.1 MeV for "0). The maximum energy of the
fragments being observed at a particular electron
energy may be unambiguously determined' from
measurements of the appearance times of the
yield when degraded by thin absorbers of various
thicknesses. In this way the maximum center-of-
mass (c.m. ) energy of the "C fragments being de-
tected with incident electron energies at and be-
low 34 MeV was measured to be 5.2+ 0.3 MeV.
The corresponding maximum oxygen energy must
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then be 3.9+0.2 MeV which cannot be observed
with 5-pm-thick detectors during the etching time
used. As a result it was possible to examine
tracks due to "C ions, for Ei2c'~ ~ 3.25 MeV,
that were free of "0 tracks because of the known
variation in detector response vith ion species
and energy. The Si isotope (3.1% abundance in
natural silicon) cannot be involved in the data
presented in this Letter due to the Q values in-
volved. The possibility of a contribution from
"Si (4.7%) is discussed later.

Measurements of the "C yields were carried
out at several energies between 23 and 34 MeV
with a 57-jug/cm' self-supporting Si (natural) tar-
get' oriented at 45 to the incident electron beam.
Oxygen contamination in the target (2.5+ 0.1)%
produces "C ions from the reaction "O(e,e' "C)a
that are readily detectable at these bombarding
energies. The subtraction of these events (~ 12%
of the total number of counts) was carried out by
a series of measurements to be described in a
more detailed publication. The resultant electro-
fission cross sections measured at 90' to the in-
cident beam are shown in Fig. 1 (solid curve).

An inelastic scattering event can leave the tar-
get nucleus with any excitation energy below that
of the incident electron, less its rest mass. Con-
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FIG. 1. The differential cross section measured at
I9)~b =9Q' for Si(e,e' C), E(2 ' ' ~ 3.25 MeV (solid
line), is shown here with the scale on the right-hand
side of the figure. The horizontal error bars reflect
the systematic uncertainties in the electron beam ener-
gy with the scale at the top of the figure. The equiva-
lent photon-induced cross section is also shown (dashed
line) with its scale on the left. (The curves are merely
drawn to guide the eye. )

sequently, to investigate "C yields from the vari-
ous possible decay channels with the limited res-
olution of the foil detectors it was necessary to
vary the electron energy and examine the excita-
tion strength by "differentiating" the electron
cross section and converting it into the equivalent
cross section for photofission. Using ratios of
the total cross sections, in the long-wavelength
limit and in the point-nucleus approximation,
for the electron process to that for the corre-
sponding photon process (often termed "virtual
photon densities" ), triple E2 difference spectra'
have been used to obtain the excitation function
shown in Fig. 1 (dashed curve). The points shown
represent integrals of the equivalent photon cross
section over regions of excitation energy speci-
fied by the horizontal bars, If either electric di-
pole excitation or a mixture of dipole with quad-
rupole absorption is assumed, the shape of the
(dashed) yield curve shown in Fig. 1 remains the
same while the cross sections increase by at
most 10%.

The yield above 25 MeV must be due to decays
leaving one of the fragments in its first excited
state because of the measured maximum "C en-
ergy discussed above. At the peak excitation en-
ergy of 28.3 MeV the decay channel leaving the
0 nucleus ln an excited state would produce 3.1-

MeV "C nuclei which are not detectable in the
etching times to which this analysis has been re-
stricted. The detector response shows a pre-
ponderance of ions with at least 4 MeV of energy.
These considerations demonstrate that the elec-
trofission yield centered around 28.3 MeV exci-
tation proceeds with a ~ 90% branch via the decay
channel

"Si-"C'+(4.43 MeV) + "O.

The (y, 2n) threshold in silicon is at 30.5 MeV
and thus does not affect the falloff of the ob-
served yield that occurs above 29 MeV in excita-
tion. The decay channel (1) gives a maximum of
3.4-MeV "C nuclei at 27.1 MeV of excitation
which are detected with better than 90% efficiency
for the restricted etching times used here, al-
though longer times would be necessary to inves-
tigate the yield much below this. This leads to
the interpretation of the feature at 28.3 MeV as a
resonance or cluster of resonances with a spread
of about 2.5 MeV and a total energy-integrated
equivalent photon-induced cross section of 45
+ 9 pb MeV. The Coulomb barrier for the "0
plus "C system is at a center-of-mass energy of
about 8 MeV, ' so that the observed decays occur
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near the top of this barrier. The dropoff in yield
at the low-excitation-energy end of Fig. 1 could
thus be influenced in part by barrier attenuation
effects.

Angular distributions were measured simulta-
neously with the yield measurements described
above. The effects of the kinematic difference
between center-of-mass and laboratory frames
were removed by experiments using appropriate
thin carbon absorbers at each angle to reduce the
carbon ion energies to a common value. A re-
sultant angular distribution, corrected for the
solid-angle differences between frames as well
as for "O(e,e' "C)a contamination, is shown in
Fig. 2.'

Electroexcitation in which the final electron en-
ergy is near zero proceeds via the exchange of a
single virtual photon traveling parallel to the
beam direction and is equivalent (with small cor-
rection factors) to real photoabsorption. The ex-
citation then aligns the target nucleus with a spin
projection of + 1h along the beam axis. In consid-
ering nuclear deformations leading to fission it
is reasonable to consider cases where the saddle-
point configuration is cylindrically symmetric
about the fission axis and has a definite value for
the projection of the total angular momentum
along this direction. If the yield shown in Fig. 1
is assumed to proceed by E2 absorption to a state
having a definite total angular momentum projec-
tion along the scission axis of K =2h then the re-
sultant angular distribution is'

W(8, ) cc l —cos'8, ~ . (2)
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FIG. 2. The center-of-mass angular distribution of
the ' C nuclei with 8&2

' ' ~ 3.25 MeV from the decayj2C
Si(e, e'~ O)~ C + (4.43 MeV) is shown here for a,n elec-

tron bombarding of 34.0 MeV.

This is the solid curve drawn through the points
in Fig. 2. It should be noted that although the ex-
pression in (2) can also be written as sin'8+ —,

'
x sin 28, we regard the possibility of having a
constant ratio for E1 and E2 absorption and for
the associated decays over the entire feature of
Fig. 1 as being highly unlikely. M2 absorption
would yield the same angular dependence but is
expected to be much less than E2 for collective
ezcitations. ' The "Si contribution (4.V% abun-
dant) is as yet unknown. However, the steeply
varying angular distribution indicates a signifi-
cant P~(cos8) component while the distributions
for a J" of —,"and any single K value are quite un-
like that of Fig. 2. We therefore attribute the ob-
served events to the fission of "Si until detailed
studies of "Si are possible.

A "Si nucleus can be considered to be an oblate
spheroid in its low-lying states. ' Since the exci-
tation is a result of a one-body operator, the ex-
cited nucleus, at least initially, must be essen-
tially identical to the ground state- i.e. , again
oblate. Assuming the subsequent collective de-
formation and scission to be adiabatic, there
must be a continuous connection between the wave
function of the fragments and that of the com-
pound nucleus in its initial excited configuration.
However, in a simple molecular-oscillator mod-
el" the Pauli principle forbids the production of
"C and "0fragments from the oblate shape of
"Si. There is only a path from the prolate shape.
An inspection of single-nucleon two-centered
shell-model states gives the same result. Con-
strained Hartree-Fock calculations" show that
the level spectrum of "Si below 8 MeV is con-
sistent with the coexistence of both prolate and
oblate intrinsic shapes, the oblate well being
deeper and associated with the ground state. The
predicted spherical barrier between the oblate
and prolate wells is about 29 MeV suggesting
overlap between states in the two wells near this
energy. This is close to the energy of the peak
shown in Fig. 1.

Knopfle et a/. "have recently reported a peak
at 20 MeV, with a full width at half-maximum of
about 5 MeV, in the inelastic scattering of 155-
MeV 0. particles by 'Si that could be quadrupole
in nature. " These measurements were sensitive
to states in the oblate well. " The feature they
observed could be associated with the giant quad-
rupole resonance (GQR) of the oblate shape of
"Si. If the same frequency (20.0+ 2.5 MeV/h) for
collective quadrupole oscillation is assumed for
both wells, then the electrofission yield shown in
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Fig. 1 could be associated with part of the GQR
of the prolate shape of ' Si since the energy dif-
ference between the two wells is about 6.7 MeV.""

The definite value for the projection of the to-
tal angular momentum along the fission axis may
be a characteristic of the saddle shape alone, the
barrier being effectively lowest for a projection
of M. This is not inconsistent with a predicted
splitting of the GQR due to vibrational degrees of
freedom. "'" The absence of a prominent E =0
component, which would lie lower in energy than
the K =2 component in a prolate nucleus, could at
least partly be due to the oblate-prolate barrier.

The contribution of the measured yield to the
quadrupole energy-weighted sum rule is 0.16(F12c/
F) '

(%%uo). Here F and F12c are the full and partial
"C widths, respectively. Although this is appar-
ently quite small, it is difficult to estimate the
penetrability factor for transitions between the
two wells since little attention has been paid to the
the barrier in theoretical calculations of "Si. In

addition, branching ratios for decays into other
channels are as yet unknown.

In summary, the peaked "C yield with its rapid
falloff above 29-MeV excitation as well as the
"C angular distributions could be accounted for
by excitations in the oblate well, via inelastic
electron scattering, to states that have appreci-
able overlap with at least part of the GQR of the
prolate shape due to the nature of the barrier be-
tween the two wells. This suggests the possibil-
ity of a connection between the modes of collec-
tive motion involved in the GQR and instabilities
leading to the fission of "Si. Such a possibility
may be worth a detailed study in silicon and

among neighboring light nuclei.
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