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Slow fission of highly excited plutonium nuclei
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Background: Earlier measurements of fission lifetimes of the highly excited uraniumlike nuclei by K x-ray
fluorescence and crystal blocking techniques obtained slow fission (fission time ∼10−18 s) for most of the fission
events and were shown to be incompatible with the very short fission time (∼10−20 s) obtained by the nuclear
techniques and also with the very small (�5%) percentage of such slow fission events predicted by simple
statistical models. One weakness of the earlier fluorescence experiments is that the observed K x-ray peaks were
very broad [full width at half maximum (FWHM) ≈ 15 keV] and the precise energies of the relevant K x-ray
lines could not be determined from such measurements.
Purpose: The purpose is to look at the relevant K x-ray energy region in coincidence with the fission fragments
with a high resolution (≈1 keV) spectrometer to obtain evidence of slow fission and determine its percentage.
Method: Highly excited plutonium nuclei were produced in the fusion of 4He + 238U at E(4He)Lab = 60 MeV.
The intrinsic width of plutonium K x-ray lines in coincidence with the fission fragments was determined as a
direct measure (or lower limit) of the fission time of the slow (∼10−18 s) fission events. The minimum percentage
of slow fission events has been determined from the K x-ray multiplicity per fission event and the probability of
creation of K-orbital vacancies in plutonium.
Results: A narrow peak (FWHM ≈ 1 keV) observed in the coincidence photon spectrum at (102.8 ± 0.5) keV,
just below the characteristic plutonium Kα1 line (103.7 keV) has been attributed to the plutonium Kα1 line on the
basis of supporting evidence and calculations and we deduce that most of the fission events are slow (fission time
>10−18 s). No peak has been observed exactly at 103.7 keV.
Conclusions: The shift [(0.9 ± 0.5) keV] of plutonium K x-ray lines is plausible, if the fissioning plutonium
nucleus spends most of its long fission time in a highly deformed dumbbell shape (beyond saddle) and the
corresponding results are in agreement with those obtained earlier by the atomic techniques. Alternatively, if no
significant shift of plutonium K x-ray lines can be expected, the absence of a peak at 103.7 keV contradicts earlier
atomic technique claims of a significant percentage of slow fission events.
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I. INTRODUCTION

Nuclear fission is one of the most important discoveries of
the 20th century and in this context, the fission dynamics of
highly excited fissile nuclei has a special significance. The
time scale of the nuclear fission process of highly excited
fissile nuclei is a basic characteristic of the underlying fis-
sion dynamics. However, atomic techniques (K x-ray-fission
fragment coincidence and crystal blocking techniques) [1–6]
have deduced long fission times (∼10−18 s) for most of the
fission events of highly excited fissile nuclei, whereas nu-
clear techniques and calculations [7–11] have obtained much
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shorter fission time (∼10−20 s). Both the nuclear and atomic
techniques are sensitive to the time that elapses between the
formation of the fissioning nucleus to its scission. This time is
generally called the fission time. Hereinafter, we distinguish
two fission lifetime ranges: fission lifetimes >10−18 s will be
referred to as long fission time or slow fission events and fission
lifetimes <10−19 s will be referred to as short fission time.
Bulgac et al. [11] performed fission dynamics calculations
using a density functional technique and obtained short saddle
to scission times for excited (EX = 8 MeV) 240Pu nuclei. A
distribution of fission times stretching to very long fission
time scales has been obtained from Langevin fluctuation-
dissipation dynamical calculations [12,13] and the percentage
of fission events having long fission times could be increased
arbitrarily by increasing the viscosity parameter. The vastly
different fission time scales as deduced from the nuclear and
atomic techniques have been attributed to the sensitivity of the
techniques to different time domains [12,13]. It was argued
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that the observed long fission times could provide information
about the viscosity [12,13] of the nuclear medium and might
be used as a probe [4] for studying the production of long-lived
superheavy nuclei. It was recently shown [14] that the observed
long fission time for the majority of the fissioning events as
obtained by the atomic techniques cannot be reconciled with
the short fission time obtained by the nuclear techniques for
any plausible fission time distribution. So, it is very important
to examine the evidence for long fission time in more detail.

In earlier K x-ray fluorescence experiments [1,6], fissioning
compound nuclei were produced in high energy heavy ion
fusion and deep-inelastic reactions. In these reactions, a num-
ber of elements with similar Z values was produced and the
closely spaced, unresolved K x-ray lines from these elements
produced very broad [full width at half maximum (FWHM)
≈15–20 keV] K x-ray bumps. In addition, the electronic
configuration mixing significantly broadened K x-ray lines [6].
So, it was not possible to know the precise energies of the
relevant K x-ray peaks from such measurements.

The intrinsic width of the relevant K x-ray lines is expected
to increase in inverse proportion to the fission time, in accor-
dance with the quantum energy-time uncertainty principle, thus
providing a direct measure of the fission time [15]. In earlier
experiments [1,6], both the minimum time and percentage of
slow fission events were deduced from the measured K x-ray
multiplicity per fission, known atomic K-vacancy lifetime, and
the estimated probability of creation of K orbital vacancies
(PK ) in the element produced by the fusion or deep inelastic
collision process.

In order to obtain more detailed evidence regarding the
presence of a significant percentage of slow fission events, it
is important to look at the relevant K x-ray regions with a high
energy resolution (≈1 keV) to identify the relevant peaks. Since
heavy ion reactions would result in broadening of the K x-ray
peak from the composite element, we bombarded a natural
uranium target with a 60-MeV 4He2+ beam and produced 242Pu
nucleus at EX ≈ 55 MeV. In this reaction, plutonium produced
by fusion would primarily be the element undergoing fission
without the complication of incomplete fusion. Electronic con-
figuration mixing is also expected to be small for 4He + 238U
fusion reaction. Hence, for 4He + 238U reaction, we expect
to see narrow plutonium K x-ray lines in coincidence with
the fission fragments if a significant percentage of long-lived
fission time component is present. The fission time of slow
fission events could then be determined from the increase of the
intrinsic width of the K x-ray lines using the quantum energy-
time uncertainty principle in a completely model independent
way. Unlike the method used in Refs. [5,6], the determination
of fission time from the intrinsic width of K x-ray line does
not require any knowledge of any other parameters such as
PK that is always difficult to determine precisely in a fusion
reaction. However, the minimum percentage of slow fission
events cannot be determined from the width of the K x-ray
peak and has to be determined in the usual way [5,6] from
the measured K x-ray multiplicity per fission event and value
of PK . Narrow characteristic K x-ray lines from the atom/ion
[16,17] were seen before by inelastic scattering of low energy
protons (ELab = 10–12 MeV) from 112Sn and 106Cd targets
and from evaporation residues [18,19] in heavy ion induced

FIG. 1. Fission delay time vs pre-fission neutron multiplicity
for 4He + 238U reaction at ELAB(4He) = 60 MeV as obtained from
JOANNE2 code calculations.

reaction. However, such narrow K x-ray peaks have not been
seen so far from an atom/ion containing a fissioning nucleus,
because the probability of creation of K-orbital vacancy (PK )
in a uraniumlike heavy element is very small by proton or alpha
projectile compared to a high Z projectile, thus making such
measurements rather challenging.

Simple statistical model codes [20,21] that do not consider
possible dynamical effects as arising from viscosity in the
passage from saddle to scission predict a very small percentage
(�5%) of slow fission events for 4He + 238U reaction at
ELAB(4He) = 60 MeV, because a relatively large number of
competing neutrons would be emitted prior to such a slow
fission event, thus significantly reducing the excitation energy
of the fissioning nucleus and the corresponding fission cross
section. In Fig. 1, we show a plot of fission delay time
versus prefission neutron multiplicity for 4He + 238U reaction
at ELAB(4He) = 60 MeV as obtained from the JOANNE2 code
[20]. It is seen from Fig. 1 that the prefission neutron multi-
plicity is predicted to be >4 for fission delay time >10−18 s.
Measured prefission neutron multiplicities [10] in this mass
and excitation energy range are ≈2, indicating an average
fission delay time on the order of 10−20 s and the contribution
of slow fission events is expected to be <5%.

It is possible to significantly increase the calculated con-
tribution of the long-lived fission component by considering
large values of the viscosity parameter in the framework of
the Langevin fluctuation-dissipation dynamical model [12,13].
The K x-ray technique is sensitive to such long-lived fission
events. The goal of our K x-ray-fission fragment coincidence
experiment is to look at the relevant K x-ray region in the
coincidence photon spectrum with a high energy resolution
of ≈1 keV to explore evidence for the presence of significant
percentage of slow fission events. It should be noted that the
determination of the fission time by the K x-ray technique is
significantly biased towards the long fission time component,
because the fission events with a short fission time would
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produce a very broad and weak K x-ray peak that would not
be observable above the fission fragment γ -ray background.

II. EXPERIMENTAL PROCEDURE

A natural uranium-oxide film (≈2.5 mg/cm2 thick) elec-
trodeposited on a thin aluminum foil (thickness ≈1 micron)
was bombarded by a beam of 60 MeV 4He particles (≈2 pnA
beam current) accelerated by the Variable Energy Cyclotron
located in Kolkata, India. The photovoltaic cell can be used
as a fission fragment detector even in the presence of an
intense background of lightly ionizing particles such as protons
and alpha particles [22], because the pulses produced by the
fission fragments in a photovoltaic cell are much larger than
those produced by the lightly ionizing particles. Two such
photovoltaic cells of dimensions 2.5 cm × 1.25 cm were
mounted on a printed circuit board and electrically connected to
give a single output. The photovoltaic cell detector assembly
was placed at a distance of ≈2 cm from the target to detect
fission fragments and it covered about 10% of the 4π solid
angle. The center of the photovoltaic cell detector assembly
was at 135° with the beam axis and covered an angular range
of 120–150° in the horizontal plane. Energy calibration of the
photovoltaic cell detector assembly was done by using a 252Cf
fission fragment source.

A four-segmented high purity planar germanium low
energy photon spectrometer (LEPS) with an active area of
4 × 80 mm2 was placed at a distance of 10.7 cm from the target
at a polar angle of 90° to the beam direction. Each segment of
LEPS subtended a solid angle of about 7 millisteradians (msr)
and detected low energy γ rays and x rays. There was a thin
beryllium window (thickness = 0.127 mm) to maintain high
vacuum inside the detector for keeping crystal purity. The
experiment was performed in an aluminum scattering chamber
with a wall thickness of about 2 mm. γ rays and x rays produced
in the reaction passed through the thin wall of the scattering
chamber and beryllium window to reach the LEPS and so the
20-keV uranium L x rays reaching the detector were strongly
attenuated. The energy spectra of the four crystals were
calibrated individually using 133Ba, 152Eu, and 241Am γ -ray
sources. The efficiency curve for each crystal of the LEPS
was obtained by placing calibrated γ -ray sources at the target
position. In order to obtain photon spectrum in coincidence
with the fission fragments from 4He + 238U reaction, a
coincidence between the photovoltaic cell detector assembly
and LEPS was required and data were taken whenever any
crystal of the LEPS recorded a γ -ray or x-ray event. The large
capacitance and high count rate of the large photovoltaic cell
detector assembly made it necessary to work with slow energy
signals (having long rise time) from the preamplifier resulting
in relatively large coincidence window of 2.5 μs.

III. DATA ANALYSIS AND EXPERIMENTAL RESULTS

Fission fragment spectra recorded by the photovoltaic cell
detector assembly in coincidence with the x rays and γ rays
detected by the LEPS were obtained for each run by gating
on a 2.5-μs coincidence time window. Random coincidences
were subtracted by appropriately gating on both sides of

FIG. 2. Fission fragment spectrum in coincidence with the LEPS
detector for 4He + 238U reaction at ELAB(4He) = 60 MeV.

the prompt peak in the time spectrum. The fission fragment
spectra looked clean and had the expected shape. A typical
fission fragment spectrum (in coincidence with LEPS) from
a run is shown in Fig. 2. The thick uranium oxide target
resulted in a shift of the peak position of the fission fragment
spectrum towards the lower energy and a tailing on the high
energy side. The energy calibrated photon spectra of the LEPS
crystals were added for all the runs to obtain the final photon
spectrum. In Fig. 3 (top panel), we show the final prompt
photon spectrum (in the energy region from 45 to 120 keV)
obtained by gating on a 2.5-μs coincidence time window. The
red curve (upper panel of Fig. 3) shows the background. In
the lower panel of Fig. 3, we show the background subtracted

FIG. 3. Prompt gated photon spectrum with a red background
(upper panel). Prompt gated and background subtracted photon
spectrum (bottom panel).
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FIG. 4. Random coincidence corrected photon spectrum and dif-
ferent backgrounds shown by Bkg-1 (solid red), Bkg-2 (dotted blue),
and Bkg-3 (dot-dashed green) curves. Different peaks are shown in
magenta color (see text for details).

prompt spectrum where strong uranium Kα1 (98.4 keV), Kα2

(94.6 keV), Kβ1 (111.3 keV), Kβ2 (114.4 keV), and Kβ3 lines
(110.4 keV) arising from the excitation of the uranium atom
by the 4He particles are seen. A broad bump is seen around
103 keV. Since the cyclotron beam bursts were 10 ns wide
and separated by about 110 ns, the prompt spectrum includes
random coincidence events. The photon spectrum in random
coincidence (obtained by appropriately gating on both sides
of the prompt peak in the time spectrum) was subtracted out
from the prompt spectrum channel by channel. The resulting
photon spectrum in true coincidence with the fission fragments
is shown in Fig. 4 (in the energy region from 45 to 120 keV).
We see small peaks riding on a large background. Besides
plutonium K x-ray lines of our interest, uranium K x-ray
lines arising from inelastic scattering could be present in the
coincidence spectrum due to imperfect cancellation of random
coincidences. Additionally, fission fragment γ rays produce
a large background. It is possible to differentiate between the
fission fragment γ -ray peaks and plutonium K x-ray peaks
from their spectral shapes. The fission fragment γ -ray line
would be significantly Doppler broadened (source velocities
≈0.04c, with c being the speed of light in vacuum) because of
the large angular coverage (120–150°) of the detected fission
fragments. Moreover, these peaks would be double humped
because of emission from the detected and complementary
fragments. On the other hand, K x-ray photons from the slowly
moving plutonium atom (speed ≈0.003c along the direction
of the beam axis) detected by LEPS at 90° would produce
isolated sharp K x-ray lines for slow fission events and could be
distinguished from broad, double-humped fission fragment γ -
ray peaks. However, in the case of short fission lifetime events,
the plutonium K x-ray peaks would be very broad and cut out by
the background line. Another criterion to discriminate between
the plutonium K x-ray lines and fission fragment γ rays is by
gating on different parts of the fission fragment kinetic energy
spectrum. Since the fission fragment kinetic energy spectrum
is related to the fragment mass spectrum, fission fragment γ
rays would come from specific regions of the fission fragment

energy spectrum, whereas all regions of the fission fragment
kinetic energy spectrum would contribute to plutonium K x-ray
lines. An appropriate background curve has to be drawn to
carry out the analysis and determine the areas and widths
of the peaks of interest. We discuss in the next sections the
method used to draw the best background curve and discuss
what happens as we lower the background curve.

A. Drawing of backgrounds

In the random corrected true coincidence spectrum (Fig. 4),
small peaks ride on a large background. We have performed fits
with linear backgrounds and find that the data points around
103 and 98.4 keV can be best fitted by narrow Gaussian peaks
with FWHM = 1 keV. The magenta color curves show the best
fit Gaussian peaks and the corresponding linear backgrounds
are shown by black lines. The typical reduced χ2 is ≈1 with
confidence level ≈99% (ratio of peak area to statistical error
bar≈3) for the data points around 103 keV (from 100.5 to 105.3
keV) with a linear background. If, instead, a broad Gaussian
peak with FWHM = 3 keV is tried, the peak around 103 keV
becomes poorly defined (ratio of peak area to statistical error
≈1.6). Hence, clearly a narrow Gaussian peak centered around
103 keV (FWHM = 1 keV) is statistically the best description
of the data points in the region spanning 100.5 to 105.3 keV.
Broad double-humped peak structures are seen around 65 and
88 keV and they could be best fitted by GEANT3 [23] simulated
curves obtained by using actual experimental geometry and
linear backgrounds (black lines). In this way, we have obtained
best-fitted linear backgrounds (black lines) under different
narrow and broad peaks. A smooth curve (solid red curve) has
been drawn by joining these black straight lines and it has been
taken as the best background curve (labeled Bkg-1 in Fig. 4).
In order to see the sensitivity of our results to small changes in
drawing background, another curve, Bkg-2 (dotted blue curve),
was drawn slightly below Bkg-1. We have also drawn a much
lower background curve, Bkg-3 (dot-dashed green curve), and
discussed whether such a low background is reasonable.

1. Analysis with Bkg-1

The upper panel in Fig. 5 shows the data along with back-
ground curve Bkg-1 and the lower panel shows the background
subtracted spectrum. We find from the background subtracted
true coincidence spectrum [Fig. 5 (lower panel)] that all the
uranium K x-ray lines have been suppressed by a large factor
compared to their intensities in the prompt gated spectrum
[Fig. 3 (lower panel)]. Although uranium K x-ray lines ideally
should not at all be present in the background subtracted true
coincidence spectrum, we see a relatively intense peak around
98.4 keV in the true coincidence spectrum. This peak could
partly be due to the remnant of uranium Kα1 line arising
from imperfect cancellation of random coincidence events. The
remnants of 94.65-keV uranium Kα2 lines are also present.
New peaks such as double-humped broad peaks at 65 and
88 keV emerged (Fig. 5) in the coincidence spectrum. The
double-humped structure around 65 keV could be best fitted
by the GEANT3 [23] simulation (superimposed magenta color
curve) of 65-keV photons emitted by a heavy fission fragment
moving with a relatively slow speed of ≈0.025c, implying
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FIG. 5. Random coincidence corrected photon spectrum with
Bkg-1 (solid red) background is shown in the upper panel. Bkg-1
subtracted coincidence spectrum is shown in the lower panel. GEANT3
simulations of a fission fragment K x ray at 65 keV and a fission
fragment γ ray at 88 keV are shown in magenta color. The peaks at
98.4 keV and around 103 keV are also shown in magenta color.

highly asymmetric mass splits of excited plutonium nuclei.
The ratio of the area under the double-humped structure to its
statistical error bar is >4, thus defining the hump with a high
(>99%) statistical confidence. Considering the expected very
low yield for such asymmetric mass splits of highly excited
plutonium, the double-humped structure is likely to be K x rays
from a heavy fragment (possibly iridium). The double-humped
structure around 88 keV could be best fitted by the GEANT3
[23] simulation (superimposed magenta color curve) of 88-keV
photons emitted by a fission fragment moving with speed
≈0.05c, implying approximately symmetric mass splits of
highly excited plutonium nuclei and has been interpreted as
a fission fragment γ ray. The ratio of the area under the
double-humped structure to its statistical error bar is >5, thus
defining the hump with a high (>99%) statistical confidence.
All the GEANT3 [23] simulations have been performed using
actual experimental geometry.

There is no hint of any narrow peak exactly at the char-
acteristic plutonium Kα1 energy of 103.7 keV. However, a
statistically significant narrow peak near 103 keV is seen in the
coincidence spectrum (Fig. 5). The magenta color curve shows
a Gaussian fit of the data points from 100.8 to 105.3 keV giving
a narrow peak at 102.6 keV with FWHM = 1 keV. The ratio of
peak area of this narrow peak to its statistical error is ≈4, thus
defining the peak with better than 99% statistical confidence.
Since the remnant of uranium K x-ray lines is present in the
coincidence spectrum, let us first discuss whether the narrow
peak near 103 keV could be the remnant of a γ -ray or x-ray
line in random coincidence with the fission fragments and

appearing in the true coincidence spectrum due to the imperfect
cancellation of random coincidence events.

We find from the prompt spectrum [Fig. 3 (lower panel)] that
the relative efficiency corrected total yield around 103 keV is
about 0.13 times that of the uranium Kα1 (98.4 keV) line and
about 0.23 times that of the uranium Kα2 (94.65 keV) line,
whereas in the random corrected true coincidence spectrum
[Fig. 5 (lower panel)] the relative efficiency corrected yield
around 103 keV is about 0.32 times that of the 98.4-keV
line and 0.72 times that of the 94.65-keV line. Considering
the suppression factor of the uranium atomic excitation lines
in the true coincidence spectrum compared to their yields in
the singles spectrum, the contribution of random coincidence
events around 103 keV in the true coincidence spectrum [Fig. 5
(lower panel)] can account for only ≈20% of the Gaussian
peak (magenta color) area (FWHM = 1 keV) centered around
103 keV. So, the peak seen around 103 keV in the random
corrected true coincidence spectrum should mostly be photons
in true coincidence with the fission fragments.

It is interesting to discuss possible sources of γ rays
and x rays near 103 keV that do not involve emission of
fission fragments, but could be in random coincidence with
the fission fragments. The excited (EX ≈ 55 MeV) plutonium
nucleus produced by 4He + 238U fusion reaction could de-
excite [24] by sequential emissions of neutrons followed
by a cascade of electromagnetic transitions leading to the
emission of plutonium K x rays by the internal conversion
process or from the K vacancies produced during the fusion
process. In addition, some of the plutonium isotopes (such
as 236Pu) could emit 102.8 keV γ -ray photons during the
de-excitation process [25]. Coulomb and inelastic excitations
of 238U by 4He + 238U reaction also produce 103.5-keV γ -ray
photons [26]. Remnants of these events could remain in the
random subtracted photon spectrum. Let us discuss all these
possibilities one by one.

The Coulomb excitation of γ -ray line of 238U almost over-
laps with the plutonium Kα1 line and so their relative intensities
cannot be determined from the singles LEPS spectrum. Since
the Coulomb excitation line of 232Th is at 112.75 keV [27]
and well separated from the thorium atomic excitation lines
(93.3 and 89.9 keV), we also obtained singles LEPS spectrum
(Fig. 6) from 4He + 232Th reaction at ELAB(4He) = 60 MeV
and found that the yield of Coulomb excitation line is negligible
compared to the yields of the atomic excitation lines of thorium.
The K x-ray cross section for 4He + 238U is expected to
be ≈(20–30%) lower [28] than that for 4He + 232Th at the
same 4He bombarding energy [E(4He)Lab = 60 MeV]. On
the other hand, since the internal conversion coefficient of
the 162.1-keV, 4+ state of 232Th is 6.8 whereas that of the
corresponding 148.4-keV 4+ state of 238U is 11.6 [29], the
intensity of Coulomb excitation line of 238U would be lowered
considerably compared to that for 232Th. Both 232Th and 238U
have similar rotational spectra. The feeding patterns to the
4+ state from upper levels are not very different for the two
nuclei. So qualitatively speaking, the ratio of the intensities
of Coulomb excitation line to the atomic K x-ray line should
be similar for 232Th and 238U at the same 4He bombarding
energy. Hence, the yield of Coulomb excitation line of 238U
at 103.5 keV is expected to be several orders of magnitude
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FIG. 6. Singles LEPS detector spectrum of 4He + 232Th reaction
at ELAB(4He) = 60 MeV.

lower than the yield of the atomic excitation line of uranium
at 98.4 keV and should not be seen in the true coincidence
spectrum. Hence, the sharp peak seen around 103 keV is very
unlikely to be the remnant of the Coulomb excitation line.
In Ref. [24], 4He + Pb and 4He + Au reactions were studied
at E(4He)Lab = 40 MeV and K x-ray lines corresponding to
Po and Tl produced by the fusion reactions were seen. These
were attributed to the compound nucleus emitting neutrons
followed by a cascade of γ rays leading to the emission of the
corresponding K x rays. Such a process appears to be present
in the 4He + 232Th reaction at E(4He)Lab = 60 MeV, since
a 98-keV uranium Kα1 line is seen in the singles spectrum
(Fig. 6). It would be very difficult to see a weak uranium Kα2

line in the singles spectrum, as the weak line would overlap
with the tail of the very strong thorium Kα1 line. A similar
process could be present for a 4He + 238U reaction and in fact,
a peak at 103.7 keV has been seen in the singles spectrum.
However, these 103.7-keV K x rays would not be in true
coincidence with the fission fragments, although they could
contribute to the coincidence spectrum because of imperfect
cancellation of random events. Considering the very low yield
of such a process in comparison to the atomic excitation
lines in the singles spectrum, this process should not produce
significant background in the coincidence spectrum. The yield
of 236Pu produced by six sequential neutron emissions from
the initially produced 242Pu compound nucleus is expected
to be very low and the corresponding yield of a 102.8-keV
line should be several orders of magnitude smaller than the
yields of the atomic excitation lines. So the contribution
of a 102.8-keV line from 236Pu would be negligible in the
coincidence spectrum. The predominant source of background
is fission fragment γ rays in true coincidence with the fission
fragments.

a. Fission fragment γ -ray versus plutonium K x-ray lines.
We discuss whether the observed narrow peak near 103 keV
is the plutonium ion’s Kα1 line with its associated Kα2 line
overlapping with the uranium Kα1 line or a fission fragment
γ -ray peak whose higher energy hump is around 103 keV

FIG. 7. Random corrected coincidence spectrum for Bkg-1 sub-
traction with statistical error bars shown in the energy range between
96.6 and 107 keV. Dashed blue and dot-dashed green curves represent
GEANT3 simulation of a sharp 101-keV γ -ray line from a fission
fragment with additional yield at 98.4 keV. The solid red curve shows
Gaussian fit of the data points with two isolated peaks (see text for
details).

and the corresponding lower energy hump is overlapping with
the uranium Kα1 line. In Fig. 7, we show Bkg-1 subtracted
true coincidence spectrum in the energy range from 96.6 to
107 keV with statistical error bars on the data points. Highly
excited plutonium nuclei produced in this reaction are most
likely to fission into two symmetric mass fragments that
move with speed ≈0.04c, according to Viola systematic [30].
Considering the case of a fission fragment γ ray, GEANT3
simulation [23] of a sharp 101-keV γ -ray line from a fission
fragment corresponding to symmetric mass splits of plutonium
nuclei produces a high and a low energy hump around 103
and 98.4 keV respectively. However, GEANT3 simulation of a
γ -ray line alone cannot fit the data points in the region from
96.6 to 105.3 keV, because of the presence of an additional
98.4-keV uranium Kα1 line due to the imperfect cancellation
of random coincidence events. It is possible to obtain a good fit
of the data points (96.6–105.3-keV region) in the coincidence
spectrum (Fig. 7) by a combination of GEANT3 simulation of
a 101-keV fission fragment γ ray and an additional uranium
Kα1 line. We have fitted by two methods. In the first method,
at first a GEANT3 simulated curve was adjusted to obtain the
best reduced χ2. Then an additional uranium Kα1 Gaussian
peak with FWHM = 1 keV was added and the peak area was
adjusted to obtain the best possible fit as shown by the dashed
blue curve in Fig. 7. This best possible fit gives a reduced
χ2 = 1.64. In the second method, both the areas under the
GEANT3 simulated curve and the added uranium Kα1 peak
were adjusted simultaneously to obtain the best fit (reduced
χ2 = 1.2) as shown by the dot-dashed green curve in Fig. 7.
However, in this fit, the area under the double-humped fission
fragment peak becomes statistically poorly defined (ratio of
area under the GEANT3 simulated curve to its statistical error bar
≈2). We have performed these simulations assuming different
speeds of the fission fragment in the range from 0.035c to
0.05c, corresponding to somewhat asymmetric fission events.
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In all the cases, we find that the broad fission fragment γ -ray
hump is statistically poorly defined.

Let us now consider whether the observed peak around
103 keV could be the plutonium Kα1 line in true coincidence
with the fission fragments. The plutonium Kα1 line should
be associated with its Kα2 line that would overlap with the
uranium Kα1 line. In this case also, we have to add an
additional contribution from uranium Kα1 peak due to the
imperfect cancellation of random coincidence events. So we
fit the data points in the region from 96.6 to 105.3 keV by
two isolated Gaussian peaks with peak positions at 102.6 and
98.4 keV (FWHM = 1 keV) as shown by the red curve in
Fig. 7 and get an excellent fit with reduced χ2 = 1.0. The
ratio of the Gaussian peak area at 102.6 keV to its statistical
error bar is ≈4, implying that the peak is defined with >99%
confidence level. So in the scenario of two isolated Gaussian
peaks corresponding to plutonium Kα1 and Kα2 lines, we
obtain a very good fit of the data points with a high statistical
significance for the peaks. Subtracting out the expected yield
of plutonium Kα2 peak from the total Gaussian peak area
around 98.4 keV, the remaining yield at 98.4 keV should be
the remnant of uranium Kα1 line and tally with the observed
remnant of uranium Kα2 line at 94.6 keV. We find that the ratio
of the relative efficiency corrected yield of the remnants of
uranium Kα2 to uranium Kα1 line is 0.52 ± 0.17, in satisfactory
agreement with the known branching ratio of 0.625 [29].

Hence, the description of the data points (96.6–105.3 keV)
with a GEANT3 simulated fission fragment γ ray and 98.4-keV
remnant uranium Kα1 line either gives an overall poor fit
(dotted blue curve) or the best fitted extracted hump (dot-
dashed green curve) of the fission fragment γ ray around
103 keV becomes statistically poorly defined. On the other
hand, the data points can be fitted very well (red curve) with a
high statistical significance by two isolated narrow (FWHM =
1 keV) Gaussian peaks corresponding to plutonium K x-ray
lines and a 98.4-keV remnant uranium Kα1 line.

In the case of a double-humped fission fragment γ -ray
spectrum around 88 keV, we get a very good fit (reduced
χ2 ≈ 1) of the spectral shape by GEANT3 simulations of the
corresponding fission fragment γ ray, assuming the average
speed of γ -ray emitting fission fragment ≈0.05c. It implies
approximately symmetric mass splits of the plutonium nuclei.
The broad fission fragment γ -ray hump around 88 keV is
defined with a high (>99%) statistical confidence (the ratio
of the area under the hump to its statistical error bar is >5). On
the other hand, a single narrow Gaussian peak cannot provide
any reasonable fit (typical reduced χ2 ≈ 2) of either hump
around 88 keV. So, clearly, the spectral shape around 103 keV
is qualitatively different from the spectral shape of the 88-keV
fission fragment γ ray, indicating that the photons seen around
103 keV is unlikely to be from a fission fragment γ ray.

We have performed another statistical test to determine
whether the data points in the 100.8–105.3-keV region in-
dicate the presence of a narrow Gaussian peak around 103
keV or the high energy hump of a fission fragment γ ray.
In Fig. 8, we show the coincidence photon spectrum from
100.5 to 105.9 keV with statistical error bars. The dot-dashed
green curve is the high energy hump of GEANT3 simulation
for a 101-keV sharp fission fragment γ -ray line as discussed

FIG. 8. Random corrected coincidence spectrum for Bkg-1 sub-
traction with statistical error bars in the energy range from 100.5 to
105.9 keV. Dot-dashed green curve is the high energy hump for best
fitted GEANT3 simulation of 101-keV fission fragment γ -ray. Dotted
red curve is the best fit for a combination of GEANT3 simulation of
fission fragment γ ray and a Gaussian peak around 103 keV with
FWHM = 1 keV as discussed in the text.

before. Let us now assume that a narrow Gaussian peak
(FWHM = 1 keV) around 103 keV is also present in addition
to the GEANT3 simulated hump. So we fit the data points
with a combination of GEANT3 simulated hump and a narrow
Gaussian peak and adjust the areas of the Gaussian peak and
GEANT3 simulated hump to obtain the best fit of the data
points as shown by the dotted red curve of Fig. 8. The best
fit (dotted red curve) dramatically suppresses the contribution
from a GEANT3 simulated hump and prominently projects out
the Gaussian peak, implying that a narrow Gaussian peak is
statistically a much better description of the data points than a
Doppler broadened fission fragment γ -ray hump.

Another method to distinguish between a fission fragment
γ ray and K x ray from the element produced by nuclear
fusion could be to determine photon multiplicities at the
relevant photon energies by gating on different regions of
the fission fragment energy spectrum as discussed before. We
have divided the fission fragment kinetic energy spectrum
into three parts and each part contains the same number of
fission fragments. On the average, the fission fragments in the
low (0–75 MeV) and high (98–220 MeV) fission fragment
kinetic energy regions should be coming from asymmetric
mass splits of the highly excited fissioning plutonium nuclei,
whereas the fission fragments in the central kinetic energy
region (75–98 MeV) should be coming from approximately
symmetric mass splits of the fissioning nuclei. In Fig. 9, we
show measured photon multiplicities of the 103-, 88-, and
65-keV peaks as obtained by gating on different regions of
the fission fragment kinetic energy spectrum. The horizontal
bar on each data point indicates the fission fragment kinetic
energy region over which the gating has been done. The photon
multiplicity is the ratio of photon cross section at the relevant
energy and total fission cross section. The photon cross section
is proportional to the measured photon yield and the method of
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FIG. 9. Photon multiplicities of the 103-keV [panel (a)], 88-keV
[panel (c)], and 65-keV [panel (b)] peaks as obtained by gating on
different regions of fission fragment energy spectrum. The horizontal
error bar on each data point indicates the regions of the fission
fragment kinetic energy spectrum over which gating has been done.

obtaining a photon cross section from the normalized photon
yield is described in a later subsection. The total fission cross
section has been taken as 2 barns from Jain et al.’s measurement
[31]. We have suggested from the GEANT3 simulation fit shown
in Fig. 5 that the 65-keV structure is due to K x-ray photons
from a fission fragment moving with speed ≈0.025c, implying
very asymmetric mass splits of the highly excited plutonium
nuclei. In Fig. 9(b), we expect that the yield of a 65-keV x
ray should be equally distributed between the low and high
fission fragment kinetic energy bins and it should be the lowest
and consistent with zero in the central fission fragment kinetic
energy bin. However, the uncertainties on the data points
[Fig. 9(b)] are too large to reach any conclusion. In Fig. 9(a), we
find that almost all the yield of the 88-keV γ ray is coming from
the central fission fragment kinetic energy bin, qualitatively
supporting the GEANT3 simulation result that the origin of
the 88-keV γ ray should be from approximately symmetric
mass splits of the fissioning nuclei. Let us now discuss what
we expect if a 101-keV fission fragment γ ray is producing
the observed spectral shape in the 96.6–105.3-keV region.
The fit of the spectral shape with the GEANT3 simulation of
101-keV fission fragment γ ray indicates that the speed of the
corresponding fission fragment should be ≈0.04c, implying

symmetric mass splitting of the plutonium nucleus. If it is a
fission fragment γ ray, the relatively high multiplicity of the
101-keV peak is also indicative of its origin from symmetric
mass splitting. So, qualitatively speaking, the multiplicity plots
(Fig. 9) for both the 88- and 101-keV fission fragment γ rays
should be similar and hence, almost all the yield of the 101-keV
fission fragment γ ray is expected to be in the central fission
fragment kinetic energy bin. The qualitative observation of
about equal photon multiplicity in all fission fragment kinetic
energy bins [Fig. 9(a)] implies that the origin of the photons
around 103 keV cannot be related to a γ ray from any fission
fragment and is likely to be K x-ray photons from a heavy
element, in agreement with our earlier conclusion from the
spectral shape.

b. Evidence in favor of plutonium Kα1 line. We find from
Fig. 8 that the spectral shape in the 100.5–105.3-keV region
is best fitted by a single narrow Gaussian function (FWHM ≈
1 keV) peaked around 103 keV with a high statistical confi-
dence level without requiring any Doppler broadening. The
counts under the narrow peak at 103 keV are about five times
larger than the estimated random coincidence counts. In Fig. 9,
we find that the photon multiplicity of the narrow 103-keV peak
remains about the same in all the three fission fragment kinetic
energy bins. These observations provide evidence that the
photon peak around 103 keV is coming from a heavy element
that undergoes fission to produce the fission fragments detected
in coincidence by the photovoltaic cell detector assembly.
Since low energy γ -ray (∼100 keV) emission from the highly
excited plutonium nucleus (EX ≈ 55 MeV) cannot compete
with the neutron emission and fission decay [9,20,29], the
observed photon peak around 103 keV must be a K x-ray line
from a heavy element (Z > 92). Since the cross section for
the production of neptunium (Z = 93) is expected to be very
small, the only possibility is that it should be the plutonium
Kα1 line and the corresponding Kα2 line is overlapping with
the uranium Kα1 line. So, we are interpreting this high energy
photon line around 103 keV as the plutonium Kα1 line.

c. Gaussian peak fitting and determination of fission time of
slow fission events. In Fig. 7, we have shown by the red curve
the best Gaussian fit of the data points from 101.7 to 103.5
keV. The Gaussian fit gives a peak position at 102.6 keV with
FWHM = (1 ± 0.3) keV. The energy resolution (FWHM) of
LEPS detector for uranium Kα1 line (98.4 keV) as obtained
from the singles LEPS spectrum is (1.00 ± 0.01) keV. Since the
plutonium Kα2 line is expected to merge with the uranium Kα1

line (98.4 keV), we have determined from a double Gaussian
fit of the data points around 98.4 keV that the FWHM of the
plutonium Kα2 line is (1 ± 0.4) keV. Thus by combining
Gaussian analyses of the peaks at 102.6 and 98.4 keV, we
obtain that the FWHM of plutonium ion’s K x-ray line in
coincidence with the fission fragments is (1 ± 0.24) keV. Since
the LEPS detector resolution as obtained from the singles
spectrum in a beam-on environment is (1.00 ± 0.01) keV
and the intrinsic width of plutonium K x-ray line [32] for a
neutral plutonium atom with its nucleus at the ground state
is 0.1 keV, the increase of the intrinsic width of plutonium K
x-ray line for the fissioning plutonium nucleus is (0 ± 0.24)
keV. So, the mean fission time of the long-lived fissioning
plutonium nuclei responsible for the observed atomic K x-ray
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yield could be estimated [15] as > h̄
2.35×0.24 keV = 1 × 10−18 s.

Here h̄ = h
2π

and h is Planck’s constant. The fission events
with a short fission time ≈10−20 s would produce about 60-keV
broad K x-ray peaks and the corresponding K x-ray yield would
be about two orders of magnitude smaller than that for slow
fission events (fission time ≈10−18 s) for the same number of
fission events. Such a broad and weak K x-ray hump associated
with short fission time would be cut out by our background
curve. Hence, this method is sensitive to the long fission time
component like any other atomic technique [1–6]. We conclude
that the fission time of slow fission events producing the
observed plutonium K x-ray peak is >1 × 10−18 s. However,
it is not possible to determine the percentage of slow fission
events only from the analysis of the peak width.

d. Determination of percentage of slow fission events. In
order to determine the minimum percentage of slow fission
events produced in the reaction we have assumed an extreme
bimodal fission time distribution with a very long-lived fission
component (τf → ∞) and a very short-lived fission compo-
nent (τf → 0) that does not contribute at all to K x-ray yield.
Then the percentage of slow fission events corresponding to
this extreme bimodal fission time distribution is given by
fL = σK

PKσf
× 100% [14], where σK is the K x-ray cross section

of the plutonium ions produced in the fusion reaction and
whose nuclei would fission, σf is the fission cross section, and
PK is the probability of creation of K vacancies of plutonium
produced in the fusion reaction. Any other fission time distribu-
tion would produce a higher percentage of slow fission events
[14]. The absolute fission cross section (σf ) of plutonium
produced by the 4He + 238U reaction at ELAB(4He) = 60 MeV
was measured by Jain et al. [31] and found to beσf = (2 ± 0.1)
barns. The absolute plutonium K x-ray cross section (σK ) has
been estimated by the method described below and then the
quantity (σK/σf ) has been computed.

(i) Determination of σK/σf . Kravchuk et al. [33] measured
the absolute K x-ray cross section for 4He + 181Ta, 4He +
208Pb, and 4He + 232Th at ELab(4He) = 80 MeV with ≈10%
uncertainty and compared with KXCROSS code calculations ob-
taining reasonable agreement between theory and experiment
within two standard deviations or better. The data points [33]
for 4He induced reaction fall on a straight line when plotted
as the reduced velocity versus reduced K x-ray cross section.
The reduced velocity is given by ξK = 2vp

θvK
, where vp is the

speed of the projectile and vK is the speed of the K orbital
electron of target and θ = EB

(ZT −0.3)2R
where EB is the binding

energy of the K orbital for the target, ZT is the atomic number
of the target atom, and R = 13.6 eV is the Rydberg constant.
The reduced K x-ray cross section is σX/Z2

p, where Zp is
the atomic number of the projectile and σX is the absolute
K x-ray cross section. In the case of the 4He + 238U reaction at
ELAB(4He) = 60 MeV, ξK = 0.54. So, the fitted straight line as
obtained from Ref. [33] was extrapolated slightly to obtain the
absolute K x-ray cross section σX = 1.7 barns, corresponding
to ξK = 0.54. Since the uncertainties on all the measured K
x-ray cross sections were about 10% and they (experimental
data points for 4He on heavy elements) agree with KXCROSS

code calculations within two standard deviations or better
[33], the uncertainty on the absolute K x-ray cross section

for 4He + 238U at ELAB(4He) = 60 MeV could be expected
to be ∼20%.We have done a cross check for the absolute K
x-ray cross section of 4He + 238U at ELAB(4He) = 60 MeV in
another way. Kravchuk et al. [33] measured a K x-ray cross
section = 3.3 barns within 10% uncertainty for 4He + 232Th
at [ELab(4He) = 80 MeV]. In Ref. [28], K x-ray cross sections
for 4He on different heavy elements at different energies have
been tabulated. These are much older results with ∼30% error
bars. The absolute cross sections from these older compilations
[28] are generally lower than those obtained by Kravchuk et al.
[33], but they almost agree within error bars. The ratio of the
corresponding K x-ray cross sections obtained from Refs. [33]
and [28] agree reasonably well. Using the measured K x-ray
cross section [33] of 4He + 232Th at [ELab(4He) = 80 MeV]
and the relevant ratios of K x-ray cross sections obtained from
Ref. [28], we obtain a K x-ray cross section (≈1.5 barns) for
4He + 238U at ELAB(4He) = 60 MeV, in reasonable agreement
with our earlier result of 1.7 barns. Using the known branching
ratio of the Kα1 line for uranium, the absolute cross section of
the uranium Kα1 line is (σUKα1)singles ≈ 0.8 barn for the 4He +
238U reaction at ELAB(4He) = 60 MeV and the uncertainty on
the cross section could be taken as ∼20%.

The observed plutonium Kα1 yield (as obtained from the
Gaussian fitting of the 102.6-keV peak in Fig. 7) could still
contain some random coincidence events due to the imper-
fect cancellation of the background lines in the coincidence
spectrum and so another correction factor was applied. This
correction factor has been obtained by dividing the remnant
yield of Kα2 (94.65 keV) observed in the coincidence spectrum
with the corresponding yield in the singles photon spectrum
and the correction factor has been assumed to be the same at
98 and 103 keV. The correction factor reduced the yield of the
Gaussian area at 102.6 keV by ≈20%. Let N103 be the corrected
true coincidence yield of the plutonium ion’s Kα1 line in
coincidence with the fission fragments and N98 be the yield of
the 98.4-keV uranium Kα1 line in the singles LEPS spectrum.
Let εf be the efficiency of the fission detector. Let ε98 and
ε103 be the efficiencies of the LEPS at 98.4 and 103 keV. Then
normalizing with respect to the yield of the 98.4-keV uranium
Kα1 line measured simultaneously by the same LEPS in the
singles spectrum, we obtain the cross section of the Kα1 line
of the plutonium ions (whose nuclei would undergo fission)
as (σPuKα1)coincidence = (σUKα1)singles×N103×ε98

N98×εf ×ε103
, where (σUKα1)singles

is the cross section of uranium Kα1 line and (σUKα1)singles ≈
0.8 barn as obtained earlier. The ratio (ε98/ε103) is the relative
efficiency of LEPS for the 98.4-keV line with respect to 103
keV and was obtained from our measured relative efficiency
curve of the LEPS. The efficiency of the fission detector (εf )
was obtained from the actual geometry of the fission detector
using GEANT3 simulation code [23]. Hence the cross section
(σPuKα1)coincidence was obtained and it was corrected by the
known branching ratios [29] of plutonium K x rays to obtain
total K x-ray cross section (σK) of plutonium ions whose nuclei
would undergo fission. Thus, we obtain σK/σf = 5.6 × 10−4

with ∼35% uncertainty. The uncertainty mostly comes from
the statistical uncertainty on N103. A cross check was done by
estimating this ratio (σK/σf ) from the known target thickness,
number of incident beam particles, fission cross section of
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plutonium, measured plutonium K x-ray yield, and coincidence
efficiency and we obtained σK/σf ≈ 7 × 10−4 with ∼50%
uncertainty. So the two methods of estimating (σK/σf ) agree
within the error bars.

(ii) Determination of PK (probability of creating K vacancy
in plutonium). In order to determine the slow fission compo-
nent, we also need to know the probability (PK ) of creating a
K vacancy in plutonium due to the 4He + 238U fusion reaction
at ELAB(4He) = 60 MeV, and this is discussed below.

Kravchuk et al. [34] compiled K orbital ionization proba-
bilities (PK ) of different targets (such as Pb, Th, etc.) due to
the collisions with 4He ions of different energies ranging from
25 to 75 MeV for a zero impact parameter (atomic scale).
They plotted reduced velocity ξK (as defined before) versus
PK/Z2 (where Z is the atomic number of the target atom)
for various targets and energies and the data points could be
approximated [34] by a theoretical curve. Hence, irrespective
of the target used, the value of PK/Z2 for any specific reduced
velocity could be obtained from this curve. Using the curve
given by Kravchuk et al. [34], we find that at ξK = 0.54, the
probability of K orbital ionization of 238U is Pel = 5.3 × 10−4.
Since the data points near ξK = 0.54 are about 20–25% below
the theoretical curve [34], we assign an error bar of ≈25%
on Pel. Since only the incoming part of the trajectory must
be taken into account in the case of fusion, the probability of
creation of a K orbital vacancy in uranium due to the interaction
with 4He of 60-MeV energy could be approximately taken
[6] as Pel/2 = (2.65 ± 0.66) × 10−4. As 4He would fuse with
238U to produce 242Pu, essentially all the K orbital vacancies
of uranium produced from the incoming trajectory would be
transferred to the plutonium and significantly more K orbital
vacancies would be produced by the shakeoff process.

As 4He comes within the nuclear interaction region of
238U, we assume that fusion immediately takes place in a
time scale much shorter than the electronic rearrangement
time causing shakeoff ionization. Following Carlson et al.’s
treatment [35], we use the sudden approximation to calculate
the probability of K orbital ionization of plutonium due to the
shakeoff process. In the case of the single ionization of the K
orbital of plutonium, one electron of the 1s orbital of uranium
would go to the 1s orbital of the newly created plutonium and
the other electron would go elsewhere. Since the overlap of
1s orbitals of uranium and plutonium is very close to 1, the
probability of single ionization of the plutonium K orbital due
to the shakeoff process [PK (shakeoff)] is essentially equal to
the probability that one electron of the 1s orbital of uranium
would not go to the 1s orbital of the newly created plutonium
ion. Hence, in the sudden approximation, Pk(shakeoff) =
1 − |∫

v
ψ∗

Pu(1s)ψU(1s)dV |2 where ψU(1s) and ψPu(1s) are the
1s electronic wave functions of uranium and plutonium atoms
respectively and the integral is over the entire volume. Carlson
et al. [35] found that for high Z atoms, wave functions obtained
from self- consistent field theories (such as Hartree-Fock)
gave much better agreement with the beta decay experimental
results than the hydrogenic wave functions. It was found [35]
that in the case of β decays from uraniumlike nuclei, the
square of the overlap integral of the corresponding 1s orbital
atomic wave functions as obtained from the self-consistent

field theory had been about 0.01% smaller than hydrogenic
wave functions. Using hydrogenic wave functions, we obtain
|∫

v
ψ∗

Pu(1s)ψU(1s)dV |2 = 0.999 653 1. Reducing it by 0.01%,
we obtain PK (shakeoff) = 0.000 45. In the case of the overlap
integral between plutonium and uranium wave functions, the
reduction factor could be somewhat larger than 0.01%, but
that has not been considered. So, PK (shakeoff) � 0.000 45.
Hence, the total probability of creating a K orbital vacancy
in plutonium due to the fusion of 60 MeV 4He with 238U
is PK = Pel

2 + PK (shakeoff) � 7.2 × 10−4. The value of Pel

is known within ≈25% as discussed before. Our uncertainty
on PK is primarily coming from our model calculation for
shakeoff ionization using the sudden approximation [35]. Since
there are no experimental data for shakeoff ionization produced
by fusion reaction, we have not been able to do any independent
check on our model calculation. However, this method has been
very successful [35] to calculate shakeoff ionization produced
during β-particle emission. Recently Sharma and Nandi [36]
applied sudden approximation to consider the effect of nuclear
recoil due to the sudden onset of nuclear potential near the
interaction barrier and calculated the probability of shakeoff
ionization of the outer electronic orbitals of projectile ions
(56Fe, 58Ni, and 63Cu) bombarding a 12C target near Coulomb
barrier energy. So, the method of sudden approximation should
be applicable for fusion reaction to calculate the shakeoff
ionization probability of the K orbital [PK (shakeoff)].

Taking the probability of creation of K-orbital vacancy
PK = 7.2 × 10−4, we obtain fL = σK

PKσf
× 100% = 78% for

the extreme bimodal fission time distribution. Hence, the mini-
mum percentage of slow fission events is 78% and for any other
fission time distribution, fL would increase. Assuming a single
average fission time (τf ) for all the fission events and taking
the K vacancy lifetime of plutonium (τKx) = 6 × 10−18 s [29],
we obtain [5]

τf = τKx

PK

( σf

σK

) − 1
= 2 × 10−17 s,

in agreement with the fission time τf > 1 × 10−18 s obtained
earlier from the increase of the intrinsic width of plutonium K
x-ray lines. However, it should be noted that the fission time
determined by the K x-ray technique is essentially the average
fission time of long-lived slow fission events, as discussed
before. In our estimate of the minimum percentage of slow
fission events, we have used the lower limit of PK (shakeoff)
as obtained from our model calculation. A higher value of
PK corresponds to a lower value of fL and shorter τf . Since
we know from the width of plutonium K x-ray lines that
τf > 1 × 10−18 s, we obtain an upper limit for PK (PK <
36 × 10−4) from the formula

PK =
(

σK

σf

)[
1 + τKx

τf

]
.

Considering this upper limit, i.e., PK = 36 × 10−4, we obtain
fL = 15.6% for the extreme bimodal fission time distribution.
However, the lifetime of long-lived fission component is infin-
ity for the extreme bimodal fission time distribution. Assuming
that the lifetime of long-lived fission component is not longer
than 10−18 s, all (100%) the fission events must be long-lived
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(τf = 1 × 10−18 s) to explain the observed plutonium K x-
ray multiplicity per fission event, even for PK = 36 × 10−4.
Hence, there is a very strong ground to arrive at the qualitative
conclusion that the majority of the fission events would be
long-lived for a realistic fission time distribution, in agreement
with the earlier results [1,3] obtained from similarly excited
uraniumlike nuclei.

e. Shift of plutonium K x-ray line. The centroid of the peak
around 103 keV (interpreted as the plutonium Kα1 line) has
been obtained by taking the weighted average of the channel
counts over the Gaussian peak and tail region and found to be
(102.8 ± 0.5) keV. The statistical uncertainty of the centroid
position primarily comes from the uncertainties of the data
points in the tail region of the peak. The counts of the data
points in the tail region are small. However their uncertainties
remain substantial and do not decrease away from the peak
position. As a result, the centroid position is about the same as
the Gaussian peak position, but the uncertainty on the centroid
position is relatively large ( ± 0.5 keV), indicating the possible
non-Gaussian shape of the peak. However the uncertainties on
the fitting parameters of the Gaussian function (peak position
and σ ) remain small, because the contributions to the reduced
χ2 value from the data points in the tail region are insignificant.
Since the energy of a peak is defined by its centroid position,
we consider the energy of the peak = (102.8 ± 0.5) keV and
it agrees with the standard value of the plutonium Kα1 line
(103.7 keV) [29] of a neutral plutonium atom within two error
bars. If we interpret this peak at (102.8 ± 0.5) keV as the
plutonium Kα1 line, the corresponding plutonium Kα2 line
would be at 98.6 keV overlapping with the uranium Kα1 line.
Earlier experiments [1,6] observed very broad K x-ray bumps
in coincidence with the fission fragments and could not obtain
precise K x-ray energies within a fraction of a keV. So our
interpretation of assigning plutonium K x-ray peaks at a slightly
lower energy when coming from a plutonium ion containing
a highly excited fissioning nucleus does not contradict earlier
experimental results.

Carlson et al. [35] found from their calculations that a
uranium atom should lose about 30% of its outer orbital
electrons as a result of sudden emission of a β particle from
the atomic nucleus. In the case of plutonium produced by the
fusion of 4He with 238U, plutonium should lose significantly
more than 30% of its outer orbital electrons. As a result of
losing a significant number of outer orbital electrons, the inner
2p electronic orbital would see less screening and K x-ray
energies of plutonium would be lowered. A multielectron
atomic calculation [37] using relativistic Dirac equation was
carried out and it was found that for xenonlike plutonium, Kα1

and Kα2 x-ray lines would come at 0.03 keV lower energies
compared to a neutral plutonium atom.

In the case of very long fission time, the effective Coulomb
potential of the rotating prolate shaped fissioning nucleus could
reduce the binding energy of the 1s electronic orbital of the
plutonium ion and the corresponding K x-ray energies by a
relatively significant amount as we discuss below. It is known
[38] that the finite nuclear size correction for the ground state
of the uranium nucleus reduces the binding energy of the 1s
orbital of the uranium ion by about 0.2 keV. Kozhedub et al.

[38] developed a general formalism to calculate eigenstate
energies of electronic orbitals considering the effect of nuclear
deformation and spin. The Coulomb interaction operator be-
tween an atomic electron and the nucleus was averaged with the
nuclear wave function and integrated over the nuclear angular
variables. Time independent relativistic Dirac equation for the
atomic electrons was solved as an eigenvalue problem by using
this effective Coulomb potential. Following the procedure of
Ref. [38], the effective Coulomb potential of the ground state
(spin = 0) of the prolate deformed 242Pu (semimajor axis = a,
semiminor axis = b) nucleus should be obtained by averaging
over all the orientations of the nucleus in three dimensions and
it would be spherically symmetric. The effective nuclear shape
would be a sphere of radius b with normal nuclear density
and the density will drop rapidly for r > b, thus giving a
small effective charge radius. In our experiment, 242Pu was
produced at an excitation energy of EX = 55 MeV with an
average orbital angular momentum ≈20h̄ [21] and the orbital
angular momentum vector was equally probable to take all
possible orientations perpendicular to the beam axis (m = 0
magnetic substrate with respect to the beam axis). Since the
nuclear rotation time (≈10−20 s) is much shorter compared to
the K x-ray emission time of 6 × 10−18 s, we have assumed an
effective Coulomb potential for long fission time scenario and
solved the time independent Dirac equation for the electrons as
an eigenvalue problem to obtain an order of magnitude estimate
of the K x-ray shift due to the fissioning nucleus. The effective
charge radius of the rotating prolate shaped nucleus would
increase from the ground state value, as the elongation of the
prolate nucleus would increase due to the fission process, thus
reducing atomic K x-ray energies due to the Coulomb effect. A
long fission time can be obtained [12,13,39] by increasing the
viscosity parameter, thus slowing down the fission process.
Combined dynamical and statistical model calculations [39]
use a rather weak friction for the compact shape of the
fissioning nucleus and the friction increases significantly for
large deformation, implying that the fissioning nucleus spends
most of its time in saddle to scission configurations. Prefission
particle multiplicity data, in general [13,20], give a relatively
long saddle to scission time and much shorter presaddle time.
However, the nuclear experiments give overall short fission
delay time (∼10−20 s). On the other hand, long fission time
could be obtained [13] by increasing friction inside the saddle
and the saddle to scission time contributes only weakly to
the long fission time in this model. The results obtained from
prefission particle multiplicity data and atomic techniques have
not yet been properly reconciled [14] and different models
of fission dynamics appear to be contradictory. In order to
understand plutonium K x-ray shift by (0.9 ± 0.5) keV, we need
to assume that the fissioning plutonium nucleus spends most
of its long fission time with a highly deformed dumbbell-type
shape. Bulgac et al.’s [11] simulations show that the saddle to
scission configurations of 240Pu (EX = 8 MeV) look approx-
imately dumbbell shaped most of the time. In order to get an
order of magnitude estimate of the shift of the K x-ray line
for the rotating dumbbell shaped plutonium nucleus, we have
studied the solutions of the time independent Dirac equation for
the electrons by increasing the radius of spherical plutonium
nucleus assuming uniform nuclear density throughout the
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volume. We start with a spherical plutonium nucleus of radius
1.25 × (242)1/3 fm = 7.8 fm. The corresponding radius for the
saddle shape has been taken as 13.2 fm and that of the scission
point as 18.9 fm [13]. Considering an intermediate dumbbell-
type configuration between saddle and scission corresponding
to a spherical plutonium nucleus of radius 15 fm because of the
rotation of the dumbbell shaped nucleus in three dimensions,
we obtain [37,40] a downward shift of the plutonium K x-ray
line by 0.5 keV compared to a spherical plutonium nucleus of
radius 7.8 fm. Since the ground state of a plutonium nucleus
would correspond to an even smaller (radius<7.8 fm) spherical
charge distribution corresponding to the semiminor axis of the
ground state prolate nucleus, we expect an additional shift of
about 0.06 keV [37]. As discussed before, the electronic shake-
off process would produce a xenonlike plutonium and the ex-
pected K x-ray shift would be about 0.03 keV [37] compared to
a neutral plutonium atom. So the Kα1 x-ray line of a xenonlike
plutonium ion with a spherical nucleus of charge radius 15 fm
would be shifted down by about 0.6 keV compared to a neutral
plutonium atom with its nucleus at the ground state. This K
x-ray shift would increase to >1 keV [37] when the fissioning
plutonium nucleus would be at the scission point. Different
long-lived configurations between the saddle and scission
would contribute to the width of the K x-ray peak and this width
would be comparable to its total shift. Our candidate peak is
shifted down from the standard plutonium Kα1 x-ray line by
(0.9 ± 0.5) keV and its intrinsic width is �0.6 keV. Hence, in
order to be consistent with our order of magnitude estimates,
the fissioning plutonium nucleus should spend most of its long
fission time with a highly deformed dumbbell-type shape.

f. No shift scenario. Let us consider the scenario where
the plutonium K x-ray lines have to appear exactly at the
standard positions and the observed shift cannot be attributed
to electronic effects. In that case, the observed narrow peak
(FWHM ≈ 1 keV) at 102.8 keV has to be considered as an
unknown peak or as a part of a broad fission fragment γ -ray
peak. However, this latter interpretation is statistically very
unlikely as discussed before. No narrow peak has been seen
at 103.7 keV in Figs. 4 and 7. Considering the presence of
an unknown narrow peak at 102.8 keV or taking the peak at
102.8 keV as a part of a broad fission fragment γ -ray peak,
we have attempted to fit a narrow (FWHM = 1 keV) Gaussian
peak at 103.7 keV before drawing any background (from Fig. 4)
and also after drawing background (from Fig. 7). For extracting
the area from Fig. 4, we varied the linear background under the
peak to obtain the best possible fit. We obtain average counts
under the 103.7-keV peak = −271 ± 284. A similar result was
obtained for extracting peak area under 103.7-keV peak from
Fig. 7. Hence, the corresponding percentage of slow fission
events is negligible (<5%) and contradicts the claims of >70%
or almost 100% slow fission events reported earlier in similarly
excited uraniumlike nuclei by K x-ray fluorescence [1] and
crystal blocking [3] techniques respectively. Summarizing the
two possible alternative scenarios, if the line at 102.8 keV is
the plutonium Kα1 line shifted by Coulomb effects, we obtain
that most of the fission is slow. If on the other hand, we assume
Coulomb effects are negligible, the absence of a peak at the
expected energy (103.7 keV) implies that most of the fission
is fast.

FIG. 10. Random corrected coincidence photon spectrum with
Bkg-2 (dotted blue) background is shown in the upper panel. Bkg-2
subtracted coincidence spectrum is shown in the lower panel. GEANT3
simulation of a fission fragment K x ray at 65 keV and a fission
fragment γ ray at 88 keV are shown in magenta color. The peaks
around 98.4 and 103 keV are also shown in magenta color.

2. Analysis with Bkg-2

We have repeated the analysis using the slightly lower Bkg-2
(dotted blue background) of Fig. 4. We show Bkg-2 drawn on
the random corrected coincidence spectrum in Fig. 10 (upper
panel) and the corresponding spectrum after subtracting out
the background in Fig. 10 (lower panel) where the peaks at
103 and 98.4 keV and broad double-humped peaks at 65 keV
(Kα1 x ray from iridium) and 88 keV (fission fragment γ
ray) have been shown by magenta color curves. Considering
the suppression factor of the uranium atomic excitation lines
in the true coincidence spectrum compared to their yields in
the singles spectrum, we estimate that more than half of the
peak area seen around 103 keV in the random corrected true
coincidence spectrum (Fig. 10) should be the K x-ray photons
in true coincidence with the fission fragments.

In Fig. 11, we show the random and background subtracted
true coincidence spectrum from 96.6 to 107 keV. In order to
determine whether the peak around 103 keV is due to fission
fragment γ -ray or a plutonium K x-ray line, we have performed
a similar analysis as discussed earlier for Bkg-1. The data
points were first fitted by GEANT3 simulation [23] of a sharp
fission fragment γ ray and then an additional area at 98.4 keV
was added to obtain the best fit (χ2 = 1.55) shown by a dashed
blue curve. This additional added Gaussian peak area at 98.4
keV should be the remnant of the uranium Kα1 line and the
ratio of relative efficiency corrected remnants of uranium Kα2

(94.65 keV) to uranium Kα1 (98.4 keV) becomes 1.37 ± 0.25,
in disagreement with the known branching ratio of 0.625 [29].
It is possible to improve the overall fit in the 96.6- to 105.3-keV
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FIG. 11. Bkg-2 subtracted coincidence photon spectrum with the
statistical error bars is shown in the energy range from 96.6 to
107 keV. Dashed blue and dot-dashed green curves represent GEANT3
simulation of a sharp 101-keV γ -ray line from a fission fragment with
additional yield at 98.4 keV. The solid red curve shows Gaussian fit
of the data points with two isolated peaks (see text for details).

region by adjusting the areas under the added uranium Kα1

line and GEANT3 simulated spectrum simultaneously and the
best fit shown by the dot-dashed green curve gives a reduced
χ2 = 1.1 as shown in Fig. 11. However the corresponding ratio
of the relative efficiency corrected remnants of uranium Kα2

to uranium Kα1 yields remains 0.95 ± 0.17, in disagreement
with the known branching ratio of 0.625 [29]. The spectrum has
also been analyzed assuming the peak around 103 keV as the
plutonium Kα1 line and its associated Kα2 line overlaps with
the 98.4-keV uranium Kα1 line. In Fig. 11, the solid red curve
is the best fit with two isolated Gaussian peaks and the peak
positions are at 98.4 and 102.6 keV (FWHM = 1 keV). The
best fit gives a reduced χ2 = 1.1. The estimated plutonium Kα2

yield (based on the yield at 103 keV after correcting for random
coincidences) has been subtracted out from the fitted Gaussian
peak area at 98.4 keV to obtain the yield of the remnant uranium
Kα1 line. The ratio of the remnants of uranium Kα2 to uranium
Kα1 yield (after relative efficiency correction) is 0.64 ± 0.15,
in good agreement with the known branching ratio of 0.625
[29]. Hence, although both the dot-dashed green curve and
the solid red curve fit the data points equally well and both of
them are statistically significant, the interpretation in terms of
a fission fragment γ ray cannot reproduce the expected ratio
of the remnants of uranium Kα2 to uranium Kα1 lines, whereas
the interpretation in terms of the plutonium Kα1 line around
103 keV reproduces the ratio of the remnants of uranium Kα2

to uranium Kα1 lines very well. Moreover, unlike the spectral
shape around 103 keV, the humps around 88 keV could only
be fitted well by GEANT3 simulation of a fission fragment γ
ray, thus demonstrating a qualitatively different spectral shape
around 103 keV.

In Fig. 12, we show the photon spectrum in the energy
range from 100.5 to 105.9 keV in coincidence with the fission
fragments. The dot-dashed green curve is the best fit (reduced
χ2 = 1.2) with GEANT3 simulation of the high energy hump of

FIG. 12. Random corrected coincidence spectrum for Bkg-2 sub-
traction with statistical error bars in the energy range from 100.5 to
105.9 keV. Dot-dashed green curve is the high energy hump for best
fitted GEANT3 simulation of 101-keV fission fragment γ ray. Dotted
red curve is the best fit for a combination of GEANT3 simulation of
fission fragment γ -ray and a Gaussian peak around 103 keV with
FWHM = 1 keV as discussed in the text.

a fission fragment γ ray. Now let us add a narrow (FWHM =
1 keV) Gaussian peak centered around 103 keV with the
GEANT3 simulation of the fission fragment γ ray, assuming
that both the broad hump of the fission fragment γ ray and
a narrow Gaussian peak could be present. The areas under
the broad hump and the Gaussian peak have been adjusted to
obtain the best fit of the data points. We not only obtain a very
good fit (reduced χ2 = 1.0), but more importantly, the best
fit as shown by the dotted red line significantly reduces the
contribution of the broad hump and projects out the Gaussian
peak, indicating that the Gaussian peak is a better description of
the data points. However, unlike in Fig. 8, the Gaussian peak
in Fig. 12 is clearly riding on a background, indicating that
the background curve (Bkg-2) on the coincidence spectrum
(Figs. 4 and 10) has been drawn somewhat below the optimum
background level. From Fig. 12, we obtain that the FWHM of
the Gaussian peak around 103 keV is (1 ± 0.3) keV, in good
agreement with that obtained from Fig. 7. Using the procedure
described earlier and taking the area of 103 keV Gaussian peak
from Fig. 12, we have obtained plutonium K x-ray multiplicity
per fission event (σK/σf ) with a statistical uncertainty of
≈30%. Taking PK = 7.2 × 10−4 (as obtained earlier), we get
the percentage of slow fission events (corresponding to an
extreme bimodal fission time distribution) σK

PKσf
= 0.83. The

percentage of slow fission events would increase for any other
fission time distribution. Even after considering the uncertainty
on PK as discussed in a previous section, we have a strong
ground to conclude qualitatively that most of the fission events
are slow for a realistic fission time distribution.

In this case also, the candidate peak is at 102.8 keV, just
below the characteristic plutonium Kα1 line (103.7 keV) and
no narrow peak is seen at 103.7 keV. Assuming that 102.8-keV
peak is a part of a broad fission fragment γ -ray peak or an
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FIG. 13. Random corrected coincidence photon spectrum with
Bkg-3 (dashed green) background is shown in the upper panel. Bkg-3
subtracted coincidence photon spectrum is shown in the lower panel.

unknown narrow peak, we have attempted to extract the area
of a narrow peak (FWHM = 1 keV) at 103.7 keV and find that
the peak area comes out negative, consistent with zero within
the error bars. So, for a no shift scenario, our observations
would contradict earlier claims of significant percentage [1,3]
of slow fission events as obtained by the atomic techniques
for similarly excited uraniumlike nuclei. Hence, the results
obtained by using Bkg-1 and Bkg-2 are qualitatively similar.

3. Analysis with Bkg-3

As shown in Fig. 4, Bkg-3 (dot-dashed green background
curve) has been drawn significantly below Bkg-2. Let us
first discuss whether the results obtained by drawing Bkg-3
look reasonable and self-consistent. In Fig. 13, upper panel,
we show Bkg-3 drawn on the random corrected coincidence
spectrum and in Fig. 13, lower panel, we show the correspond-
ing spectrum after the subtraction of Bkg-3. There is hardly
any negative count in the background subtracted spectrum
implying that the background was drawn too low. In Fig. 14,
we show the Bkg-3 subtracted spectrum in the region from
96.6 to 107 keV. In this case, a Gaussian fit of the data points
around 103 keV gives a broad peak with the peak position at
102.6 keV and FWHM = 4.4 keV as shown by the red curve in
Fig. 14. The fit gives a reduced χ2 = 1.4 and a large Gaussian
area. The extrapolation of the Gaussian fit is shown by the
dotted red curve. However, a linear fit (shown by the dot-dashed
green line in Fig. 14) gives a better fit (χ2 = 1.26) for those
data points indicating that if there is a peak, it is riding on a
high background. If this peak around 103 keV is interpreted
as the plutonium Kα1 x-ray line, then on one hand, its large
width would imply a short fission time and on the other hand
its large K x-ray yield would imply a long fission time. The

FIG. 14. Random corrected coincidence spectrum for Bkg-3 sub-
traction with the statistical error bars is shown in the energy range from
96.6 and 107 keV. Dash blue curve represents GEANT3 simulation of
a sharp 101-keV γ -ray line from a fission fragment with additional
yield at 98.4 keV. The red curve and dot-dashed green line show the
Gaussian and linear fits of the data points around 103 keV respectively.
Solid red curve indicates the region used for Gaussian fit and the dotted
red curve is the extrapolation of the Gaussian fit (see text for details).

combination of a large width and large yield could be made
consistent only for an unrealistically high value (of the order
of 1) of PK (probability of creation of K vacancy in plutonium).
In Fig. 14, the dashed blue curve is the best (reduced χ2 = 1.6)
GEANT3 simulation [23] of a fission fragment γ ray with an
added additional area at 98.4 keV due to imperfect cancellation
of the random coincidence events. The additional area should
be the remnant of a uranium Kα1 (98.4 keV) line and the ratio
of relative efficiency corrected remnants of the uranium Kα2

(94.65 keV) to Kα1 (98.4 keV) line is 1.8± 0.4, in disagreement
with the known branching ratio of 0.625 [28] by more than
two standard deviations. If we only fit the data points around
103 keV (from 100.8 to 105.3 keV) by the broad high energy
hump of fission fragment γ ray as obtained from GEANT3
simulation, then the best fit gives a reduced χ2 = 2, implying
a rather poor fit. Hence, it is clear that Bkg-3 of Fig. 4 is too
low to be considered as a plausible background.

IV. CONCLUSION

We have studied the spectrum of photons emitted in coinci-
dence with the fission fragments produced in the fusion reac-
tion 4He + 238U at ELAB(4He) = 60 MeV with a high energy
resolution of 1 keV. This experiment has higher sensitivity than
previous experiments using heavy ion reactions, allowing us
to see individual K x-ray peaks (from plutonium) above back-
ground. We have found a narrow peak of intrinsic FWHM�0.6
keV at (102.8 ± 0.5) keV, just below the expected plutonium
Kα1 position of 103.7 keV. On the basis of spectral shape and
other characteristics, we have concluded that this peak can be
attributed to the plutonium Kα1 line. From the intrinsic width of
the plutonium K x-ray peaks, it follows that the fission time of
slow fission events is >1 × 10−18 s using quantum energy-time
uncertainty principle without requiring knowledge of any other

024615-14



SLOW FISSION OF HIGHLY EXCITED PLUTONIUM NUCLEI PHYSICAL REVIEW C 98, 024615 (2018)

parameters. The minimum percentage of slow fission events
was determined from the K x-ray multiplicity per fission in the
same way as other experiments [5,6], taking PK � 7.2 × 10−4.
Combining K x-ray multiplicity results with the fission time of
slow fission events as obtained from the width of plutonium
K x-ray lines, we have a strong ground to conclude that
most of the fission events are slow for a realistic fission time
distribution, in agreement with the previous results obtained
using atomic techniques [1,3].

We have performed atomic physics calculations indicating
that a shift of plutonium K x-ray lines from the standard
positions by (0.9 ± 0.5) keV is plausible, if the rotating fis-
sioning plutonium nucleus would spend most of its long fission
time with highly deformed dumbbell-type shapes. A combined
dynamical and statistical model [39] and prefission neutron
multiplicity results [20] support the idea that the fissioning
nucleus spends most of its time during saddle to scission
transitions in highly deformed dumbbell-type shapes [11]. On
the other hand, long mean fission time (τf > 10−18 s) could
be obtained [13] in the framework of Langevin fluctuation-
dissipation dynamical calculations [12,13] by increasing fric-
tion inside the saddle. The vastly different results obtained
by nuclear and atomic techniques have not yet been properly
reconciled [14].

Alternatively, if the observed narrow peak at 102.8 keV
is not the plutonium Kα1 line, then the absence of a peak at
103.7 keV would contradict earlier claims [1,3] of significant
(>70% or about 100%) percentage of slow fission events

obtained by atomic techniques and the results would be in
agreement with prefission neutron multiplicity results [10] and
expectations from simple statistical models.

In summary, we find a small shift of plutonium K x-ray
lines that could not be observed in earlier lower resolution
experiments and find that most of the fission events are slow,
in agreement with the earlier results [1,3]. However, the
shift implies that the fissioning nucleus spends most of its
long fission time in highly deformed dumbbell-type shapes.
Alternatively, if this requirement to explain the shift is not
considered plausible, the absence of a peak at the expected
position would contradict earlier atomic technique results.
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