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Electron-capture delayed fission properties of244Es
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Electron-capture delayed fission was observed in 37-s244Es produced via the237Np(12C,5n)244Es reaction at
81 MeV ~on target! with a production cross section of 0.3160.12mb. The kinetic energies of coincident fission
fragments were measured with our rotating wheel detection system and the average pre-neutron-emission total
kinetic energy of the fragments was found to be 186619 MeV. The mass-yield distribution of the fission
fragments is predominantly asymmetric. Based on the ratio of the number of fission events to the measured
number ofa decays from the electron-capture daughter244Cf ~100% a branch!, the probability of delayed
fission was determined to be (1.260.4)31024. This value for the delayed fission probability fits the experi-
mentally observed trend of increasing delayed fission probability with increasingQ value for electron capture.

DOI: 10.1103/PhysRevC.65.024612 PACS number~s!: 21.10.Gv, 23.40.2s, 25.70.Gh, 27.90.1b
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I. INTRODUCTION

Electron-capture delayed fission~ECDF! is a nuclear de-
cay mode whereby a parent nucleus undergoes elec
capture~EC! decay, populating excited states in the daugh
nucleus, which then fission. The ECDF decay mode is
special interest because it allows study of the fission pro
ties of the daughter nucleus, which would normally have
ground state spontaneous fission~SF! branch too small for
detailed investigation. Delayed fission~DF! is also thought to
play an important role in determining the yields of hea
elements produced in multiple neutron capture proces
such as the astrophysicalr process and in nuclear weapo
tests@1–5#. For a more complete description of the DF pr
cess including a theoretical derivation, see Refs.@6–9#, and
the references therein.

The probability of undergoing ECDF (PDF) is defined as
the ratio of the number of EC decays resulting in fiss
NECDF to the total number of EC eventsNEC:

PDF5
NDCDF

NEC
.

ECDF has been previously reported in neutron deficient n
tunium @10,11#, americium @7,8,12,13#, berkelium
@10,13,14#, and einsteinium@10,13,15–17# isotopes. This de-
cay mode is expected to have measurable branches in
clides where the electron-captureQ value (QEC) is compa-
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rable to the height of the fission barrier in the daugh
nucleus. Nuclides that meet this requirement are found
neutron-deficient actinides that have odd numbers of prot
and neutrons. These odd-odd nuclei have enhancedQEC val-
ues associated with EC decay to their more stable even-e
daughter nuclei. TheQEC for 244Es is calculated to be 4.36
MeV @18#, which approaches the estimated fission barr
heights of 5–7 MeV for this region@19#. Previous experi-
ments have shown that thePDF increases with increasing
QEC @9,11,14,16,17#.

244Es was first identified by Eskola@20# during an experi-
ment in which233U was bombarded with15N projectiles. In
this preliminary report,244Es was reported to decay with
100% EC branch and a half-life of 4065 s. Furthermore, no
a particles from the decay of244Es were observed during a
experiment in which241Am was bombarded with12C projec-
tiles to look for isotopes of mendelevium and their ei
steinium daughters@21#. A subsequent paper by Eskolaet al.
@22# reporteda particles from the decay of244Es produced
via the 233U~15N,4n)244Es reaction at projectile energies o
77–82 MeV. They assigned ana energy of 7.57
60.02 MeV, ana branch of 422

13%, and a half-life of 37
64 s to 244Es.

ECDF in 244Es was first reported in 1980 by Gangrsk
et al. @13#. The nuclide was produced both via th
233U~14N,5n)244Es and237Np~12C,5n)244Es reactions at pro-
jectile energies of 82–86 MeV. The production cross sect
was reported to be 1mb but it was not specified with which
reaction this cross section was associated. APDF of 1024

was determined by comparing the number of fission eve
observed in a solid-state fission track detector to the num
of a-decay events from the244Cf EC daughter. The tota
number of244Es EC events was determined from the numb
of daughter events by assuming a 100% EC branch in244Es.
No errors were given for this reportedPDF value. Also, the
fission properties of the244Cf daughter were not determined
Therefore, we decided to measure the ECDF of244Es in or-
der to better evaluate itsPDF value and to determine th
fission properties of its EC daughter.
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II. EXPERIMENTAL TECHNIQUES

A. Targets and irradiation

An aqueous solution containing 1.61 mg of237Np was
sorbed onto a 7.5 mm by 27.5 mm anion exchange colu
~AG 1X-8 resin, 200–400 mesh! and rinsed with concen
trated HCl to remove lead and other impurities. A sm
amount of239Pu that was present in the original solution w
removed from the column by eluting with a 7:1 solution
concentrated HCl:HI. Any residual HI was removed by rin
ing the column with concentrated HCl, and the237Np was
eluted with 2 M HCl. The resulting solution, which con
tained 480mg of 237Np, was evaporated to dryness and d
solved in 1 mL of isopropyl alcohol~IPA! to yield a solution
that was approximately 0.5 mg/mL in237Np. Successive tar
get layers were produced by electroplating aliquots cont
ing 25mg of 237Np from 1.25 mL of IPA in a 6-mm diamete
circle ~area of 0.28 cm2! on a 0.5-mil~2.32 mg/cm2! Be foil
at 300 V~0.7 mA! for 30 min. The237Np was then converted
to the oxide by baking each layer in a 450 °C oven for
min. The amount of237Np in the target was determined b
counting the a emissions from the 237Np in an
a-spectrometer system utilizing a Si~Au! solid state surface
barrier detector operated under vacuum with a detection
ficiency of 3465%. From the measured237Np a decay rate
of (2.260.3)3105 disintegrations per minute the number
237Np atoms electroplated on the Be foil was calculated to
3.531017 atoms using a237Np half-life of 2.143106 y, re-
sulting in 0.4960.02 mg/cm2 of 237Np in the target.

A 3.0-mA 12C41 beam~81 MeV in the lab system at th
entrance to the target! was provided by the 88-Inch Cyclo
tron at Lawrence Berkeley National Laboratory. The tar
chamber configuration has been described elsewhere@23#.
During bombardment, reaction products were swept from
target chamber, attached to KCl aerosols from a He/KCl
jet, and then transported via a 1.4-mm i.d. Teflon capillary
our rotating wheel detection system@24# for a and fission
measurements.

B. Measurements ofa and fission activity

Online measurements ofa particles and fission fragment
were made in our merry-go-around~MG! rotating wheel col-
lection and detection system@24#. This rotating horizontal
wheel, online continuous collection and detection syste
has been previously described by Hoffmanet al. @24#. The
activity-laden KCl aerosols were deposited via the He/K
gas-jet successively onto 80 thin polypropylene foils (
610mg/cm2) supported on 0.63-mm i.d. rings positione
around the periphery of a 51-cm diameter fiberglass wh
There were 80 collection sites on each wheel, but only
were used during a given experiment. The transport e
ciency of the gas-jet system was estimated to be 60620%
based on previous experiments@25#. Six pairs of passivated
ion implanted silicon~PIPS! detectors were situated direct
above and below the wheel to measure the kinetic energ
a particles and coincident fission fragments. The horizon
wheel was rotated every 30 s so as to move the first foil fr
the collection site into position for counting between the fi
02461
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detector pair while collection proceeded concurrently on
new foil. Each step of the wheel moved a new foil into t
collection position and the collected samples were mo
successively between the six pairs of detectors so that e
collection foil was counted for a total time equivalent to 1
s. With this system, collection and counting are essenti
continuous since the time required to move the wheel~;0.1
s! is much less than the stepping interval. The efficiency
any given detector was approximately 3263% for a par-
ticles and 6466% for fission fragments.

After 80 min of continuous measurement~two complete
revolutions of the wheel!, the last six collections were
stopped under the detector pairs and counted while the w
was stationary for an additional 40 min. During this tim
interval, the longer-lived daughter activity was measured
ter the shorter-lived interfering activities had decayed aw
After that time, the wheel was replaced with a clean one
prevent the buildup of KCl on the foils to avoid degradati
of thea resolution during the experiment, and to prevent t
buildup of any longer-lived fission activities. This entire pr
cess was continually repeated over the course of 36 h
beam time.

Data were collected using theGOOSYdata acquisition sys-
tem @26#. Calibrations were performed before the experime
using a212Pb source, which provided 6.062-MeV and 8.78
MeV a particles. A252Cf source was used for calibration o
fission fragment energies. Fission fragment energy calib
tions were based on the SF of252Cf using the method of
Schmitt, Kiker, and Williams@27# and the constants of Weis
senbergeret al. @28#. 78.4 and 102.6 MeV were used for th
most probable post-neutron low and high fragment kine
energies for252Cf. The 252Cf calibration source was mea
sured on the same kind of polypropylene collection fo
used on the MG wheels during the experiment, so no cor
tion was made for energy degradation of fission fragment
they traveled through the foils to the bottom detectors.
correction was made for the approximately 10–15mg/cm2 of
KCl aerosol@29# deposited on each foil by the gas-jet tran
port system because typical fission fragments only lose 0
0.4 MeV of energy@30# as they travel through this amount o
KCl. The energy resolution@full width at half maximum
~FWHM!# of the detectors positioned above the wheel w
approximately 0.04 MeV and the detectors below the wh
had a resolution of approximately 0.1 MeV due to ener
degradation of thea particles as they traveled through th
polypropylene foil. The fission background was measu
prior to the start and at the end of the experiment and w
less than one fission event per single detector per day.

III. RESULTS AND DISCUSSION

A. Half-life and fission properties

A total of 13 pairs of coincident fission fragments w
detected over the course of the entire experiment. Su
quent analysis of the data showed that at some point du
the experiment the first detector pair had stopped worki
Only two coincident fission events were detected in the fi
pair instead of the approximately ten we would expect ba
on the subsequent decay curve of observed fission eve
2-2
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ELECTRON-CAPTURE DELAYED FISSION PROPERTIES . . . PHYSICAL REVIEW C 65 024612
The two events from detector pair one were removed fr
the half-life analysis but were included in determining fissi
properties. The half-life of the coincident fission events w
determined from a one-component fit using a maximum li
lihood decay by the simplex method, theMLDS computer
code @31#. This resulted in a half-life of 38611 s for the
fission events. The population of states in the fission
daughter nucleus occurs with the half-life of the EC pare
and the subsequent fission is instantaneous compared to
half-life @32#. Therefore, the fission events decay with t
characteristic half-life of the parent nucleus. Even thoug
is based on only a few coincident fission events, our half-
of 38611 s is consistent with the best-reported value of
64 s for 244Es by Eskolaet al. @22#. We attribute the ob-
served fissions to ECDF in244Es based on this half-life an
the observeda decay of244Cf ~its EC daughter! which would
be seen in thea spectrum if 244Es were present~see Sec.
III B !. In addition, there are no other known spontaneo
fission or ECDF activities that would have been produced
the reaction of12C with 237Np. The only other nuclide tha
could have been produced with a half-life close to that
244Es is 243Es ~t1/252162 s @30#!. It is unlikely that the fis-
sion events could have come from243Es due to its lowerQEC
of 4.0 MeV @18#. From previous data@7,8,11,16,17,19#, the
PDF of 243Es ~based on aQEC of 4.0 MeV! is estimated to be
,531025, too low to account for the number of fission

FIG. 1. The average or most probable TKE vsZ2/A1/3 for
known cases of spontaneous or delayed fission is shown. The
line is the linear fit of Violaet al. @33# and the dashed line is from
Unik et al. @34#. All of the TKE values have been corrected to b
consistent with the calibration parameters of Weissenbe
et al. @28#.
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detected during the experiment. Also, the cross section of
237Np(12C,6n) reaction would be expected to be much low
than the corresponding 5n reaction, resulting in an even
lower number of fissions. Since no other nuclide produced
this reaction has a fission branch large enough to accoun
13 fissions and their half-life of 38611 s is consistent with
that previously reported for244Es, we have assigned thes
events to ECDF of244Es.

Since fission events in ECDF are preceded by EC dec
the fission properties measured during our experiment are
the EC daughter244Cf. The average neutron emission fun
tion for 244Cf, v̄(A), was assumed to be similar to that
252Cf, normalized to an average neutron emission,v t52.6,
estimated from systematics in Ref.@33#, and was used to
calculate pre-neutron-emission total kinetic energy~TKE!
values from the measured post-neutron-emission TKE
ues. The average pre-neutron-emission TKE for coincid
fission fragments from244Cf was determined to be 18
619 MeV. The most probable light fragment pre-neutro
emission energy was determined to be 79610 MeV and the
most probable heavy fragment energy was 107610 MeV.
Figure 1 shows the average or most probable TKE ver
Z2/A1/3 for all known spontaneous fission and delayed fiss
isotopes, as well as the empirical fits of Violaet al. @34# and
Unik et al. @35#. The average TKE of 186619 MeV agrees,
within the statistical error, with these empirical predictio

lid

er

FIG. 2. Pre-neutron-emission mass-yield distribution for t
ECDF of 244Es. The fissioning species is244Cf. The data were av-
eraged over five mass units. Mass yield~%! is expressed as yield
per fragment mass number normalized to 200% total fragm
yield.
2-3



d
h.
ed
p-

D. A. SHAUGHNESSYet al. PHYSICAL REVIEW C 65 024612
FIG. 3. Summeda spectra for the237Np
112C reaction at a beam energy of 81 MeV.~a!
Spectrum from the first top detector recorde
while the wheel was stepping for a total of 36
~b! Spectrum from the sixth top detector record
while the wheel was stationary representing a
proximately 13 h.
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and appears to follow the trend of TKE values measured
other ECDF systems.

Figure 2 shows the predominantly asymmetric p
neutron-emission mass-yield distribution of fission fragme
from 244Cf. The mass-yield data were averaged over fi
mass numbers, but are expressed as yield~%! per mass num-
ber with the fragment yield normalized to 200%, and a
derived based on conservation of momentum considerat
from the ratio of the kinetic energies of both fragments
each coincident fission fragment pair. From the most pr
able fragment energies given above, it was determined
the mass~A! of the light fragment was 103 while the heav
fragment had a mass ofA5141.

According to the static fission model of Wilkinset al.
@36#, actinides with neutron number greater than 140 sho
have asymmetric mass splits until the heavy Fm region
reached. The heavy fragment in the split should rem
nearly constant around either theN582 ~spherical! or N
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'88 ~deformed! neutron shell. If the heavy fragment is lo
cated near the spherical neutron shell, then the complem
tary fragment is forced to be highly deformed. In order
maintain theN/Z ratio of the fissioning nucleus, the heav
fragment (A5141) in the fission of244Cf would be nearly
spherical withN582, Z559, andb50.2 whereb is the
nuclear deformation parameter from Ref.@36#. Its comple-
ment would therefore be highly deformed withN564, Z
539, andb'0.9 @36#. A symmetric split would result in two
fragments withZ549 andN573. The presence of theZ
550 spherical proton shell might suggest a symmetric co
ponent in the fission of244Cf, but there are no correspondin
neutron shells aroundN573, which means both fragment
would have deformations greater thanb50.25. This in turn
removes the protons from the spherical shell, causing
fragments to become more deformed. A symmetric s
would then consist of two deformed fragments, resulting i
lower TKE than in the case of one nearly spherical fragm
2-4



bu
n

ca
tw
d
a

G
rin

-

al
ed
dy
by
-
o

.5

o

the

of
de-

en-

-

de-
n-

r
the
-
n.

-

ry.

c-

n

en

red

cy,
om
tan-
isti-

V
-
60

f

ELECTRON-CAPTURE DELAYED FISSION PROPERTIES . . . PHYSICAL REVIEW C 65 024612
and one highly deformed fragment. The mass-yield distri
tion in Fig. 2 shows no evidence of a symmetric compone
indicating that the fission of244Cf prefers an asymmetric
fragment configuration consisting of one nearly spheri
fragment and one highly deformed fragment rather than
deformed fragments. However, more data are required to
termine a limit on the amount of symmetric fission th
occurs.

B. PDF

Figure 3~a! shows the summeda spectrum from the top
detector of the first detector pair taken from all of the M
wheels measured during a 36-h experiment. The interfe
activities in the spectrum arise from the interaction of the12C
beam with lead impurities in the237Np target. The peak ob
served at 7.580 MeV has been attributed to 37-s244Es based
on thea energy of 7.57 MeV reported by Eskolaet al. @22#.
However, a 37-s component could not be identified in
MLDS analysis of the peak area over time. Instead, the h
life was 7061 s, about a factor of 2 larger than the report
37-s half-life@22#. This a peak was also observed in a stu
of the a decay properties of light einsteinium isotopes
Hatsukawaet al. @37#, but neither the half-life nor the iden
tity of the a decay was given. Thisa decay cannot be due t
the lowest energya group of 245Es ~7.654 MeV, I a53%
@30#! because the integrated number of counts in the 7

FIG. 4. Plot of the ECDF probability vs. electron-captureQ
value for nuclides studied by our research group. The values
232Am and 234Am are from Refs.@7,8#, 228Np is from Ref. @11#,
238Bk is from Ref.@19#, 242Es is from Ref.@16#, and246Es and248Es
are from Ref.@17#.
02461
-
t,

l
o
e-
t

g

a
f-

8-

MeV peak in Fig. 3~a! would have to be approximately 87 t
contain 3% of the total number of245Es a decays while the
peak at 7.58 MeV actually has 858 counts. Therefore,
most probable origin of the 7.58-MeVa peak is244Es based
on the reporteda-decay energy of 7.57 MeV@22#. The dis-
crepancy in the two half-lives between the fission~or EC!
decay and thea decay cannot be explained on the basis
the present data. Further research is required in order to
termine the origin of this discrepancy and whether the id
tity of this a decay peak is actually244Es.

Due to this uncertainty in identifying the244Esa peak, we
determined thePDF of 244Es by looking at the spectra re
corded when the wheel was stationary to identify244Cf, the
EC daughter of244Es, from which the amount of244Es
present could be calculated. Figure 3~b! represents the
summed spectrum of all measurements made in the top
tector of the sixth detector pair while the wheel was statio
ary ~approximately 13 h of counting.! The sample in detecto
pair six had the longest delay between collection and
start of counting~150 s!, which allowed most of the shorter
lived interfering activities to decay before counting bega
244Cf has a half-life of 19.4 min anda energies of 7.213
~75%! and 7.176 MeV~25%! with a 100%a decay branch
@30#. By incorporating botha-particle energies in our analy
sis of the 244Cf peak, the number of244Cf a particles de-
tected is equal to the number of244Es EC decays~after ap-
plying a small correction for the 4%a branch in244Es @22#!
in those collections counted while the wheel was stationa
We neglected the direct production of244Cf via the
237Np(12C,p4n)244Cf reaction because of its low cross se
tion. Based on information in Refs.@13# and @38# we con-
cluded that the production of244Cf via thep4n exit channel
was less than 10% of the 5n exit channel, which is well
within the standard deviation of our subsequentPDF mea-
surement.

From 20 single~noncoincident! fission events detected i
8607 total measurements and 380244Cf a particles detected
in 19 collections over the course of the experiment, aPDF of
(1.260.4)31024 was determined using the equation giv
in Sec. I, whereNECDF52.3231023 and NEC519.8. Be-
cause thea particles and fission fragments were measu
for the same samples, experimental uncertainties inNECDF
andNEC cancelled out in the calculation of thePDF. Varia-
tions in beam intensity, target thickness, detection efficien
and yield of the He gas-jet transport system were small fr
one collection to another and were much less than the s
dard deviation of our measurement. Therefore, only stat
cal uncertainties in the numbers ofa particles and fission
events were considered in thePDF. Our value for thePDF of
244Es of (1.260.4)31024 with a QEC of 4.36 MeV@18# for
244Es fits the empirical relationship betweenPDF and QEC
shown in Fig. 4. Based on the number of244Es EC decays, a
production cross section of 0.3160.12mb was calculated for
the 237Np(12C,5n)244Es reaction at a beam energy of 81 Me
in the lab system~on target.! Experimental uncertainties, in
cluding the yield of the He gas-jet transport system (
620%), fluctuations in beam intensity~5%!, nonuniformity
of target thickness~7%!, and detection efficiency (32

or
2-5
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63%), were all taken into account in the determination
this cross section and its standard deviation.

IV. CONCLUSIONS

ECDF was observed in244Es produced via the
237Np(12C,5n)244Es reaction using an 81-MeV12C beam~on
target.! The fission properties were measured using our
tating wheel collection and detection system. The mass-y
distribution of fragments from the fission of244Cf was pre-
dominantly asymmetric as expected for low-energy fission
this region. Based on the deformation diagrams of Wilk
et al. @36#, the heavy fragment in the fission of244Cf is prob-
ably nearly spherical, forcing the complementary fragmen
be highly deformed.

The average pre-neutron-emission TKE of the fiss
fragments is 186619 MeV. As seen in Fig. 1, the TKE val
ues measured for ECDF systems all appear to be lower
those reported for spontaneous fission isotopes. Howe
more precise measurements are needed to determine wh
this is an actual phenomenon related to the delayed fis
process.

A PDF of (1.260.4)31024 was calculated for244Es from
the observed delayed fission events and the total numbe
244Es EC decays calculated from thea decay of its EC
daughter244Cf. The line in Fig. 4 represents a nonline
least-squares fit to thePDF values that have been previous
determined by our research group. It appears that thePDF is
directly dependent on theQEC. Based on theoretical consid
erations given in Refs.@6–9#, the PDF is dependent on both
e,
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the fission barrier height and theQEC. As the Q value in-
creases or the fission barrier height decreases, the dau
nucleus is left in an excited state that is closer to the he
of the fission barrier, resulting in a larger probability fo
undergoing ECDF. Fission barriers in this region do not va
greatly with neutron number@19#; therefore, theQEC values
must have a stronger influence on thePDF values in this
region than the fission barriers since fission barrier heig
are not changing enough to account for such a broad rang
PDF values. A largerQEC means that the daughter nucle
has a better chance to overcome its fission barrier, ther
increasing the probability that it will undergo fission. Sin
the PDF is a measure of probability, it can never be grea
than 1. Future experiments should be made to try to de
mine the shape of thePDF function in Fig. 4 at higherQ
values. By examining systems with largerQ values, it can be
determined whether this function keeps increasing towar
value of one, or whether it levels off at some other maximu
PDF value.
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