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Electron-capture delayed fission properties of*’Es
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Electron-capture delayed fission dfEs produced via th&3U(*N,5n)?*’Es reaction at 87 MeVon target
was observed to decay with a half-life of B s, consistent with the reporteddecay half-life of?*%Es of
16f§s. The mass-yield distribution of the fission fragments is highly asymmetric. The average pre-neutron
emission total kinetic energy of the fragments was measured to be 18BBleV. Based on the ratio of the
measured number of fission events to the measured numhedetays from the electron-capture daughter
242Cf (100% a branch, the probability of delayed fission was determined to be 0:0D®02. This value for
the delayed fission probability fits the experimental trend of increasing delayed fission probability with in-
creasingQ value for electron capture.

PACS numbes): 23.40-s, 21.10.Gv, 27.9&:b, 25.70.Gh

. INTRODUCTION cay to their more stable even-even daughters. Qhg for
24%s is 5.35 MeV[16], which approaches the estimated fis-
Electron-capture delayed fissi¢BCDF) is a nuclear de-  sjon barrier heights of 5—7 MeV for this regi¢h7]. 24%Es
cay mode whereby a parent nucleus undergoes electrogyas chosen for this study of fission properties because its
capture(EC) decay, populating excited states in the daughtete|atively largeQ value is greater than in any other system
nucleus, which then fission. This decay mode is of specialhere ECDF has been reported, and should have a relatively

interest because it allows study of the fission properties or‘ . :
. arge Ppe. Previous experiments have shown that By
the daughter nucleus, which would normally have a ground: 9€ "or P

state spontaneous fissié8F) branch too small for detailed ;nc;rtee ar:;sic!g‘tl%lsng:)ejglﬂg\fg g,llégérare]dagcligrdmg o
study. Delayed fissiofDF) is also thought to affect the pro- y242E ' first identified i 19‘3;4 b H'g no.l 15
duction yields of heavy elements produced via multiple neu-_. s was first identified In y Hingmaeh a -[19].

tron captures followed by successive beta decays in the ste1 V€ @ Particles, as well as three delayed fission events, were
lar r process and in nuclear weapons tg4ts5]. For a more %tnblj(t)ed to this unknown isotope produced via the
complete description of the DF process, see Héfs9], and °TI(*Ar,3n) reaction. From these fLSS'On eventsp g of
references therein. (1.4-0.8)x 10 2 was estimated foP*Es. In 1994, Hof-

The probability of ECDF Ppy) is defined as the ratio of Mannetal. [18] observe?gzém unreported numbergfg\;\r-
the number of EC events resulting in fissidcpe, to the  tCles from the decay of “Es as a decay product d

total number of EC decaydec: produced via+ar(1)é°98i(4°Ar,3n) reaction. They measured a
half-life of 40" 5ys and anx decay energy of 7.910 MeV. In

Necor 1996 Ninov et al. [19] published different values for the

Ppor= half-life and a-decay energy. They reported a half-life of

N
EC 161? s and am-decay energy of 7.9200.020 MeV. Neither

ECDF has been previously reported in the neutron defithe fission properties o*“Cf, the EC daughter ot**Es, nor
cient neptunium10,11], americium[7,8,12,13, berkelium  the a to EC branching ratio of*Es were measured in these
[10,13,14, and einsteiniun{10,13,13 regions. This decay €experiments.
mode is expected to have measurable branches in nuclides
that have electron-captuK@ values Qgc) approaching the
height of the fission barrier of the daughter nuclé@values Il. EXPERIMENTAL TECHNIQUES
meeting this criterion are found in neutron deficient ac-
tinides, which have odd-proton, odd-neutron nuclei. These
nuclides show enhance@g values associated with EC de- A solution of 223U was purified to remove lead contami-

nation, and was then dissolved in 0.5 mL of isopropyl alco-
hol (IPA) to yield a solution that was approximately 0.5
*Present address: MS-H831, Los Alamos National Laboratorymg/mL in 23U and contained 4.2 pprf?2U [11]. Successive

A. Targets and irradiation

Los Alamos, NM 87545, target layers were electroplated on 0.5-f@il32 mg/cm) Be
'Also at Nuclear Engineering Department, University of Califor- from aliquots containing 25-5@g of 2%U. The 2% was
nia, Berkeley, CA 94720. converted to the oxide by baking each layer in a 500 °C oven

*Present address: Glenn T. Seaborg Institute for Transactiniurffor 20 min. The target area was 0.28 Zrithe thickness of
Science, L-231, Lawrence Livermore National Laboratory, Liver-the 233U target used during irradiations was 0.502 mgicm
more, CA 94551. The target configuration has been described previdzdy
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A 3 uAYN*" beam(97 MeV) was provided by the 88-
Inch Cyclotron at Lawrence Berkeley National Laboratory.
After passing through a 1.8 mg/érAVAR vacuum win-
dow, N, cooling gas, and the Be target backing, the beam
energy entering thé*U target was 87 MeMlab system
The reaction products were swept from the target chamber 19
with a He/KCI aerosol gas jet, which transported the activi- ]
ties via a 1.4-mm i.d. capillary tube to our rotating wheel
detection systerfi21] for « and fission measurements.

B. Measurements of fission andw activity

Fission fragments and particles were measured in our
merry-go-around(MG) rotating wheel systeni21]. The
activity-laden KCI aerosols were deposited via the He gas-jet
transport system on 80 thin polypropylene foilgl0
+10ugl/cn? thick) positioned around the periphery of a
51-cm diameter rotating fiberglass wheel. There were 80 col-
lection sites on each wheel, but only 79 were used at any
given time. The transport efficiency of the gas jet was esti- 001 — ——
mated to be 66 20% based on previous experimeh2]. 0 10 20 30 40 50
Three separate experiments were performed to study ECDF Time After End of Bombardment (s)
in 24%Es. During the first two experiments the MG wheel was
stepped at 10-s intervals to position the foils between six FIG. 1. Nonlinear least-squares fit to the fission activity vs time
pairs of passivated ion-implanted silicqRIPS detectors after bombardment for the decaydfEs as measured with the MG.
that were positioned directly above and below the wheelThese data were from the thiffEs experiment, which used a 20-s
These detectors measure the kinetic energy pérticles and ~ StePping interval in the MG.
fission fragments. The detection efficiency in any given de-
tector was 32% for particles and approximately 64% for shows the decay curve for fission events from the third ex-
fission fragments. After one hour of continuous collectionPeriment, which used a 20-s stepping interval in the MG.
and counting(four and a half wheel revolutionsthe wheel ~ This decay curve represents a majority of the fission events
was removed and replaced with a new, clean wheel and th@pproximately hajfand therefore has better counting statis-
process was repeated. This prevented the buildup of KCI ofics than the decay curves from the other two experiments.
the foils, which would worsen the: resolution during the Two components were evident in the decay curves from all
experiment, and also prevented the buildup of any longerthree experiments, the short&fEs component, and a long-
lived fission activities. During the third experiment the wheellived constant activity(0.1 counts/s A nonlinear least-
was stepped at 20-s intervals for one h@wo and a quarter squares two component fit to the decay curves of coincident
wheel revolutiony and then the wheel was stopped so thatfission events measured in each of the three experiments re-
the last six collections were positioned between the detecsulted in a half-life of 113 s for **Es. Our value is lower
tors. These six collections were counted for an additional 48han that reported by Ninoet al. [19] (165 s), but within
min without moving the wheel. After that time, the wheel error the two are consistent. This half-life implies that the
was replaced with a clean one and the process was repeatdigsion events we observed came from the ECDP*Es.

Data were collected using the CHAOS data acquisition sysThe fission process is very fast compared to the initial EC
tem[23]. Calibrations were performed before the experimentdecay, which means that the fission events decay with the
using a’*?Pb source, which provided 6.062-MeV and 8.784-half-life of the EC parent. The only other nuclide in this
MeV « particles, and &%Cf source was used for fission region with a similar half-life is?**Es, but based on the
fragment energies. The energy resolutigftwHM) of the  relationship betwee®gc and Ppr from Refs.[9,11,14, it
detectors above the wheel was approximately 0.040 MeVshould have a delayed fission probability of only about®,0
while the detectors below the wheel had a resolution of apresulting in a fission rate much lower than we observed dur-
proximately 0.1 MeV due to energy degradation of #he ing these experiments.
particles in the polypropylene collection foil. The fission  Based on the fission fragment energy calibration from the
background was less than one fission per detector per dapontaneous fission 6P°Cf, the mass-yield and kinetic en-
based on background measurements taken prior to the erfgy distributions were determined for all of the coincident
periment. fission pairs. The fission-fragment energy calibrations were
obtained using the method of Schmitt, Kiker, and Williams
IIl. RESULTS AND DISCUSSION [24] using the constants of Weissenbergerl. [25]. The
average neutron emission functia{A), was assumed to be
similar to that of25%Cf, normalized to an average neutron

A total of 48 pairs of coincident fission fragments were emissionv,=2.6 (estimated from systematics in R¢R6]).

detected over the course of the three experiments. Figure Since fission events in the ECDF process are preceded by EC

0.1

Activity (coincident fissions/s)

A. Fission properties and half-life
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Mass Yield (%)

FIG. 2. Pre-neutron-emission mass-yield distribution for the
ECDF of *&s. The fissioning species ®%Cf. The data were
averaged over 5 mass units.

10
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TABLE |. Properties of the measured post-neutron-emission
(postn) and calculated initial pre-neutron-emissigpren) frag-
ment kinetic energy and mass distributions ##Es ECDF and the
252Ct standard measured in the same system. The fission properties

80

T
100

T
120

T
140

Fragment Mass Number

T
160

are for2*Cf, the EC daughter. Energies are given in MeV.

242Cf ECDF 252Cf standard
pren postn pren postn

Average TKE 183 182 180 177
o 18 20 15 12
Most probable TKE 182 181 181 178
o 20 18 14 13
FWHM? 47.0 42.3 32.9 30.6
Light fragment enerdy 78.3 76.8 77.2 76.3
o 9.6 10.3 9.7 9.8
Heavy fragment ener@y 105 102 103 101
o 12 12 8 8
Light fragment mass 104 108
Heavy fragment maSs 138 144

8Full width at half maximum, calculated from 2.@%or Gaussian fit
to the top half of the peak.

bThese represent most probable values.

‘Masses calculated from most probable pre-neutron energies.

preneutron TKE is 18318 MeV. Table | gives a summary

decays, the fission properties measured during the experi’-‘c the kinetic energy and mass properties for the ECDF of

ment are for?*’Cf, the EC daughter. Figure 2 shows the

mass-yield distribution fof4Cf.

The total kinetic energyTKE) distribution for coincident
fission fragments fromd*Cf is shown in Fig. 3. The average

Fissions / 10 MeV

FIG. 3. Pre-neutron-emission total kinetic enef@KE) distri-
bution for the ECDF of*Es. The fissioning species #§°Cf. The

18

T
120

140

160

T
180

data are in groupings of 10 MeV.

200
Pre-Neutron TKE (MeV)

T
220

T
240

260

4%Es, as well as for thé>*Cf standard. Since th&Cf cali-
bration source was on the same kind of polypropylene foil
that was used during the experiments, no correction is ap-
plied for energy degradation of fission fragments through the
foil en route to the bottom detectors. There was also no cor-
rection needed to account for the (@/cn? [11] of KCI
deposited on each foil because the amount of energy lost by
fission fragments as they traveled through the KCI was only
0.2-0.4 MeV[27]. Figure 4 shows the average or most prob-
able TKE versusz?/A' for all known spontaneous fission
and delayed fission isotopes, as well as the empirical fits of
Viola et al.[28] and Uniket al.[29], respectively. The value
for 242Cf follows the trend of TKE values seen in other
ECDF systems.
According to the static fission model of Wilkinst al.

[30] actinides with neutron number greater than 140 should
have asymmetric mass splits until the Fm region is reached.
The heavy fragment in the split should remain nearly con-
stant around either the spherical neutron shelN&t82 or
the deformed neutron shell &t~88. If the heavy fragment

is located at the spherical neutron shell, then the complement
is forced to be highly deformed. In order to maintain Nv&Z

ratio of the fissioning nucleus, the heavy fragment in the
242Ct system A=138) would be nearly spherical witN
=82 (Z=56, 8=0.2), and its complement would therefore
be highly deformed witiN=62 (Z=42, 3~0.85[30].) At
first glance, it seems that the fission GfCf might have a
symmetric component, resulting in two fragments with
=72 and Z=49 because of the proximity to th&=50
spherical proton shell. However, the deformation diagram in
Ref.[30] shows that a neutron number of 72 is not close to

044609-3



D. A. SHAUGHNESSYet al. PHYSICAL REVIEW C 61 044609

240 14
- 259, ]
J Fm\. 20Md 3
230 : -
] 258Fm/. 0 1
- ~ .1 3
. ] Q_‘E E
< 220 =
= ]
S ] & ] /
= g 0014
@ 210 i 3 ¥ Ao,
= 3 2
= 200 & 1
= . = 232
g ] 8 1E-3 < Am /
g 1 Q ] P
A 190 o ] s N
= ] G ] P 238
§ : i Bk
] i 234 /
= 150 % 1E-4 E Am E
<) ] o ] /
° : =
&n v )
< - < 1
5 170 + N P &
> ] j *py PU ®  Spontaneous Fission 1E-5
< ] U & EC Delayed Fission 3
1607 &~y ——— VE. Viola et al.
] e J P, Unik et al.?
0 nik et al. 1E-6 +r—rrrr—rrrr—r e
50t 0 1 2 3 4 5 6 7 8
1300 1400 1500 1600 1700 1800

Electron Capture Q-Value (MeV)
ZZ/A1I3
FIG. 5. Plot of the ECDF probability vs electron-captuge

FIG. 4. The average or most probable TKE Z8/A™ for  yajue for nuclides studied by our research group. The values for
known cases of spontaneous or delayed fission. The solid line is th®2zm and234Am are from Refs[7,8], 222Np is from Ref.[11], and

linear fit of Viola et al.[28] and the dashed line is from Unét al. 238y is from Ref.[19].

[29]. All of the TKE values have been corrected to be consistent

with the calibration parameters of Weissenberggeal. [25]. The number of*Cf « particles detected during the ex-
m£eriment was equivalent to the total number %fEs EC

tion greater than 0.25. This in turn removes the protons fronflecays after making a C(.)m.aCt'oer for the number of EC
the spherical shell, causing the fragment to become morgVeNts that resulted in fissipsince “Cf undergoesr decay

deformed. A symmetric split would therefore consist of two 100% of the time[27]. The Ppr was determined from the
deformed fragments, resulting in an overall lower TKE thanthird experiment because the collections were counted long
in the case of one nearly spherical fragment and one highlgnOUgh to detect’“Cf. A total of 36 fission events and 70
deformed fragment. This is consistent with the highly asym-“*’Cf « particles were detected from all of the MG wheels

any of the calculated neutron shells and prefers a defor

metric mass-yield distribution seen in Fig. 2. during the third experimerithese values were later normal-
ized to the number of samples colleciedhe Py was de-
B. Ppe termined using the equation given in Sec. | wh¥ggpr was

equal to the number of fission events awg: was equivalent

In the « spectra recorded while the wheel was stepping, itt Y : o
. ' o the number of*°Cf « particles plus the number of fission
was seen that“Es at 7.809 MeW(21 9 [27] interfered with events, which gives the total number &FEs EC events.

24 . . . .
itzgte:ésiopoekae% ;2?5'&9, I;?églsggg?nr?ﬁ:s;éedg:; a6¥2EV;/e From these valu_es, Ry of (_).OQGt 0.002 was obtained. Be-
during measurements when the wheel was not stepping. If2Use thea particles and fission fragments were measured
these spectra, we measurd&Cf a decay in the top detectors TOM the same samples, experimental uncertaintie$ebr
after most of the shorter-lived interfering activities had de-2NdNec were equal, and canceled each other out in the cal-
cayed. These interfering activities were produced by the inculation of the Ppe. Variations in beam intensity, target
teraction of the'*N beam with lead impurities in the target, thickness, detection efficiency and yield of the He gas-jet
which formed decay chains of actinium, francium, radon,transport system were small from one collection to another
radium, astatine, and polonium isotop&&Cf has a 3.5-min and were ultimately less than the standard deviation of our
half-life and o energies of 7.385 and 7.351 Md27]. We  measurement. Therefore, only statistical uncertainties in the
neglected the direct production of**Cf via the numbers ofw particles and fission fragments need to be con-
23U(YN, p4n)?42Ct reaction because of its low cross sec-sidered in the determination of tH,. Based on the rela-
tion. ThesPIT code[32] predicts a production cross section tionship betweerPpr andQgc shown in Fig. 5, our value for
for ?*Es of 32 nb using the&33U(**N,5n) reaction at 87 the Ppg of 2*Es seems reasonabféZEs has the large®pe
MeV. Based on information in Ref$13] and[33], we as- of any system where ECDF has been studied, which is ex-
sumed that the cross section for productior?5Cf via the  pected based on its larg@ec of 5.35 MeV.

p4n exit channel was less than 10% of the Bxit channel, The EC toa-branching ratio of*Es could not be deter-
which is well within the standard deviation of oBfr mea-  mined from the experiments because of the interfefigs
surement. peaks. Using*’Cf « particles as an indication of the number
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of ?*Es EC decays and assuming a 100% EC branch ifiects is weaker, which in the case #f°CF causes the heavy
24%Es, the lower limit of the production cross section for thefragment to be more deformed than it normally would be in
233J(1*N,5n)?*Es reaction was measured to be 22 nb at aspontaneous fission. Increased deformation of the heavy
beam energy of 87 MeV. Various experimental uncertaintieragment would result in an overall lower TKE than if the
were taken into account when determining this limit, includ-fragments were more spherical. The TKE values of Viola
ing the yield of the gas-jet system, fluctuations in beam in{28] and Unik[29] in Fig. 4 are greater than the experimen-
tensity, nonuniformity of target thickness, and detection eftally determined ECDF values. The fact that the fits suggest
ficiency. In a future experiment we plan to experimentallylarger TKE values than those measured in ECDF systems
measure the EC branch 8PEs by comparing the number of further implies that the lower ECDF values are due to weaker
24%&s o decays to the number of EC daughters producedhell effects in the fission fragments.

during the experiment. A different production reaction, A Ppg of 0.006=0.002 was calculated from the delayed
which may have a lower production rate but produces fewefission events and the decay of2*’Cf. The line in Fig. 5
interfering activities, would have to be used for this experi-represents a nonlinear least-squares fit toRpevalues that
ment. Knowing the EC branch will make it possible to de-have been previously determined by our research group. It
termine the actual production cross section for the reactiomppears that th€pg is directly dependent on th@gc. As

used in these experiments. the Q value increases, the daughter nucleus is left in an ex-
cited state that is closer to the height of the fission barrier.
IV. CONCLUSIONS Fission barrier heights in this region do not vary greatly with

. i 20 ] neutron numbef17]. Therefore, théPpr must have a strong
L5l CDF_was studied in “**Es produced via the " gependence on th®gc since the fission barrier heights are
U(*N,5n)**%Es reaction using 87 Me\on targel “N. 1ot varying greatly. A largeQgc means that the daughter
The fission properties and half-life were measured using oUpcleus has a better chance to overcome its fission barrier,
rotating wheel detection system. The half-life was measureghereby increasing the probability that it will undergo fission.
to be 11=3 s and was based on more events than previouslgince thePp. is a measure of probability, it can never be
Eiported values. The mass-yield distribution for ECDF Ofgreater than one. Future experiments will try to determine
’Es was predominantly asymmetric as expected for lowthe shape of th® ¢ function in Fig. 5 at highe® values. By
energy fissi(_)n_in this region. Based on the defo_rmation_ diarooking at systems with even largérvalues, we will be able
grams of Wilkinset al. [30], the heavy fragment in the fis- 5 getermine whether this function keeps increasing toward a

sion of 242Cf is most likely nearly spherical, forcing the value of one, or whether it levels off to some maximeg:
complementary light fragment to be highly deformed. value.

The average pre neutron emission TKE of the fission frag-
ments was 183 18 MeV. As shown in Fig. 4, the TKE val- ACKNOWLEDGMENTS
ues measured for ECDF systems are all lower than those
reported for spontaneous fission isotopes. This may be due to The authors wish to thank the staff and operators of the
the delayed fission process, which can impart excitation en88-Inch Cyclotron at Lawrence Berkeley National Labora-
ergy to the fissioning species up to the enfevalue[31].  tory for their assistance in providing the irradiations. This
Excitation energy tends to wash out shell effects in the fragwork was supported in part by the Office of High Energy and
ments[34], which are normally very strong in the case of Nuclear Physics, Division of Nuclear Physics, U.S. Depart-
spontaneous fission. Therefore, the influence of the shell efnent of Energy under Contract No. DE-AC03-76SF00098.
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