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California. The views and opinions of authors expressed herein do not necessarily state or
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Abstract

We have studied the elef;tron-capture-dela,yed fission (eDF) of **Am. The
half-life of *Am was determined to be 2.32 £ 0.08 minutes and the mea-
sured ratio of delayed fissions to plﬁtonium K x-rays was (2.2 £0.6) x 107*.
The observed fissions Weré unequivocally assigned to ah EC-delayed fission
prvocess in americium by coincidence measurements between the K-capture

x-rays and the subsequent fission.

This work was supported by the Director, Office of Energy Research, Division of
Nuclear Physics of the Office of High Energy and Nuclear Physics of the U.S.
Department of En‘ergy under Contract DE-AC03-765F00098.



Delayed fission is a nuclear decay process in which a decaying nucleus
populates excited states in its daughter nucleus, which then fission. These-
states can be above thé fission bé,rrier(s) of the daughter (yielding prompt
fission), within the second well of the potential energy surface (a fission shape
isomer), or within the first well of the potential energy surface (an electro-
magnetic isomer), as illustrated in Figure 1. This decay mode is believed to
influence the production of heavy elements from mﬁltiple ne;1;cron capture
processes [1,2,3,4] followed by décay, such as the astrophysical r-process’
and nuclear weapons tests [5,6]. Del.ayed-ﬁssion processes may also pjx;ovide
a sensitive probe of fission .bayriers in the ‘heav_y element region (7).

Experimental observations of fission tracks from EC-d‘elayed fission (¢DF)
were first reported [8,9] in the light americium and neptunium isotopes as
early as 1966. In 1969, Berlovich and Novikov [10] noted that the nuclei
in question met the conditions required for delayed fission, although the
observed fissions were not specifically attributed [11] to delayed-fission pro-
cesses until 1972. Habs et al. [12] observed fissions which they attributed to
eDF in 232Arr‘1 in 1978. Gangrskii et al. [13] have reported delayed fission in
several neutron-deficient transcurium nuclei,"aln‘d v‘an eDF brahéh:has been
tentatiyely assigned [14] to 2*?Es. Recently, eDF has been reported [15] in
the region of 18°Hg. »

However, there have been no measurements of the time-correlation be-
tween the EC decay and the subsequent fission of the aaughter. All reports
of ¢eDF have assigned the observed fissions to this decay mode by inference,

using fission half-life systematics to rule out spontaneous (ground-state) fis-
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Figure 1: Schematic illustrafion_of the delayed-fission process.



sion of the parent. We sought to study a presumed delayed-fissile nucleus
in sufficient detail to measure its fission propérties and to verify directly the
EC-deléyed-‘ﬁssion hypothesis. | |
- 234 Am (t1/2 = 2.6 min [11,16]) was chosen for this'study, and was produced
by irradiating multiple >*’Np targets [17] with 70-73 MeV -« particles from
the LBL 88-Inch Cycldtron. The recoiling reaction products were swept away
from the targets with a KCl/He-jet, and transported to various collection
sites for subsequent measurements. The use of multiple targets allowed the
production of é large number of fission events, permittinig us to measure the
fission properties of i34Am and to measure the time correlation between the
plutonium x-rays from K-capture in 2**Am and the subsequent fission of the
284Dy,
From on-line data taken with our 1‘Qtdting-wheel system and from radio-
chemical data, we measured the fission properties of this decay mode. The
half-life of 2*4Am was found to be 2.32 £ 0.08 minuteé. The delayed-fission

probabilty was determined to be (2.2 :0.6) x 10~* from the measured ratio

of fissions to plutonium I x-rays, assurning the contribution to the K x-ray

intensity from internal conversion is neghgxble and the K/L capture ratio in
234Am is very large. Based on 1188. observed c01nc1dent fision fragments the
mass division of the **Am £DF mode was. found to beu'l.nghly. asymmetric,
with a total kinetic energy of 175 &+ 5. MeV. Thésé mea“surements will be
discussed in more detail in a cor’npleté paper (18] to follow this Letter.

The time correlation between EC and fission was measml”ed using aerosols

collected directly frofn‘ the KC1/ He-jet. transport system without any chem-



ical separation. The aerosols were collected on a tantalum foil and, after a
collection interval of four minutes, the foil was placed before a light-tight
transmission-mounted 300-mm? silicon surface barrier (SSB) detector oper-
ated in air. The SSB detector and foil were sandwiched between two germa-
nium v detectors.

Since low-energy fission is typically accompanied by about 10 prompt
rays [19,20], a high overall 4 detection efficiency would cause many of the true
K x-ray events to sum with these prompt + rays and be recorded at a too high
an energy. This diminishes the efficiency for the K x;ray photopeaks. On the
other hand, too low an overall v efficiency would also reduce the efficiency for
detecting the x-ray, and hence the x-ray-fission correlations. By measuring
the prompt v réys from spontaneous fission of a source of 252Cf, the distance
between the v detectors and the sample was adjusted to bring the summing
rejection level to 50% in each detector. As long as the v multiplicity of the
2%4Am eDF is not grossly different than that of ?52Cf, this would maximize
the number of detected x-ray-fission correlations. In the final configuration,
each detector subtended a solid angle of about 6.7% of 4w, giving a 50%
summing rejection level. This resulted in an overall correlation detection
efficiency (using both detectors) of 6.7% for each detected fission.

The signal from the SSB detector provided a common start for two elec-
tronic time-to-amplitude convertors (TACs). The stop signals for the first
and second TACs were provided by the first and second v detectors, re-
spectively. The time windgw on the TACs was :I:SOQ ns. Calibrations were

obtained using the prompt v rays from the fission of ?2Cf and the v rays in



Table 1: Observed and expected x-ray intensities from the correlated x-
- ray-fission data. Expected x-ray intensities are taken from the Table of
Isotopes. [21]..

X-ray E/keV Iiheo No. Observed® Iobs
PuK,, 9955 0299 4  0.15+0.08
PuK,, 103.76 0.479 14 0.54 + 0.18
PuKsy 1169 0.162 7 0.27 + 0.11
PuKgy 1206 0.060 1 0.04 + 0.04

*Approximately 6 + 3 of these events are due to the continuum of prompt ~
rays from fission.

coincidence with the « particles from the decay of *°Cf. The timing reso-
lution of the TACs was ~25 ns full-width at half-maximum (FWHM), and
the énergy resolution of the v detectors was ~1.5 keV FWHM for the Pu K
x-ray region. Upon detection of a fission event in the SSB detector, the am-
plitudes of the pulses (if any) in all detectors and the TACs were measured
and recorded, along with the time at which the event occurred. The start
and stop times of the measurement of each sample were aﬁls‘o recorded.
Approximately 1000 samples -were collecfed an.d.me-aévﬁred in this- maﬁner
in a forty hour irradiation. Figure 2 shiows the xray and 7 »spectr'urn of those
events in prompt coincidence with thé fission signal.. Observed and expected

x-ray intensities for plutoniﬁm are given in Table 1.

.
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Figure 2;: X-tfay-fission correlation results. A: X-rays and + rays in coinci-
dence with delayed fission from 2*Am. B: An idealized plutonium K x-ray
spectrum, based on the measured detector resolution and an expected prompt
v-ray continuum. C: The liklihood function for the position of the ideal spec-
trum (B) in the data (4). In C, the liklihood is plotted as a function of the
K41 position of the ideal spectrum. From the liklihood functions, the K
energy was found to be 103.6 + 0 5 keV and the total number of K x-rays
was found to be 19 + 5.



No evider-lce was observed for fission delay times' longer than the timing
resolution of the experiment, about 25 ns. The facf that plutonium x—‘rays
can be seen requires that the lifetime of the fissioning state be lo,nger_,th_an the
time it takes the orbital electrons to cascade d;)wn and fill-a K-vacancy. The
time required for this is on the order of 10~!7 seconds [22]. We can therefore
set limits on the half-life of the fissioning state(s) of 1078 ns < tp <25 ns.
" If the nucleus is heavily damped in the second well (i.e. tunnelling proceeds
fhrough the inner fission barrier and the nucleus then + decays to the lowest
state in the second well before fissioning), these limits are also limits on the
hfetxme of the shape isomer 224/Pu. This is con31stent with other plutonlurn
fission isomers, which have half-lives on the order of 20-40 ns [21].

"The .fiss,io“n-’yi coincidence data in :Figufe 2 also show what appear to be

photopeaks at about 112, 126, 147, 1.68, and 185 keV. Alt'hoﬁgh the counting

statistics for these photopeaks are poor, prompt + rays from fission fragments

do not display such structure [19]. It is possible that these v rays are a

result of v deexcitation of levels of ***Pu in the second well If this is the_

case, the correlation of these v rays supports the hypothes1s that nuclear
_ motion in the second well is strongly damped. Unfortunately, the lack of
7—7-ﬁssion coincidénce data precludes constructiﬁg a level scheine for 24/ Py.
However, x—ray——'y~ﬁs51on comcxdence from delayed ﬂss1on should prov1de
a unique probe for studymg the level structure of the shape isomer. Such a
measurement might bést be done with a high efﬁaency multlple ~-detector
array such as the proposed. GAMMASPHERE [23]. |

Our measurement of x- ray—ﬁssmn correlatlons in the decay of 2’3“Am un-
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equivocally proves that this decay mode is indeed EC-delayed fission. This is
the first eDF process for which direct proof has been obtained. The only other
time-correlated measurement of a. delayed—ﬁﬁsio.n process is for -delayed fis-

sion of 2%6mEs [24].
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