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The exotic decay process of beta-delayed fission (SDF) has been studied in the neutron-

deficient isotope 23°Am.

The 2°Am nuclei were produced in the complete fusion reaction

207ph (27 Al,dn)* Am and separated by using the GARIS gas-filled recoil separator. A lower limit
for the SDF probability Pspr(**°Am)>0.24 was deduced, which so far is the highest value among
all known SDF nuclei. The systematics of BDF in the region of ?** Am will be discussed.

I. INTRODUCTION

Beta-delayed fission (SDF) is a rare two-step nuclear-
decay process in which the parent nuclide first undergoes
B decay (87 /EC or 87) populating excited states in the
daughter nucleus. If the excitation energy E* of the pop-
ulated states is comparable to, or even higher than the
fission barrier height By of the daughter nuclide, then
fission may happen instantaneously in competition with
gamma and/or particle emission. The observed half-life
behaviour of fission events in SDF is determined by the
half-life of the feeding (-decaying parent nucleus. Up to
now, 28 SDF nuclides are known, all of them being odd-
odd, see the references in the recent review [1] and the
study of 249Es,?*0Bk in [2]. An important experimental
quantity is the SDF probability, which is defined as the
ratio of the number of BDF decays, Ngpr, to the number
of 3 decays, Ng, of the parent nuclide:

N,
Psprp = ]BV’ZF- (1)

Beta-delayed fission was discovered in the neutron-
deficient isotopes 23%#*4Am in Dubna in 1966 [3]. These
nuclides were further studied in more detail in follow-
up experiments in Dubna [4], Berkeley [5, 6] and
Karlsruhe [7]. Though different experimental techniques
and analysis assumptions were used by Kuznetsov et

al. [4] (Dubna, 1967) and Hall et al. [6, 8] (Berkeley,
1990) in their respective studies of 2**Am, very compa-
rable values of Pspr(***Am) were deduced, see Table 1.

The isotope 232Am was studied in three experiments,
which reported three very different Pspr values, see Ta-
ble I. The groups from Dubna [3] and Berkeley [5] used
the same experimental techniques and assumptions as for
their respective studies of 23*Am. However, the Dubna
group reported a Pgpr(**?Am) value which is 100 times
larger than that deduced by the Berkeley group. Fur-
thermore, the Dubna result is ~5 times higher than a
measurement undertaken by Habs et al. in Karlsruhe
in 1978 [7]. The reason for such a large difference be-
tween three measurements of Pgpr(**?Am) is as yet
unknown. It should be noted that the value obtained
by the Berkeley group [5], being the lowest of three, is
thought to be the most accurate, see discussion in [1].
However, for the consistency of the discussion, all three
values of Pgpr(?*2Am) have been plotted in Fig. 1,
which shows the measured Pgpr values as a function
of the Qgc(Parent)-By(Daughter) difference. Here, 13
nuclides with ‘reliably measured’” Pgpr values, as eval-
uated by Ref. [1], were used, with an addition of two
recently reported values for *°Es and 23¢Bk from [2].
Figure 1 shows an overall linear dependence of log(Pspr)
on the Qg (Parent)-By(Daughter) difference. However,
a caveat should be mentioned here that the plots of loga-
rithmic Pgpr values (and the partial SDF half-life values



EC/B" decay Parent Qrc Daughter By Qrec — By EC/B* branch Ty 2 (precursor) Pspr
(MeV) [9] (MeV) [10] (MeV) (%) (min)

Z4Am — 1Py 4.12 3.83 0.29 ~ 100 [6] 2.32(8) [6] ~ 6.95 x 107°, Dubna [4]
6.6(18) x 10~°, Berkeley [6]

B2Am — 232py 4.88 3.23 1.65 ~ 97 [5] 1.31(4) [5] 6.96 x 1072, Dubna [3]

(1.3%5 5) x 1072, Karlsruhe [7]

6.9(10) x 10™*, Berkeley [5]

20 Am — 230py 5.68 3.07 2.61 ~100 0.52, this work™ >0.24, this work

TABLE I. Calculated QEc values for electron capture and fission barrier heights, By, for SDF of 280,232,234 Ay (from Ref. [9]
and [10], respectively). Literature Pspr values for 32234 Am and our experimental lower limit for *° Am are given in the last
column. *The weighted average of measurements from this work and GARIS [11], see text.

‘IEHHHHHHHHHH‘HH‘HH‘HH‘%
F 240 3
10-1;— Es ¢ 230Am é
§ 200f, f /?236Bk §
2l 242p . _
10 E [l 23251, / E
Lé_ 103;7 23gBk E178T| —;
[a E 228 3
r 246 244pg P n
104 S [ L] 23fAm =
g 196 . 3
F 1807, ]
10°= 248 E =
F 240 3
1P i AN RN VRN RN AN AR A A
10 4 3 =2 1 0 1 2 3
Q.. - B, (MeV)
FIG. 1. Experimental Pspr values as a function of the

Q ec(Parent)-By(Daughter) difference. Calculated Qec and
By values are taken from Ref. [9, 10], using the Finite-Range
Droplet Model (FRDM) and the Finite-Range Liquid Drop
Model (FRLDM), respectively. Three values of Pspr for
232Am are presented (see Table I), the value of Pspr for
230 Am is from this work.

T4/, 3pr, which can be obtained from Pspr, see [12])
can show somewhat different, but still linear, trends if
one uses different models to estimate (Qpc and By val-
ues, see the discussion of Fig. 12 in [1] or Fig. 4 of [12].

The very neutron-deficient isotope 23°Am is expected
to possess one of the largest differences of Qg (Parent)-
Bj(Daughter) ~ 2.61 MeV for SDF nuclides, see Table I
and Fig. 1. By using the Pgpp for **?Am obtained
in Berkeley and extrapolating Pspr(**2234Am) data to
239Am in Fig. 1, a value of Pspr(**°Am)~ 1072 (~1%)
can be estimated. However, in the case of using the much
higher values of Pspr(?3?Am) from Karlsruhe or Dubna,
a much higher extrapolated probablity of Pspr(**°Am)
would be obtained, approaching 100%. Therefore, a mea-
surement of Pspr(?3YAm) would allow a better insight
into the systematics of SDF in this region of extremely
neutron-deficient nuclei.

In an earlier experiment at GARIS (coupled to the
gas-jet system), aimed at the identification of the new
isotope 234Bk in the reaction 97 Au(*°Ar,3n)?**Bk, six
fission events following o decays of 23*Bk were reported,
and a suggestion was made that these fission events could
be due to the SDF of 23°Am [11]. We note that no « de-
cay of 220Am was observed in the GARIS study, which
allows a first experimental determination of the S-decay
branch of 2°Am as bg(*3°Am)>90%. This estimate is in
agreement with a value of bg(***Am)~75%, which was
calculated using a predicted partial S-decay half-life of
42.3s from Moller et al. [13] and the total half-life of
Tyo (30Am) = 321%2 s, determined from six fission events
in Ref. [11]. A particular limitation of this work with re-
spect to fission measurements was that due to the exper-
imental method used, no fission fragment energies could
actually be measured, and only ‘high energy’ saturated
signals were registered for events above 20 MeV, see de-
tails in Ref. [11].

Therefore, we decided to undertake a dedicated ex-
periment to study possible SDF of 23°Am by directly
producing this isotope in the complete fusion reaction
207Ph(27Al,4n)**°Am.  Due to the direct production
(rather than via the o decay of 2**Bk) a higher produc-
tion cross-section could be expected.

II. EXPERIMENTAL SETUP

In the present experiment, a beam of 145-MeV 27Al
ions was delivered by RILAC, at RIKEN. The beam was
provided at an intensity of 0.5-1.5puA (where 1 puA=
6.24 x 10'? particles/s) for 6 days. Three modes of beam
pulsing were used, with the ‘beam ON/beam OFF’ in-
tervals of 40s/40s, 5s/5s and 20s/60s. These modes
represent 20%, 31% and 49% of the data collection peri-
ods, respectively.

The rotating 2°"Pb target was installed in the gas-filled
target chamber of the GARIS separator with the helium
gas at a pressure of 0.5 mbar. The use of a differential
pumping system in front of the target chamber avoided




the need of an extra window to separate the high vacuum
of the beam-transport system and the helium-gas filled
separator. This allowed the use of the higher beam in-
tensities and to reduce the 27 Al beam scattering. Sixteen
207Ph target segments were mounted onto a rotating-
wheel target frame. The thickness of the targets ranged
from 340 to 430 ug/cm?, the carbon target backing had
a thickness of 60 ug/cm?. The target wheel rotated at
3600 rpm.

The reaction products of interest recoiling out of
the target (hereafter called ‘recoils’) were separated by
GARIS from the primary beam and unwanted back-
ground products such as scattered target recoils and
transfer reaction products. GARIS consists of four mag-
nets in D1-Q1-Q2-D2 configuration (further details pro-
vided in Ref. [14]), with Bp set to 1.8 Tm in this work.
The detection chamber, situated at the focal plane of
GARIS at a distance of 6.16 m from the target, was sep-
arated from the gas-filled volume of GARIS by a 0.5-pm
thick Mylar foil and evacuated down to 10~% mbar.

For the measurements in the 40/40 s and 5/5 s ‘beam
ON/beam OFF’ modes, the separated recoils passed two
time of flight (TOF) detectors, each consisting of a 0.5-
pm thick mylar foil with an effective area of 78 mm in di-
ameter. Signals were obtained from secondary electrons
which are emitted when ions pass through the foils, and
are collected by microchannel plates. After passing these
TOF detectors, recoils were implanted into a position-
sensitive silicon detector (PSD), with a total area of
58 x 58 mm? divided in 16 longitudinal strips. Upstream
of the PSD, four unsegmented silicon detectors, also with
an active area of 58 x 58 mm?2, were mounted in a ‘box’
configuration. These detectors, hereafter called ‘BOX
detectors’, were used to measure the energies of o parti-
cles and fission fragments escaping from the PSD in the
backward direction. The signals from the TOF detectors
were used to distinguish decay events in the PSD and the
implantation events, by requiring an anticoincidence con-
dition between the signals from the PSD and from at least
one of the TOF detectors. The same PSD-BOX detec-
tion system was exploited in the measurements with the
20/60 s beam pulsing mode, but no TOF detectors were
used. The combined PSD-BOX detection efficiency for a
particles or double-fold fission events was €, = e(double-
fold FF)= 85% [14].

The energy calibration of the PSD and of the BOX de-
tectors in the region of fission fragments with energies of
up to ~ 150 MeV (see below) relied on the extrapolation
of the calibration based on «a decays of 21 At and 2!'Po
isotopes (with energy 5869.5(22) and 7450.3(5) keV, re-
spectively [15]), produced in the same reaction after a
few-nucleon transfer on the 2°7Pb target. The energy
of the initial 27Al beam leaking through GARIS with
low intensity was also used as a calibration point, af-
ter accounting for the energy losses in the target, TOF
and other foils. This procedure does not account for the
pulse-height defect for fission fragments being measured
by the silicon PSD and BOX detectors, this issue will be

discussed further in the text. A typical energy resolution
for a particles measured only by PSD varied between the
strips in the range of 34 to 105 keV (FWHM) at 7450 ke V.

III. EXPERIMENTAL RESULTS

A. Beta-delayed fission of > Am
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FIG. 2. (a) Total energy spectrum in the PSD in the reac-
tion 2°"Pb(*"AL4n)**°Am. The peaks are described in the
text. (b) The same as (a), but within ‘beam off’ interval
(either 40, 5s or 60s, see text), and with a TOF anticoinci-
dence condition when the TOF detectors were used. (c) Two
dimensional BOX vs. PSD spectrum, with the same gating
conditions as (b). A threshold condition, that Egox > 2 MeV
and Fpsp > 2MeV, has been applied.

Figure 2(a) shows the total energy spectrum of
all events registered in the PSD in the reaction
207Ph(27Al,4n)*°Am at the beam energy of E(*7Al)=
145MeV in front of the target. A few groups of events
can be distinguished in the spectrum. The highest energy
group corresponds to the ‘full’ energy 27 Al beam projec-
tiles ‘leaking’ through GARIS with low intensity. The
broad structure around and below ~30MeV corresponds
to the scattered target-like nuclei and target-like transfer
products. The broadly-distributed structure with the en-
ergy in the range of (40-140) MeV is due to lower-energy
scattered 27 Al ions. The « decays of the implanted recoil
nuclei and their daughters are seen at Epgp < 9MeV.
The reason for the low-intensity peak at ~95 MeV is not
clear, most probably it could be some beam contaminant
with a similar A/q ratio as of the 27 Al beam.

Figure 2(b) shows the same spectrum as Fig. 2(a),
but registered only during the ‘beam off’ time intervals,



which corresponds to either 40s, 5s or 60s, depending
on the mode of beam pulsing used. An extra 5ms is ex-
cluded from the start of the ‘beam off’ interval, to further
suppress beam and beam-like products to be registered
in the PSD after the beam is switched off. An anticoin-
cidence condition between the signals from the PSD and
from at least one of the TOF detectors was additionally
required for the data collected in the 40 s and 5 s ‘beam
off” modes, when the TOF detectors were still exploited.
Therefore only decay events should be present in this
spectrum. Indeed, the beam and recoil/transfer product
peaks disappear, but a number of counts above 20 MeV
are still present.

Here we note that we are aware about a small contami-
nation of the GARIS target chamber with the 243Cm tar-
get material, used in some of the previous long-running
experiments aimed at the production of superheavy el-
ements. ¥Cm is a long-lived (Ty2 = 3.5 x 10°y)
isotope with a spontaneous fission branching ratio of
bsr = 8.39 %. The total kinetic energy release for fission
fragments is TKE(**#Cm)=182.2MeV, with the most
probable energies for light and heavy mass peaks of 103.4
and 78.7MeV, respectively [16]. The fission fragments
from 2**Cm can pass through GARIS with some proba-
bility and be registered in the PSD as single-fold events,
producing some of the high-energy events in the region
above 20 MeV and up to ~100 MeV in Fig. 2(b). To
quantify this, two dedicated background measurements
were performed with no beam on the target. In the
first measurement, the valve between the target cham-
ber and GARIS was closed, thus no fission fragments
from 248Cm could reach the PSD. In this mode, within
215 hours of measurements, a single double-fold event
with energy of Epsp = 18 MeV, Epox = 43 MeV was
observed. In the second measurement, the valve be-
tween the target chamber and GARIS was open, allowing
248Cm fission fragments to pass through GARIS and to
be registered in PSD. In this mode, within 55 hours of
measurements, 81 single events in the energy range of
Epsp = 20 — 100 MeV were observed, with no events
above 100 MeV. Based on the above data, we can con-
clude that the region of 20 — 100 MeV in Fig. 2(b) can
contain the fission events from both SF of ?*3Cm and
from BDF of 2°Am (see below). In contrast to this, no
events from 2**Cm should be present above 100 MeV in
Fig. 2(b), where only the events from BDF of 23 Am and
from any remaining ‘leaked’ 27Al can occur.

Despite the presence of the aforementioned back-
ground, the unique distinction between the single-fold
background fission events due to 2*¥Cm (also the ‘leaked’
2TAl beam) and the BDF of 2*°Am can be done via
the detection of prompt double-fold PSD-BOX events
with large energy deposition (see below). This method
provides an unambiguous selection of fission fragments,
emitted back-to-back in the SDF of 23Am nuclei im-
planted in the PSD. The two-dimensional Fgox — Epsp
spectrum corresponding to events in Fig. 2(b) is shown
in Fig. 2(c). An energy condition of Fgox > 2MeV
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FIG. 3. Time distribution of twelve double-fold fission events
collected in the 60 s ‘beam OFF’ time interval of the 20/60s
beam pulsing mode measurements, with an exponential fit
shown by a dashed line.

and Epgp > 2MeV was applied to eliminate random co-
incidences with low-energy background events and elec-
tronics/detectors noise. A total of 19 double-fold fission
events with Epgsp > 50MeV were detected, which, as
shown in Sec. IIT B, should be attributed to the SDF of
230 A .

An estimate of the total kinetic energy release,
TKE(?*Pu), could be done by summing the measured
PSD+BOX energies for these nineteen fission events. In
such a way, an ‘apparent’ TKE(?3°Pu)~ 146 MeV was
obtained. However, the detectors’ calibration procedure
used (based on «a particles and 27 Al beam) does not ac-
count for the pulse-height defect of fission fragments in
the silicon detectors and also their energy loss in the dead
layers. As shown in the previous work at the SHIP ve-
locity filter (Ref. [17], for example), this effect can be as
high as 20 to 50 MeV and depends on the implantation
depth [18, 19]. In the present study a similar calibra-
tion procedure was used, based on the measurements of
the ‘apparent’ TKE values for the fission fragments from
the spontaneous fission of 2°2No (produced in a separate
experiment at GARIS) as a function of the implanta-
tion depth and comparing them to the tabulated TKE
value [20]. A respective energy correction of 24(14) MeV
was deduced in our study, which, after summing up with
the ‘apparent’ TKE value mentioned above, resulted in
the full value of TKE(?*°Pu) = 170(20) MeV. This value
is ~10 MeV lower than the expected value of TKE = 180
MeV following the Viola systematics [21], but is still in
agreement within a rather large uncertainty of our mea-
surement.

To deduce the half-life of 22°Am, the data from the
20/60s ‘beam ON/beam OFF’ measurements were used.
Fig. 3 shows the time distribution of 12 double-fold fis-
sion events observed within the 60 seconds ‘beam OFF’
interval, together with a fit with an exponential function.
The resulting half-life T} />(**° Am) = 3613° s agrees with



a value of T/, = 32‘_%2 s deduced in Ref. [11], based on
6 observed fission events. By combining the data from
both experiments, a value of T} (***Am) = 367} s was
deduced.

A production cross-section of ~540pb was deduced
for the production of 23°Am in the reaction channel
207Ph(27Al,dn)*°Am at the beam energy used in this
study. A calculated GARIS transmission efficiency of
20% was used to derive this value.

B. Assignment of fission events to SDF of 2°Am

First we will discuss the assignment of the 19 observed
fission events to (-delayed fission of 23 Am rather than
to its spontaneous fission (SF) decay. This was done
based on systematics of SF half-lives and hindrance fac-
tors, as described, for example, in the reviews by Hoffman
et al. [22] and by Heflberger [23] and references therein.
As shown in Fig. 17 in Ref. [23], spontaneous fission in
odd-A nuclides is typically hindered by a large factor of
103 — 10° relative to their even-even neighbours. This
hindrance is believed to originate due to the so-called
‘specialization energy’ [24] arising from the spin/parity
conservation for the odd nucleon in the fission process.
It is furthermore expected that the SF hindrance factors
for the odd-odd nuclides can be approximately estimated
to be the product of the hindrance factors for the odd-
neutron and odd-proton neighbours. Indeed, as reviewed
in Refs. [22, 23], hindrance factors in excess of 10° were
reported for a number of spontaneously fissioning odd-
odd isotopes in the trans-uranium region.

A qualitative estimate for the expected SF half-life of
Z0Am could be done in the following way: the closest
even-even nuclide with a known SF decay is 2**Cm [23,
25] which has a half-life of 51(12)s, comparable to that
of 220Am. The evaluated partial SF half-life is ~ 1500s
[23, 25]. By applying a hindrance factor of 10°, a partial
SF half-life of ~ 10% s would be deduced for 23°Am, which
in turn would result in a negligible SF branch, based on
the comparison to the measured half-life of 239 Am.

To further confirm our assignment, we mention that
none of the lower-Z elements, which could be poten-
tially produced in any evaporation channel (pzn or aan)
of the reaction used or in any transfer channel on the
lead target, has a SF decay with a half-life compara-
ble to our experimental value. Furthermore, the only
possible candidate for ADF with lower-Z value - 22*Np
has a Pgpr =2.0(9)x 10~ [26], which combined with its
strongly reduced production in the a2n channel (see next
section) excludes this isotope as being the source of the
observed SDF activity in our study. Finally, the fact
that the same activity seems to be produced in a differ-
ent reaction in the earlier experiment at GARIS [11] adds
another confirmation to the correctness of our identifica-
tion.

C. Evaluation of Pspr(***Am)

In our work, the Pspr(**°Am) was deduced from the
data collected in the 60 s ‘beam-off” interval in the 20/60s
beam pulsing mode. By definition (see Eq. 1), the SDF
probability for 22°Am can be calculated from:

NﬁDF(QSOAHl)

P 230Am _ PPN T
5DF( ) N5 (230Am)

(2)

where Ngpr(?3°Am)= 12 is the number of observed
double-fold fission events and Ns(***Am) is the number
of B decays of 22 Am which occurred in this mode.

The number of 8 decays of 23°Am cannot be mea-
sured directly in our experiment, but by definition it is
equal to the sum of the number of SDF events of 239 Am,
Ngpr(*39Am), and the number of the daughter 23°Pu
nuclei, N(?39Pu), see Eq. 3(a), after proper corrections
for respective detection efficiencies and branching ratios,
where needed.

Ng(3%Am)= Ngpr(**°Am) + N (?3°Pu) (a)
= Nopr(P0Am) + Folmit) ®) (3)

Noo (230Pu—2267
= NBDF(23OAm)+—bQ(23((JPu)>1<lea><0.9)4 (¢)

The N(?°Pu) value is deduced from the number of
observed « decays of 230Pu, N,(*3°Pu), corrected,
as shown in Eq. 3(b), for the a-decay branching ra-
tio ba(**°Pu).  An upper limit for the latter was
experimentally and model-independently deduced as
b (339Pu)>73% in Ref. [25], it will be further used to
calculate the value of P3pr(?*°Am). In passing we note
that a comparable value of b, (?3°Pu) =84% was evalu-
ated in [27] by using the calculated S-decay half-life (no
uncertainty was given in the original paper).

In our work, the number N, (?*°Pu) was determined by
searching for time-position correlated o decays of 23°Pu
with the energy of 7.06 MeV with the known « decays of
its daughter isotope *°U (T} /2=260(10) ms), similar to
studies [25, 27, 28]. By exploiting both PSD and BOX
detectors (thus also adding up the PSD+BOX signals for
the ‘escaping’ particles), Nyq(?*°Pu-226U)= 22 correla-
tion chains were observed, marked as group A in Fig. 4.
This value was then used in Eq. 3(¢). The applied energy
window for a decay of 226U included both the g.s.—g.s.
(7.560 MeV, 86(3)%) and g.s.— 27 (*2Th) (7.384 MeV,
14(3)%) a-decay branches, thus no additional correction
was needed. The factor of 0.94 in Eq. 3(c¢) accounts for
the fact that only the correlation interval of 4 half-lives
was used for Fig. 4. The factor of ¢, = 0.85 accounts
for the efficiency of measuring a two-member a-a corre-
lation chain 22°Pu—226U. We note that we also observed
further correlations to grand-daughter 222Th (E, =7.98
MeV, T ,,=2.24 ms), see e.g. the groups B and C in
Fig. 4. The correlations with the follow-up decays of
218Ra and 2'“Rn were also registered, often leading to
higher-energy pile-up events, due to the very short half-
lives of these isotopes (25.6 us and 0.27 us, respectively),
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FIG. 4. (Color online) a-a correlation plot, created for the
time interval AT (a-a)<1 s and position window of AX (a-
a)<2 mm. The groups originating from the decay of ***Pu
are labeled with symbols A, B,C. Group D represents the
random self-correlations between the 7.45 MeV « decays of
211pg, abundantly produced in a transfer reaction channel on
the 2°"Pb target.

see e.g. Fig.l of [28]. These events are not shown in

Fig. 4 solely for the sake of the simplicity of this figure.
Finally, by combining Eq. 2 and Eq. 3¢, the

Pspp(**°Am) can be calculated as shown in Eq. 4.

N DF (230Am)
g o (230Pu—2260)) (4)

PﬁDF (230Am) =
Ngpr(**0Am) + ;- ttpryv w091

The application of Eq. 4 relies on the assumption that
the direct production of 23°Pu via the p3n evaporation
channel of the 27Al+2°7Pb reaction is about a factor
of ten lower than the production of 23°Am, which was
estimated by using statistical model code HIVAP [29].
Therefore, most of a-decay chains of 23°Pu observed
in the data should originate after 23°Pu was produced
via the EC/BT decay of 23°Am. Due to this, the
Noo(?*°Pu—226U) number was reduced by 10% due to
the possible direct production of 23°Pu in the reaction
rather than after 8 decay of 22CAm. Finally, a lower limit
of Pspr(?3°Am) > 0.24 was deduced by using Eq. 4.

We note that no correlated a-decay chains of the type
230 Am—225Np were observed, which establishes that the
B-decay branch of 23° Am is indeed close to 100% (shown
in Table I), in agreement with the estimates given in
Section I.

Based on HIVAP calculations we also estimated that

the production cross-section in the axn channel is lower
by a factor of 5 relative to the xn channel. Due to a
broader angular distribution of products in the axn chan-
nel, it will be further suppressed by the entrance aperture
of GARIS, in comparison to the zn and prn channels.

IV. DISCUSSION

The deduced Pzpp(**°Am) value is the highest so
far among all ‘reliably’ measured SDF probabilities,
as defined in Ref. [1], see also Fig. 1. With the
present measurement, the chain of americium isotopes
230,232,234 Ay becomes the third one for which more
than two isotopes with the measured Pspp values are
known, the other chains being that of five einsteinium
nuclides 240:242,244,246.248 5 anqd of three berkelium iso-
topes 236:238240Bk  This figure also demonstrates that
while the three Pgpp values for 230,232,234 Ay follow the
overall increasing trend (as a function of Qg (Parent)-
By (Daughter) difference) of other nuclides, the 23°Am
value is somewhat higher in respect of the linear extrap-
olation (from a semi-logarithmic plot) from 232:234Am
values. However, as mentioned in Sec. I, a value of
Pspp(*3°Am) ~ 0.01 would be extrapolated if one uses
the Berkeley data for 232Am, while much higher values
would result if either Dubna or Karlsruhe data were used.
This discrepancy for 22°Am may imply that the Berke-
ley value for 232Am could be underestimated, while the
measurements by Dubna or Karlshruhe groups could be
more accurate.

It is also interesting to note in Fig. 1 the difference
in the overall trends of the Pgpr values for the chain
of the Es and Bk isotopes on the one hand, and of the
Am isotopes on the other hand. Indeed, one notices a
similar slope for the Es and Bk values. In contrast to
this, the Am isotopes demonstrate a very different slope,
irrespective of which value is taken for 232Am. A possi-
ble reason for this difference could be the fact that most
of data points for the Es and Bk isotopes have negative
Q Ec-Bjy values, leading to predominantly sub-barrier fis-
sion. The latter is mostly determined by the barrier
penetrability, thus is expected to have a linear depen-
dence on the Qgc-By difference, while the [-strength
function is expected to play less important role. In the
case of the Am isotopes, all three measured data points
have positive Q gc-By values (at least in the mass model
used for Fig. 1), which opens up the possibility of the
above-barrier fission, which does not need to follow the
linear trend. In this case, also the role of (-strength
function might become more important. These consid-
erations show the importance of studying SDF of even
lighter isotopes, 228Am, 23*Bk and 23%Es, all of which
should have large positive Q) gc-B; differences, and large
Pgpr probabilities.

Due to the lack of detailed nuclear spectroscopy in-
formation on the decay of 23°Am, a discussion of the
possible structure of 23°Am, e.g. spin, parity and under-



lying configuration, would be highly tentative at this mo-
ment. As a general recommendation, dedicated S-decay
studies of the lightest americium isotopes, e.g. by the
mass-separator technique used in Refs. [30, 31], should
be performed. Such studies have been recently initiated
at the mass separator coupled to the tandem at the Japan
Atomic Energy Agency (JAEA) at Tokai (Japan) [32].

V. CONCLUSIONS

The exotic process of 5-delayed fission has been stud-
ied in the extremely neutron-deficient isotope 23YAm,
produced directly in the complete fusion reaction
207Ph(27Al,dn)?3°Am. A lower limit for the value of the
BDF probability Pspr(?3Y Am)>0.24 was deduced, which
is the highest so far among all known nuclei. The exper-

iment showed the prospects of extending such measure-
ments to even more neutron-deficient isotope 2?8 Am, in
which a value close to 100% would be expected, based on
an even larger Qpc(Parent)-By(Daughter)= 3.73MeV
difference in comparison to 23°Am.
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