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Abstract. Detailed fine-structure a-decay studies of ¥319°Bi were performed using the complete-fusion
reactions of 5%52Cr ions with a '?Nd target at the velocity filter SHIP. The evaporation residues were
separated in-flight and subsequently identified on the basis of recoil-a, recoil-a-y/X-ray and excitation
function measurements. Improved data on the a-decay of 8819°Bi were obtained and a number of new
low-lying excited states in the daughters ¥+'86T] were observed. An intruder, presumably 10~ state was
identified in '®4T1, extending the systematics of such states in the odd-odd Tl nuclei beyond the neutron
mid-shell at N = 104. Some technical aspects of experiment at recoil separators are also discussed.

PACS. 23.60.4+¢ «a decay — 27.70.4+q 150 < A <189 - 27.80.+w 190 < A <219

1 Introduction

The structure of the neutron-deficient T1 (Z = 81) and Bi
(Z = 83) isotopes has attracted a lot of interest due to a
multitude of phenomena occurring in these nuclei. Because
of the vicinity to the closed proton shell at Z = 82 a sys-
tematic appearance of low-lying intruder states is among
the most interesting phenomena in this region (see [1-4]
and references therein). For example, in the odd-mass T1
nuclei the (normal) 1/2% ground state is produced by the
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valence 351_/12 proton 7(0p-1h) configuration, while the ex-

citation of a proton across the shell gap at Z = 82 to the
Lhg 5 orbital results in a low-lying intruder 9/27, (1p-2h)
state. In the odd-mass Bi nuclei the situation is reversed:
the (normal) 9/27 m(1p-Oh) ground state coexists with a
low-lying 1/2%, 7(2p-1h) intruder configuration.

The studies of the odd-odd T1 and Bi nuclei are noto-
riously difficult as the coupling of the odd valence neutron
and odd valence proton results in multiplets of states, both
normal and intruder, some members of which can become
isomeric. In many cases a relatively small energy spacing
between the multiplet states and/or the collective bands,
built on top of the intruder configurations, further com-
plicate the studies (see [5-7] for examples). As an example
of a theoretical study of the p-n multiplets in the odd-odd
TI and Bi nuclei directly relevant to our work we refer to
ref. [8].

In this respect a-decay often offers an ideal tool to
identify the states in the daughter nucleus which have the
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Table 1. Summary of our results and previous data on the a-decay characteristics of '®¥Bi. Shown are isomer assignments,
a-decay energies E,, relative intensities I, individual half-life values T} /2, hindrance factors (HF) and coincident y-rays. The
hindrance factors were calculated with the Rasmussen prescription [9] by assuming AL = 0 decays and a-branching ratio of

bo =

100% for both isomeric states in 188Bi, taken from systematics. The intensities I, and HF values were normalised to the

intensity and HF value of the strongest decay in each isomer, which were assigned values of I, = 100% and HF = 1, respectively.
The given uncertainties for I, and HFs include both statistical error and uncertainty of the y-efficiency determination (=~ 15%)

in case of a-y coincidences

Our data Reference [10](2) Reference [11] Reference [12]
Isomer, I™ Eo Io Tyio HF Coincident ~ Eo Io Ea Tyo Eo Io Ty o
Ty /9 (keV) (%) (ms) (keV) (keV) (%) (keV) (ms) (keV) (%) (ms)
188mlp; (107) 6813(5) 100.0 265(15) 1.0 6820(20)(®  85(9) | 6820(10)(P)  210(87) | 6815(6) 100 218(50)
265(15) ms(©) 6995(15) 1.5(5) 160(50)  300(100)  320(1), 249(1)
7232(10) 4.5(1.0)  255(20)  600(150) 70.5(5)
7302(5) 3.6(1.0)  265(20)  1350(350)
188m2p; (3+) 6992(5) 100 60(3) 1.0 117.5(5) 7005(25)(®)  15(9) | 7010(10)(P) 44(3) 6987(6)  63(5) 46(7)
60(3) ms(d) 6889(10) 0.34(10)  80(20) 132(40) 99.0(5) 6897(18)  9(3) 48t?i
(7028(10))(®) 7050 43(29) 7020(7)  28(8) 63?3?
7106(5) 2.1(2) 64(5) 120(11)
(a) In [10] both 6820(20) and 7005(25) keV « lines were attributed to '®®Bi, but no isomer assignment was suggested.
(b) Quoted in [11] as taken from [10].
(C) Adopted value from the half-life of the strongest decay at 6813 keV.
(d) Adopted value from the half-life of the strongest decay at 6992 keV.
(e) Artificial « line due to «(6992 keV)-e™ summing in the PSSD.

same spin, parity and configuration as in the a-decaying
parent. Furthermore, in the region around the Z = 82
shell closure the unhindered a-decay is a strong spectro-
scopic fingerprint for intruder states [7,13]. For example,
recent a-decay studies of 99719 Bi [6,7], along with the
complementary in-beam work [5], provided detailed infor-
mation on the systematic appearance of the normal and
intruder excited states in the daughter 85 1°2T1 nuclei.

With the aim of extending these investigations to even
more neutron-deficient odd-odd T1 and Bi isotopes, we
report on a detailed a-decay study of the nucleus '®8Bi.
Improved data on °Bi were also obtained in this work.
This is a part of our experimental program at the veloc-
ity filter SHIP (GSI, Darmstadt) [14-16], with the goal
of studying very neutron-deficient T1-Po nuclei close to
and beyond the neutron mid-shell at N = 104 [17-19].
The identification of the new isotope #4Bi and improved
data on the a-decay of '0Bi are discussed in a companion
paper [20].

2 Experimental set-up

The data discussed in this paper resulted from two sep-
arate experiments. In the first experiment the fusion re-
actions 2Nd(°2Cr, p3n)!99Bi and 42Nd(°2Cr, p5n)!88Bi
were used, while in the second experiment '®®Bi was pro-
duced in the *2Nd(°°Cr, p3n)'®8Bi reaction. The rotat-
ing target, made of isotopically enriched *?NdF5 mate-
rial (99.8% enrichment, 290 pg/cm? thickness), the ex-
perimental set-up and detection system were similar in
both experiments and their detailed description was given
n [15,17]. Enriched 5°Cr or natural **Cr materials were
used and pulsed beams (5 ms on/15 ms off) of up to
500 pnA were provided by the UNILAC heavy-ion accel-
erator. In both experiments the data were collected at a
few beam energies varied in a step of about 5 MeV within

the range of 380-480 MeV to allow for excitation function
measurements.

The evaporation residues (EVRs) after separation were
implanted into a 300 pm thick, 35 x 80 mm? 16-strip
position-sensitive silicon detector (PSSD), where their
subsequent a-decays were measured. The energy resolu-
tion of each strip was typically about 18 keV at a-decay
energies of 7-8 MeV. Behind the PSSD a fourfold seg-
mented Clover detector was installed for prompt and de-
layed (0-5 us) a-y/X-ray coincidence measurements. Tim-
ing measurements with the time-to-amplitude converter
(TAC) could not be used in the first experiment (with
2Cr, [17]). The TAC was used in the second experiment
(with ®0Cr), which allowed us to collect much cleaner a-y
coincident spectra. The absolute efficiency measurements
of the Clover detector were discussed in detail in [17].
Singles data (EVRs or a-decay) and coincidence data
(a-v/X-rays) were collected during the experiment.

3 Experimental results
3.1 a-decay of 188Bi

The previous studies [10-12] identified two a-decaying iso-
meric states in 1%8Bi (see table 1). In our experiments we
were able to produce this isotope with at least two orders
of magnitude higher statistics than in [11,12]. No exper-
imental spectra or production yields of '®Bi were given
n [10], in which this isotope was identified for the first
time.

Figure 1a,b show the a spectra measured at beam en-
ergies of E (°°Cr) = 238 MeV and 252 MeV in front of
the target, which correspond to the maxima of the ex-
citation functions of '®9Bi and '®¥Bi, respectively. The
observation of «a lines at 6813(5) keV, 6992(5) keV and
7028(10) keV in fig. 1b confirms the previously published
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Fig. 1. Energy spectra of the a-decays in the PSSD, collected between the beam pulses at beam energies of E (°°Cr) =
238 MeV (a) and 252 MeV (b). The inset shows the overlay of the spectra, produced in the recoil-a correlation analysis of the

events from fig. 1b, with the time constraint of AT (recoil-a) =

(0-5) ms (full histogram) and (50-600) ms (open histogram).

Some peaks are labelled with the a-decay energy (in keV) and the isotope to which the a-decay belongs.

data for ¥ Bi (see table 1), although, as discussed below, a
new interpretation will be given to the last « line. A slight
difference in the a-decay energies, deduced in different ex-
periments (table 1), is most probably related to the use
of different « lines for calibration. In this work the known
abundantly produced a-decays of ¥6Pb (5980(5) keV [21])
and of ¥9Bi have been used. The nucleus '3°Bi has two
a-decaying isomeric states with the strongest « lines (see
fig. 1a) at 6672 keV (%%8Bi, Tj,, = 728(40) ms) and
7292 keV ("9™Bi, Ty /5 = 5.0(1) ms), respectively, see [17,
12] and references therein. As will be shown below, some
a-decays of 188:189Bi have similar decay energies and they
could be distinguished from the excitation function mea-
surements and/or half-life differences.

From the time distributions between the recoil implan-
tation and subsequent a-decays (recoil-a time-position
correlation analysis [15,16]) more precise half-life values of
265(15) ms and 60(3) ms were deduced for the 6813 keV
and 6992 keV « lines of ¥ Bi, respectively. In the following
discussion the longer-lived and the shorter-lived isomers
of ¥ Bi will be denoted by '88™IBi and '®8™2Bi, respec-
tively, with the corresponding daughter isomers denoted
as 184m1T1 and 184m2T1'

The time distribution of the events in the peak, de-
noted as 7292-7302 keV in fig. 1b clearly shows two dis-
tinct components with half-life values of 4.9(5) ms and
265(20) ms (see fig. 2a). This fact suggests that at least
two different activities with quite similar decay energies
contribute to the peak. This is further confirmed by the
inset to fig. 1, which shows an overlay of two a spectra
obtained from the correlation analysis of the events from
fig. 1b with a time constraint of AT (recoil-a) = 0-5 ms
(filled histogram) and 50-600 ms (open histogram). Four

10°, T, ,=4.9(5) ms "®"Bi a)
2
107 | T,,, =265(20) ms '™'Bj
wn ‘\
£10F
g MLV R I S RS RS S R
© T, =64(5) ms ¥ b)
2
102}
_______________________ T, ), >600 ms 99
10 F

1 1 1 Lo 1 1 1
0 100 200 300 400 500 600 700 800
AT(Recaoil-a) (ms)
Fig. 2. Time distributions of the events in the peak at 7292-
7302 keV of fig. 1b (a) and of the events in the peak at
7106 keV (b). The continuous solid lines show the result of a
simultaneous fit by two exponential curves, shown separately
by dashed lines. The deduced half-life values and isotope as-
signments for the different components are given.

peaks at 7106, 7240, 7292 and 7302 keV are seen in the
inset. The peak at 7292 keV (77,2 = 4.9(5) ms), shown
by the filled histogram, was assigned to the known de-
cay of 189mBi. The number of the 7292 keV decays in
the peak at 7292-7302 keV of fig. 1b can be easily esti-
mated either from the time distribution spectrum, shown
in fig. 2a, or by using the following simple consideration.
As seen from fig. 1a, the a-decay of '3°Bi is the strongest
one at the beam energy of 238 MeV, at which the contri-
bution from '®8Bi is about an order of magnitude lower.
The intensity ratio of the 6672 keV and 7292 keV peaks of
1898 at this beam energy is I, (6672)/1,(7292) = 10.0(5)
(fig. 1a), while the corresponding ratio at the beam energy
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Fig. 3. a) Prompt a-y matrix, observed at the beam energy of E (°°Cr) = 252 MeV; panels b) and c¢) show projections on the
~ energy axis of the events from the rectangles A and B of a), respectively. The inset shows an expanded part of a) for the
6992 keV « line, which illustrates the effect of the a-e™ summing, discussed in the text. Some groups of a-v coincident events

are denoted with the corresponding « and +y energies.

of 252 MeV is 1,(6672)/1,(7292-7302) = 6.1(2) (fig. 1b).
Clearly, the lower ratio value in the latter case should be
attributed to the contribution of the peak at 7302(5) keV.

In such a way the contribution of the 7292 keV decay
of 189Bi in the o peak around 7300 keV at each beam
energy was reliably estimated and the excitation functions
for the 7292 keV and 7302 keV peaks were obtained. The
excitation function of the 7302 keV peak was found to be
similar in shape and position to those for the strongest
a-decays of ' Bi. Therefore, based on the deduced half-
life value of 265(20) ms, we assign the peak at 7302(5) keV
to the a-decay of the longer-lived isomer '®8™!Bi. That
is why the 6813 keV decay of '¥™!Bj establishes a new
excited state at 500(5) keV above the state in the daughter
184mIT) which is fed by the 7302(5) keV decay.

Figure 3 shows a prompt a-y coincidence matrix and
two projections on the v energy axis, collected at the beam
energy of 252 MeV. The inset shows an expanded part
of fig. 3a for the specific case of the 6992 keV decay of
188m2B;i  We stress that the requirement of prompt coin-
cidences limits the multipolarity of all the transitions in
fig. 3 to F1, M1 and E2.

The strongest group of a-v coincident events at
6992(5) keV-117.5(5) keV in fig. 3a (measured half-life
Ty /2 = 59(3) ms) confirms the results of the unpublished
work [11], in which the 7010(10) keV—-117 keV events were
found. We also note two groups of events, denoted as
“Compton «’s” and “Esc. a’s”, which are usually observed
in the o~ spectra in such experiments. The former group

results when a Compton scattered y-ray (small-angle scat-
tering of the 117.5 keV transition in the aluminium vac-
uum chamber, in the detector cryostat window and/or in
the Ge crystal itself), is registered in the Clover detector
in coincidence with a full energy 6992 keV «-decay, ob-
served in the PSSD. The latter group results when a full
energy 117.5 keV ~v-ray is registered in coincidence with
an a-particle of 6992 keV, escaping from the PSSD in the
backward direction and leaving only a part of its energy
in the PSSD.

In ref. [11], based on the assumed upper limit of
ag < 0.1 for the K-conversion coefficient (no K X-rays
have in fact been observed), a tentative suggestion of an
E1 multipolarity was made for the 117 keV transition (as
the theoretical conversion coefficients are ax (E1) = 0.23,
ar(E2) =0.5, ax(M1) =5 [22]). Due to the much higher
number of events in our experiment, the 6992 keV de-
cay has also been observed in coincidences with the K
X-rays of the Tl daughter nuclei (see fig. 3a,b and inset).
Therefore, by comparing the number of the full energy
E, =117.5 keV events with the number of the K X-rays
in fig. 3b the conversion coefficient of ax(117.5 keV) =
0.27(5) was deduced, which unambiguously establishes an
E1 multipolarity for this transition.

An important, but often overlooked effect of the
a-conversion electron energy summing in the silicon de-
tector in experiments with implanted activity is worthy of
mention with respect to fig. 3a,b. Namely, due to the re-
coil implantation at a typical depth of a few micrometers
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in the PSSD, the energy of fine-structure a-decay, feeding
an excited state, which decays by an (at least, partially)
converted transition, will sum with the energy of the sub-
sequent conversion electron (plus the energy of the Auger
electrons, see below). Clearly, the total energy, registered
in the PSSD, depends both on the direction and on the
energy of the conversion electrons. A few examples of this
effect will be discussed below.

As an example, the inset to fig. 3 illustrates the energy
summing of the 6992 keV decay of '¥™2Bi with the con-
version electrons of F,- = 117.5 keV — B,- (K) ~ 32 keV
(B.-(K) = 85.5 keV is the electron binding energy in
the K-shell of the daughter T1 nuclei). In this particu-
lar case, due to a rather low conversion electron energy
it will practically fully sum in the PSSD with the energy
of the coincident a-decay, resulting in an artificial peak
with a total energy of ~ 7030 keV, which is in coinci-
dence with K X-rays. Exactly such a pattern is seen in
the inset of fig. 3, which shows two groups (denoted as
6992 + e7) at &~ 7032(10) keV and ~ 7024(10) keV in
coincidences with the K, and Kz X-rays of T1. The dif-
ference of about 10 keV between these energies arises due
to additional summing with the Auger electrons in case
of K,-conversion. On these grounds, we interpret the «
line at 7028(10) keV in fig. 1b and fig. 3, along with the
lines at 7050 keV, 7029(7) keV of refs. [10,12], as artificial
ones, resulted from such a-e~ summing. These conclusions
are also confirmed by our Monte Carlo simulations, based
on the GEANT program [23]. Such summing effects have
been also discussed in [17,24] and we refer the reader to
these papers for more details.

The 6992 keV-117.5 keV «a-v coincidences suggest a
possibility for a full energy (crossover) a-decay with E, =
7107 keV in ¥8m2Bj. Indeed an « line at E,, = 7106(5) keV
was observed in fig. 1b. However, the isotope '®9Bi has
two a-decays with a quite similar energy of 7114 keV (see
fig. 1a and [12]). Applying the method discussed above for
the separation of the 7292 keV-7302 keV « lines, we com-
pare the intensity ratio I, (6672 keV)/I,(7106-7114 keV)
of 21.8(2) and 9.3(2), deduced from figs. 1a and 1b, respec-
tively. This comparison shows that the a peak at 7106 keV
in fig. 1b has more counts than one would expect from
189Bi only. By using the 6672 keV peak as a measure of
189Bi and applying the ratio of 21.8, we estimated the
contribution of '?Bi to the 7106 keV peak at the different
beam energies used. In this way the excitation function for
the decay at 7106-7114 keV can be decomposed into two
components with the maxima separated by about 15 MeV.
The one at the lower beam energy is clearly due to 8B,
while the shape and position of the second component fit
to those of the 6992 keV and 6813 keV decays of ¥¥Bi.
Moreover, the time distribution of the 7106 keV « line,
deduced from the recoil-o analysis at the beam energy of
252 MeV, clearly shows a component with a half-life of
T2 = 64(5) ms (see fig. 2b), matching the half-life of the
6992 keV a-decay. On these grounds we assign the a-decay
at 7106 keV with the half-life of 64(5) ms to the crossover
decay of the short-lived isomer '#3™2Bj.

A group of prompt coincident events at 7232(10) keV-
70.5(5) keV in fig. 3a has a half-life of T} /, = 255(20) ms
and Qq,sum = Qo + Ey = 7460(10) keV, which are con-
sistent with the corresponding values of 18¥m1Bi (Q, =
7461(5) keV for the 7302 keV decay). Therefore, the
7232(10) keV group was assigned to a fine-structure de-
cay of ®mIBj to a new excited state at 70.5(5) keV
in the daughter nucleus '34T1. This transition should
be converted, either rather weakly in the case of an
E1 multipolarity (ato;(E1,theor.) = 0.21), or strongly
in the case of an M1 (ayot(M1,theor.) = 4.2) or E2
(oot (B2, theor.) = 110) multipolarity [22]. As in the case
of the 6992 keV-117.5 keV a-v coincidences, the energy
of the low-energy electron (E,- = 57 keV), resulting
from the L-conversion of the 70.5 keV transition, will be
fully or partially summed in the PSSD with the energy
of the feeding 7232 keV decay. According to GEANT cal-
culations, this effect produces a double-humped structure
with a lower-energy peak around 7240 keV and a higher-
energy peak around 7290 keV. The former peak, seen in
the inset to fig. 1, results when the electron escapes from
the PSSD in the backward direction, thus leaving only
part of its energy (=~ 10 keV, [17]) in the PSSD. The
latter peak (masked by the more abundant tail of the
7302 keV decay of ®8m1Bi) arises when the electron is
fully registered in the PSSD. The intensity ratio between
the two peaks I,(7240)/1,(7290) = 1 : 2.0(3) was de-
duced from the GEANT simulations. Therefore, the total
number N, (7232) of the 7232 keV decays can be deduced
from the number of the 7240 keV counts in the inset to
fig. 1, corrected for the above ratio. By comparing this
number and the number N, of the 7232 keV-70.5 keV
coincident events (after normalisation for the ~-efficiency
at 70.5 keV) the total conversion coefficient of the 70.5 keV
transition was deduced as aot = (Na(7232)-Naoy)/Nay =
5(1), which unambiguously establishes an M1 multipolar-
ity for this transition.

Three groups of the prompt a-vy coincident events at
6995(15) keV-320(1) keV, 7005(15) keV-249(1) keV and
7060(15) keV-249(1) keV in fig. 3a have similar half-life
values of 160(50) ms. Furthermore, the 6995-320 keV
group has the value of Qusum = 7467(15) keV which
is compatible with the value of @, = 7461(5) keV for
the 7302 keV decay of '3¥!Bi. On these grounds the
6995(15) keV a-decay was assigned to a fine-structure
decay of ®8mIBj to a new excited state at 320(1) keV
in the daughter nucleus '®4TI, see fig. 4. The somewhat
shorter half-life is still in agreement within the statisti-
cal uncertainty with the value of T}, = 265(15) ms for
the strongest 6813 keV decay of ®8™1Bi. On the other
hand, as will be shown in the discussion, we cannot rule
out a possibility that the 320 keV state is also partly fed
by the 6992 keV decay of the shorter-lived '®8™2Bi, which
would explain the measured shorter half-life value of the
6995-320 keV coincident events.

The energy of the peak at 249(1) keV in fig. 3b is prac-
tically equal to the energy difference between the 320 keV
and 70.5 keV states in '®4Tl, which suggests that the ex-
cited state at 320 keV decays also via a cascade of 249 keV
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Fig. 4. The a-decay scheme of 38™m1™m2Bj deduced from this work. Spin and parity assignments are tentative. The strongest
(unhindered) a-decays are shown by a thick line. The relative positions of the isomers in '**Bi and in '®*T1 are not known.

and 70.5 keV transitions. This, together with a rather
large conversion coefficient of the 70.5 keV transition pro-
vides a natural explanation for the presence in fig. 3a of
two groups of events at 7005(15) keV and 7060(15) keV
(rather than a single group at 6995(15) keV) in coinci-
dence with the 249 keV transition. The energy shift in
both cases results from the partial (if the electron escapes
from the PSSD) and full (6995 keV)-e~ energy summing,
respectively, with the electrons from the L-conversion of
the 70.5 keV decay (cf. the discussion of the 7240 keV
and 7290 keV peaks resulting from the «(7232 keV)-e~
summing).

A group of prompt a-y coincident events at
6889(10) keV-99.0(5) keV (see fig. 3a,c) has the values
of Qasum = 7138(10) keV and T;/, = 80(20) ms, which
are consistent with the values of Q, = 7144(5) keV and
Ty /2 = 60(3) ms, respectively, for the strongest 6992 keV
decay of 188m2Bi. On this basis we assign the 6889(10) keV
decay as originating from the latter isomer and feeding an
excited state at 99 keV above the state at 117.5 keV, thus
at 216(1) keV, in ®4TL. In this case the triple 6889 keV-
99 keV-117.5 keV coincidences should be observed as well.
However, in the region of 6889 keV-117.5 keV in fig. 3a
there are events resulting from the coincidences between
the escaping a-particles from the 6992 keV decay and the
full energy ~-rays at 117.5 keV (marked as “Esc. o’s”).
This prohibits us from drawing a reliable conclusion about
the presence of such triple coincidences.

Based on the upper limit of 3 counts for the num-
ber of the K X-rays in coincidence with the 6889 keV

decay (fig. 3a), an upper limit of ax < 0.20(14) for
the K-conversion coefficient of the 99 keV decay can
be deduced. This tentatively establishes an E1 multi-
polarity for this transition as ag(F1,theor.) = 0.36,
ax (M1, theor.) = 7.5, ax (E2,theor.) = 0.58.

We mention that in [12] a weak decay with a few counts
only was observed at 6897(18) keV and attributed to the
short-lived isomer in ¥ Bi (see table 1). This decay and
the decay at 6889(10) keV, discussed above, could repre-
sent the same decay, although the intensity deduced in [12]
for the 6897(18) keV decay was much higher.

Finally, we note a group of 8 a-y events at
6813(10) keV-189(1) keV in fig. 3a,c. The a-decay energy
and the half-life T} ;, = 250(20) ms of this group are con-
sistent with the values for the strongest decay of 88m1Bi.
This decay would suggest the presence of the 189 keV
transition in '®*™!T1, but the absence of any further coin-
cidences does not allow us to draw any conclusion on the
nature of this decay.

The decay scheme of '3 Bi, based on the previous data
and our work, is shown in fig. 4 and will be discussed in
sect. 4.

3.2 a-decay of 1%°Bi

Previous studies identified two long-lived isomeric states
in 9°Bi with nearly the same half-lives and tentative I™
assignments of (107) and (37), see table 2. In the follow-
ing discussion the high- and the low-spin isomers of '%°Bi
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Table 2. Summary of our results and previous data on the a-decay characteristics of 1°°Bi. The hindrance factors were calculated
with the Rasmussen approach [9] by assuming AL = 0 decays and using the half-life values and branching ratios taken from [7]
and shown in the first column of the table. The intensities I, and HF values, including those from [7], were normalised to the
intensity and HF value of the strongest decay in each isomer, which were assigned values of I, = 100% and HF = 1, respectively.
The given uncertainties for I, and HFs include both statistical error and uncertainty of ~ 15% of the y-efficiency determination

in case of a- coincidences.

Our data Reference [7]
Isomer, I™ E. I HF Coincident ~ FEo I HF Coincident ~
T2, ba (keV) (%) (keV) (keV) (%)
190mip; (107)  6392(10)  0.24(4) 235(40) 352,441
5.9(6) s, 70(9)%  6456(5) 100 1 373.9® 6456(5) 100 1(® 373.9®
6472(10)  0.41(7) 275(50) (75), 281,267, 356
6546(10)  0.046(8)  4700(800) 281
6570(10)  0.039(8)  6600(1200) 255
6734(10)  1.5(2) 750(120) 89 6734(5)  1.5(2)  750(200) 89.5
6819(10)  2.0(3) 1100(200) 6819(5)  1.7(2)  1300(300)
190m2p; - (3%) 6225(10)  0.06(1) 240(4) 213
5.7(8) s, 90T35%  6412(10)  0.10(2) 700(150) 314
6431(5) 100 1 294 6431(5) 100 1® 78.5, 293.7
6507 6507(5) 0.24(8)  816(40)
6611(10)  2.2(3) 230(40) 105
6716(10)  1.5(2) 700(100) 6716(5)  2.0(3) 575(20)

(a) Delayed transition, not actually seen in the a-vy coincidences as it de-excites the 2.9 s 374 keV excited state in 3™ Tl (data taken from [7]).
(b) Actual HF values, deduced in [7], are: HF = 2.0(4) for °°™1Bi (107) and HF = 12f?)2 for 199m2B; (31).

(c) Not observed in our data, but assumed from the data of [7], see text.

decaying by 6456(5) and 6431(5) keV « emission, respec-
tively, will be denoted as '°°™!Bi and '°™2Bi, while the
corresponding daughter isomers are '8™1T1 and '86m2T],

Despite a relatively low cross-section of the
M2Nd(0Cr, pn)1%°Bi reaction, the a-decays of 6431(5)
and 6456(5) keV were also observed in the second exper-
iment (see fig. la,b). However, the main data discussed
in this work were collected in the first experiment in
the 142Nd(°2Cr, p3n)'%°Bi reaction at a beam energy
of 256 MeV in front of the target. In total about 10°
a-decays of each isomeric state in °°Bi were observed,
see fig. 1 of [18], which gives an example of the collected
spectra. We confirmed the data of ref. [7], and, due to
the two orders of magnitude higher number of decays
collected in our experiment, a more detailed study
was possible. Unfortunately, because of a rather high
implantation rate in the PSSD, no half-life information
could be deduced for the relatively long-lived isomers
in 199Bi. Therefore, the assignment of the fine-structure
a-decays was done on the basis of a (), value analysis
and on a-y-y coincidence relations, if possible.

3.2.1 The a-decay of the high-spin isomer

Figure 5a shows part of the a-vy matrix, collected in this
experiment. As no TAC was used, all a-y coincidences
were measured within a fixed time interval of AT (a-v) =
(0-5) ps. Although this resulted in a larger random back-
ground in the a-vy matrix compared to the second exper-
iment, a reliable identification was possible in practically
all the cases as shown below.
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Fig. 5. a) The a-y matrix, observed at the beam energy of
E (52Cr) = 256 MeV; b) projection on the + energy axis of

all events from a). The projections from the boxes denoted by
A-E are shown in fig. 6.

500

Figure 5b shows a projection on the v energy axis
of all events from fig. 5a. The dominant 6431(5) keV-
294.0(5) keV coincident group in fig. 5a,b with about
5 x 10% counts is the known strongest fine-structure decay
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Fig. 6. Projections on the 7 energy axis of events from frames A-E of fig. 5a. Some « peaks are labelled with the corresponding
« and v energies of the a-v coincident pairs. Note the logarithmic scale in parts b) and e).

of the low-spin isomer in %°Bi [7]. As in fig. 3a, the
Compton-scattered v events and escaping a-particles are
clearly seen in fig. 5.

An interesting effect which produces the events along
the diagonal line denoted by “[a + e7]-7” in fig. 5a and
which becomes visible only in experiments with a high
statistics is worthy of mention. In our case the events re-
sult from a prompt multistep process which involves the
forward-angle Compton scattering of the 294 keV ~-rays
in the relatively thin PSSD. The resulting Compton elec-
trons are registered in the PSSD and sum up with the
energy of the feeding 6431 keV a-decay. The prompt co-
incidences of such a4 e~ events with the Compton scat-
tered ~y-rays escaping from the PSSD and being registered
in the Clover detector, produce the observed events along
the sloped line. The GEANT simulations [23] confirm this
effect, which produces an additional background along the
line of possible fine-structure a-decays of 199™M2Bi with a
constant value of Q4 sum = 6863(5) keV. This value cor-
responds to the Qg sum value of the strongest 6431 keV-
294 keV coincident events of 199m2B;i.

A few weaker (by ~ 103 times) groups of coincident
events can be seen in fig. 5a,b and in the 7 spectra, which
were registered in coincidence with new a-decays of ?°Bi
(see fig. 6).

Frame A in fig. 5a defines the region of possible fine-
structure a-decays of the high-spin isomer '"°™!Bji with
a constant value of Qq gum = 6969(5) keV, which corre-
sponds to the Qo sum value of the strongest 6456 keV-
374 keV decay. The a-y groups at 6392(10)-441(1),

6472(10)-356(1), 6546(10)-281(1) , 6570(10)-255(1) and
6734(10)-89(1) keV, all having the same value of Qq sum =
6967(10) keV, were observed in this frame. For further
discussion, fig. 6al,a2 show the low- and the high-energy
parts of the projection on the v energy axis of the events
inside frame A of fig. 5a.

In the low-energy part (fig. 6al) along with the T1 K
X-rays, a peak at 89(1) keV is seen in coincidence with the
6734 keV a-decay. It confirms the identification of this de-
cay made in [7] (at E, = 89.5(4) keV). By comparing the
numbers of the T1 K X-rays and 89 keV decays, a more
precise K-conversion coefficient of ax = 10.3(9) (com-
pared to ax = 17(8) from [7]) was deduced, which un-
ambiguously establishes a pure M1 multipolarity for this
decay (ax(M1,theor.) = 10.2).

Based on the Q4sum value analysis, the above-
mentioned groups of events were assigned as the fine-
structure a-decays of 199™1Bi feeding the new excited
states at 255, 281, 356 and 441 keV in the daughter nu-
cleus 15mIT] (see table 2 and fig. 7).

Apart from the 6392 keV-441 keV coincidences, the
a-decay at 6392 keV is also seen in coincidence with the
352 keV transition (fig. 6e), which shows the events from
box E of fig. 5a. The latter decay presumably feeds the
state at 89(1) keV in 86Tl as the energy difference of
441 keV — 352 keV = 89 keV fits to this energy. The
presence of the 294 keV ~-decay in fig. 6e is due to escaping
a-particles of the 6431 keV decay which are also found
within box E. The peak at 314 keV is attributed to 120m2Bj
(see below).
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19085 and in '®9T1 are not known.

Similarly, in addition to the 6472 keV-356 keV coinci-
dences, the a-decay at 6472 keV was observed in coinci-
dences with the 267 keV and 281 keV v-decays, see fig. 6¢.
The energy difference of 356 keV —267 keV = 89 keV sug-
gests that the 267 keV transition feeds the excited state
at 89 keV in 36T Relatively strong 6472 keV-281 keV
coincidences point to the existence of a low-energy 75 keV
~ transition from the state at 356 keV to the state at
281 keV, see fig. 7. Unfortunately, apart from being possi-
bly strongly converted, this transition is close in energy to
the Tl K X-rays and no solid identification can be given
for the 75 keV decay, which is, therefore, shown in fig. 7
in brackets as a tentative transition.

We mention that the weak 6390 keV and 6475 keV «
lines have been seen in [7] in the spectra, collected at mass
A =190, but no assignment could be made.

The decay scheme of 1?°™1Bj —186m1T] based on the
previous and new data, is shown in fig. 7. The spin and
parity assignments will be discussed in sect. 4.

3.2.2 The a-decay of the low-spin isomer

A few new fine-structure decays of the low-spin isomer in
190Bi were identified in this experiment (see table 2).

The Qusum = 6864(10) keV for the 6412(10) keV-
314(1) keV group of events (fig. ba and fig. 6e) is con-
sistent with the Qq sum = 6863(5) keV for the strongest
6431 keV-294 keV decay of 199m2Bi. On these grounds, the
6412 keV decay was assigned to a fine-structure decay of
190m2B; populating a new excited state at 314(1) keV in
186m2T1.

Fig. 6b shows the events in coincidence with the
6611(10) keV decay (events from box B of fig. 5a), in

which, along with the strong Tl K X-rays, a peak at
105(1) keV is seen. The shape of box B is due to the
a-e~ summing effect (see below). The value Qq sum =
6858(10) keV establishes the 6611 keV decay as a fine-
structure decay of '0™2Bj feeding a new excited state at
105(1) keV in '¥6m2T]. By comparing the numbers of the
Tl K X-rays and 105 keV decays, a K-conversion coeffi-
cient of ax = 36(5) was deduced, which determines an
M2 multipolarity for this decay (ax(M2,theor.) = 41,
ak (M1, theor.) = 6.4, akx(E1l, E2 theor.) < 0.6 [22]).
The resulting (6611 keV)-e~ summing in the PSSD with
the conversion electron energy of =~ 20 keV (plus the Auger
electron energy of ~ 10 keV in case of K,-conversion)
produces the 6640(10) keV-K, and 6630(10) keV-Kjz co-
incident events, seen in fig. 5a, which explains the non-
rectangular shape of the box B.

We mention that a weak 6617 keV « line was seen in [7]
in the spectra, collected at mass A = 190, but could not
be identified.

Figure 6d shows the events from box D of fig. 5a, in
which, along with the T1 K X-rays, the v peaks at 105(1),
111(1) and 79(1) keV are seen. The position of this box at
E, = 6450-6500 keV is due to the (6431 keV)-e~ sum-
ming (see below). The observed 79 keV transition repre-
sents, most probably, the 78.5 keV decay seen in coinci-
dence with the 6431 keV a-decay of *™2Bi in [7].

The energy sum of these three transitions equals
295 keV, which fits within the error bars to the energy
of the known (37) state at 293.7 keV in ¥6T1. On this ba-
sis we tentatively place these transitions in a cascade, de-
exciting the 294 keV state. This conclusion is supported by
the observation of coincidences between the 79 keV decay
and the T1 K X-rays for the events from box D of fig. ba
(see also fig. 6d). The T1 K X-rays originate presumably
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from the strongly converted coincident decay at 105 keV
and, possibly, at 111 keV (see below).

In [7] the 78.5 keV transition was placed to de-excite
the 293.7 keV level directly as no other coincidences in
a cascade were observed (except for the Tl K X-rays,
see fig. 11 of [7]). Furthermore, a decay at 6507(5) keV
(see table 2) was observed in the spectra, taken at mass
A = 190. Based on the Qqsum value analysis it was
attributed as a fine-structure a-decay of '°°™2Bj feeding
an excited state 78.5 keV below the state at 293.7 keV. In
our case, due to a large background in the corresponding
part of the spectra and a-e™ summing effects, we could
not identify this a-decay. Therefore, we assumed the
presence of the 6507 keV decay from the data of [7] and
also placed the 79 keV decay as directly de-exciting the
state at 294 keV, see fig. 7. The non-observation in [7]
of the 7-v coincidences between the transitions from
the 79-111-105 keV cascade is readily explained by the
much lower number of counts along with a relatively
large conversion coefficient of the 105 keV and 111 keV
transitions. The latter statement is confirmed by the low,
but comparable intensity for the 105 keV and 111 keV
decays in fig. 5d. Based on the intensity balance and
measured conversion coefficient of the 105 keV decay,
this excludes an F1 multipolarity for the 111 keV decay
(augot (theor.) = 0.33), but an M1, E2 or M2 multipolarity
cannot be excluded, as the total theoretical conversion
coefficients are: 6.6(M1), 3.9(F2) and 51(M2). However,
due to a rather large background and complexity of
the a-vy spectra in this work we prefer not to draw any
conclusion on the multipolarity of the 111 keV transition.

Under an assumption of the cascade character of the
105 keV and 79 keV decays, a total conversion coefficient
of ayor = 0.3(2) for the latter decay can be deduced by
comparing the number of Tl K X-rays with the number
of 79 keV decays in fig. 5d. This suggests an E1 multipo-
larity for the 79 keV decay, as the theoretical values are
atot(El) S 014, Oétot(M].) = 3, O[tot(E2,M2) 2 16.

Due to the relatively high conversion coeflicients of
the 105 keV and 111 keV transitions and subsequent
(6431 keV)-e~ summing in the PSSD, the energy of the
6431 keV decay in coincidence with these decays and with
the K X-rays is shifted to higher values. The shift amounts
to about 30 keV if only one of the 105 keV and 111 keV
transitions is K-converted, about 60 keV if both transi-
tions are K-converted (the most probable case) and about
120 keV if one of them is K-converted, while the second
one is L-converted (for example, the ratio K/L =~ 2.25
for a 105 keV M2 transition). These shifts explain both
the position of the box D and the appearance of multiple
peaks in fig. 5a in the region of E, = 6450-6650 keV and
E, <120 keV.

One more group with about 30 counts at 6225(10) keV-
213(1) keV was observed in the a-y matrix. The value
Qa,sum = 6572(10) keV for this group matches the Q, =
6569(5) keV value for the strongest 6431 keV decay of
190m2Bi and on this basis we assign the 6225 keV decay
as a fine-structure decay of 199™?Bi feeding a new excited
state at 213(1) keV above the state at 294 keV (thus, at

507 keV) in 186m2T] see fig. 7. No information on the
multipolarity of the 213 keV decay could be deduced.
Figure 7 shows the deduced decay scheme of '%9Bi,

while table 2 summarises the data from this work and
from [7].

4 Discussion

4.1 Proton-neutron multiplets in odd-odd Tl and Bi

isotopes close and beyond the neutron mid-shell at
N =104

Spectroscopic studies of the odd-odd Bi and TI isotopes
are difficult due to a variety of rather closely lying config-
urations expected in these nuclei. In the previous a-decay
studies of the 10" 196Bi nuclei [6,7] the unhindered 10~ —
10~ and 37 — 3™ a-decays between the normal states in
the parent Bi isotopes and intruder states in the daugh-
ter T1 isotopes, respectively, have been investigated. Ad-
ditionally, rather strongly hindered (HF ~ 103, relative
to the 100 — 10~ and 3T — 37 decay) 10~ — 7t and
3T — 27 a-decays between the normal states in the par-
ent and daughter nuclei were observed for the first time.
Table 3 summarises main configurations and I™ assign-
ments expected in 1®8 196Bj and their daughters 184 19271
(see [7] and references therein for the detailed discussion).
In the vicinity of the neutron mid-shell at N = 104, the
states observed at low excitation energy in these nuclei, in
particular in °Bi and '®6TI, result mainly from coupling
of the odd proton, moving either in the 7r351_/12 or in the

intruder mlhg /o orbital, to the odd neutron in the v3ps /o
or vliyz/e orbital. Thus, full p-n multiplets appear and
the relative ordering of the states will mainly result from
the specific proton-neutron residual interaction acting in
these (jp ® jn)J configurations.

We do not consider a v2fs5/, configuration as it is ex-
pected to be at a much higher excitation energy in T1 and
Bi isotopes close to the neutron mid-shell (see the discus-
sion in [7] and fig. 4 of [8]).

Recently low-lying 13/2T isomeric states were ob-
served in ¥7Bi (at 252 keV, [25]) and in !%9Bi (at
357 keV, [18,25]). They were interpreted as a proton exci-
tation into the m1li;3/5 valence orbital and their downslop-
ing trend in excitation energy by approaching the mid-
shell at N = 104 was mainly explained through the
proton-neutron interaction with the valence neutrons in
the v1iy3/5 orbital. Furthermore, the experimental trend
and the results of study [25] suggest that in the lighter
odd-mass Bi nuclei the 13/27 state may even become the
ground state. That is why we included the corresponding
configurations for the odd-odd mass Bi nuclei in table 3.
In the daughter T1 nuclei the situation is different. Since
the excited states based on the low-lying (oblate and pro-
late) mliy3,5 configurations in the odd-mass TI isotopes
close to the neutron mid-shell were found at higher ener-
gies (= 1 MeV and above, see [26] and references therein),
we did not consider such configurations for the odd-odd TI
nuclei discussed in this work. This is in contrast to oblate
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Table 3. Main configurations and I™ assignments expected in *¥ %°Bi and their daughters ¥*7192T1. The last column shows
the observed states in ¥890Bi and in '#%'8T1. Note that the I™ assignments in column 3 are tentative and based on systematics
and a-decay data, such as HF values and decay characteristics, as discussed in the text.

Configuration

Possible I™ Observed I™

Bi, normal states (wlhg o or mliyz)2)

[71'1]19/2 X 1/3])3/2]
[71'1]19/2 X 1/17;13/2}
[W1i13/2 X 1/3[)3/2}
[ﬂ1i13/2 X Vlilg/g}

Tl, normal states (71'38;;2 or m2d; )

3t ) 3/2
351 )5 X V3p3/2]
[71'35;;2 X 1/17:13/2]
[7r2d;/12 X l/3p3/2]

[r2d;

3/2 X Vlilg/g]

T, intruder states (based on wlhg/s)

[TI'lhg/Q X 1/3]73/2]
[TI'lhg/Q X 1/1’1113/2}

3T -6t 3t
2= — 11~ 10~
57 — 8~
0t — 13*
17,2° 2
6F,7t 6F, 7t
0 — 3~
5t 8F
3T - 6" 3t
27 5 11” 10~

intruder 7lhg/, configuration which was typically found
at a lower excitation energy [26].
A configuration which involves a 72d, /12 proton hole

is also shown in table 3 for the T1 isotopes. The low-
lying single-particle 3/2% proton hole states are known
in the odd-mass '3 7291T1I at a nearly constant excitation
energy of only about 250-400 keV above the 1/2~ (7r351_/12)

ground state (see fig. 3.13 of [1] and ref. [27]). Therefore,
one would expect the low-lying excited states at similar
energies in the odd-odd TI nuclei, resulting from the cou-
pling of a valence neutron to such states in the odd-mass
Tl isotopes.

Finally, for the lightest Bi and T1 isotopes beyond the
neutron mid-shell at N' = 104 the neutron 1i;3/, state will
start moving up in energy, while the neutron hole excita-
tions into the 2f7,5 or 1hg/p orbitals may start playing a
role in the low-energy part of the spectrum (not shown in
table 3).

As a first approximation, Paar’s rule [28] which results
in an energy splitting within a given proton-neutron mul-
tiplet that depends quadratically on spin J(J + 1) can
be applied in many cases to deduce relative positions of
the multiplet states. Furthermore, more advanced calcu-
lations within the framework of the two-quasiparticle plus
rotor model and the proton-particle neutron-quasiparticle
quadrupole vibrator model were used by different authors
with the aim of shedding light on possible configurations
and multiplet energy splittings in the odd-odd T1 and Bi
nuclei (see references and review in [8]). In particular,
an explicit proton-neutron interaction, approximated by
a zero-range force including spin exchange is taken into
account in [8] besides the coupling of the proton and neu-
tron orbitals to low-lying quadrupole vibrations of the
underlying core. It can be also shown that the particle-
core coupling approach used in [8] precisely gives rise to a
quadratic expression in J(J + 1), using second-order per-
turbation theory when evaluating the energy splitting of
the p-n multiplet members (see appendix of ref. [8]). In

this respect the Paar’s rule can be considered as a partic-
ular case of a more general approach of ref. [§].

As a specific example, relevant to the present study, we
recall the results of the calculations [8] for the [m1hg /o X
vliyg/0)o- .11~ configuration in the odd-odd Tl and Bi
isotopes.

First of all, we underline that the calculated energy
splitting and relative position of the states within a given
multiplet depend on the neutron occupation probabilities
u? and v? as a function of the neutron number, see [8].
In particular, around a value of v2(1i13/2) ~ 0.5-0.6
(N ~ 107-109 in TI nuclei, see fig. 8 and table 4 of [8]),
the p-n coupling and hence the multiplet splitting will be
changing from particle-hole-like (for the heavier nuclei) to
particle-particle-like (for the lower-mass nuclei). There-
fore, depending mostly on the neutron single-particle en-
ergies and the pairing force parameters an uncertainty of
about 2 mass units for the mass-dependence of the calcu-
lated results should be considered.

As shown in fig. 8 of [8] in the odd-odd TI isotopes
with A(T1) > 188 the 8~ state is expected to be the low-
est member of this multiplet, which is indeed the case in
19271987 [5-7]. In some cases (for example in '8%:190T1)
other high-spin members of this multiplet (e.g., 97, 107)
were observed via a-decay studies of the high-spin 10~
isomer in the parent Bi isotopes [6,7]. In contrast, mainly
due to a relatively high excitation energy (and a large
angular-momentum difference between parent and daugh-
ter states in case of the high-spin isomer in Bi nuclei) the
low-spin members of this multiplet could not generally be
observed in the a-decay studies. The situation changes for
A(T1) < 188 nuclei, in which the 8 state is predicted to
become the highest state of the multiplet. The 10~ state
is expected to stay below the 87, 97 and 11~ states, thus
possibly becoming an isomeric state with a relatively long
half-life. These predictions are in agreement with exper-
imental data for '®6T1 ([7] and fig. 7 of this paper) and
with our new data for '®4T1 (see fig. 4 and the discussion
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below). They are also in agreement with the calculations,
performed within Paar’s approach [28]. An important re-
sult of these calculations, relevant for this work, is that for
A(T1) < 188, the 6~ and 7~ multiplet states are predicted
to stay slightly above the 10~ state, while the low spin
27-57 states are expected to stay below the 10~ state.
Therefore, some of these low-spin relatively low-lying 27—
5~ states can be populated via a-decay of the low-spin
isomer in the parent Bi nuclei, which was difficult in the
heavier nuclei.

In the parent odd-odd Bi nuclei the situation is some-
what more complicated. The 107 state of the [11hg/o x
vliy3/5] multiplet was predicted (fig. 9 of [8]) to be the
lowest (isomeric) multiplet member in the heavier iso-
topes, which was experimentally confirmed down to '99Bi
(N =107) in ref. [7]. Below the neutron number N = 107
the 8~ state is expected [8] to become slightly lower than
the 10~ state (though by a few tens of keV only), which
would mean that the 10~ state will not be an isomeric
state any more. Combined with a predicted level sequence
change of the [1lhg/o X vlii3/2]o- 11~ multiplet in the
daughter T1 nuclei with A < 188, the decay pattern of
the A(Bi) < 190 isotopes (especially of a low-spin iso-
mer) may change significantly. However, the results of
calculations were rather sensitive to the choice of parame-
ters and therefore should be considered as indicative only.
For example, as shown below, our new data for 188Bi
prove that the 10~ state is still the lowest state of the
[m1hg/a X v1i13/5] multiplet in this nucleus.

We mention also that a coupling between the various
multiplets may be quite important in some cases. With
this information in mind we proceed to discuss our new
results on '88:190Bi  while '84186Bj and their daughter iso-
topes will be discussed in [20].

4.2 a-decay of 19°Bi

Our data confirm the main conclusions of the work [7] on
known a-decays of 199m1:m2Bj (see table 2 and discussion
in sect. 3). Therefore, in this section we will concentrate
on the new data for the fine-structure a-decays.

4.2.1 High-spin isomer 9™1Bj and excited states in the
daughter 186m1T]

A few experimental facts should be considered for es-
tablishing the possible spin and parity assignments of
the new excited states at 441, 356, 281 and 255 keV in
186mlT] First of all, the long-lived Ty, = 2.9 s (107)
state at 374 keV in '#6™1T] was interpreted as a [T1hg /o %
vliy3/9]10- multiplet member ([7,8] and sect. 4.1). Hence,
the non-observation of decays from this state to the states
at 356, 281 and 255 keV establishes un upper limit for their
spin/parity as 77~. The 8T assignment for any of these
three states is excluded as the resulting M2 decay, al-
though possibly hindered, would still be much faster than
the measured half-life of the 374 keV state. On the other
hand, the observation of fast (AT (a-7y) < 5 us) transitions

from these three states to the known (6%) and/or (77)
states in 8™ T] limits corresponding transition multipo-
larities to AL < 2. Altogether, this results in a range of
I = 5-7 for the spin values of the states at 356, 281 and
255 keV. Based on the same arguments the possible spin
range for the 441 keV state is I = 5-8.

As one can see from table 3 in the odd-odd TI nuclei,
only two configurations are capable of producing (pre-
viously unobserved) states with a spin in the required
range of 5-7 (or 5-8, in case of the 441 keV state):
[7T2d;/12 X V1i13/2]5+_,8+ and [71'1]19/2 X 1/12'13/2]2—_&1—.
Therefore below we will discuss possible assignments,
based on these two configurations.

Considering the [7T2d;/12 x vliyg)9] configuration we

3 /12 hole states

in the neighbouring odd-mass '®°T1 and '®7TIl isotopes
are 284 keV and 300 keV, respectively (fig. 3.13 of [1])
and therefore one expects the states resulting from this
particular proton-neutron multiplet to be at similar exci-
tation energies. On these grounds, one could tentatively
assign the states at 441, 356, 281 and 255 keV as the mem-

bers of the [7r2d3_/12 xv1i13/9]5+ s+ multiplet. As explained

above, the 87 member of this multiplet cannot be below
the long-lived isomeric (107) state at 374 keV and there-
fore the 441 keV state could be tentatively assigned the
spin and parity of I™ = (8"). In such a case, the states at
356, 281 and 255 keV should have the spin and parity of
5T — 7T. This scenario is in general agreement with the
predictions of the Paar’s rule [28]. Namely, for the cou-
pling of a hole in the 72d3/, orbital and a quasiparticle in
the v1iy3/5 orbital a very specific ordering of the 5% — 8+
states can be deduced with the 57 and 8% states as the
higher-lying ones and the 6% and 7T states as the lower-
lying closely spaced ones. Taking into account all above
arguments, the state at 356 keV should have I™ = (57),
while the states at 281 and 255 keV should be assigned
the values of (67) and (7T) or vice versa, as the relative
spacing within the multiplet is somewhat sensitive to the
choice of parameters in the calculations, see [28].

If these states belong to the same multiplet, prompt
M1 intra-multiplet transitions should be expected and
evidence for one such transition (at 75 keV) was tenta-
tively suggested in our work (see fig. 7 and discussion in
sect. 3.2.1). The apparent non-observation of the other
intra-multiplet decays can be readily explained, first of all,
by a rather strong internal conversion of such low-energy
M1 transitions (auot(theor.) = 10 for the 50-100 keV
M1 decays), by the complexity of the spectra and by the
low intensity. Furthermore, the competition from direct
higher-energy decays to the lowest 67 and/or 7+ states
in '86m1T] is another reason for the non-observation of
intra-multiplet transitions.

Still assuming that the 441, 356, 281 and 255 keV
states belong to the [7T2d§/12 x vliyg/5] multiplet we point
out that the a-decays at 6392 and 6472 keV feeding the
441 and 356 keV states, respectively, have quite similar HF
values (235(40) and 275(50), respectively), see fig. 7. These
values are strongly different from the HF of 4700(800) and

note that the excitation energies of the w2d
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6600(1200) for the 6546 keV and 6570 keV decay, feeding
the 281 and 255 keV states, respectively. Tentatively this
could be related to the fact that in the case of the (5%) and
(8") states the angular momenta of the valence proton and
neutron are fully aligned and coupled either anti-parallel
(5 state) or parallel (8% state) to each other, the latter
being similar to the case of the nearly parallel alignment
in the (107) state of the parent '9™!Bi. This is differ-
ent for the (67) and (7) multiplet states in T1 nuclei as
these states require an intermediate angular-momentum
coupling.

Alternatively, to explain the large hindrance factor
difference one could assume that the states at 441 and
356 keV result from a different configuration, compared
to the states at 281 and 256 keV. In this case the state
at 441 keV could potentially be one of the (6,7,8,9,11)
members of the [m1hg /o X v1i13/2] multiplet, which are pre-
dicted to stay slightly above the 10~ state in ¥6TI (see
sect. 4.1). Most probably, in any of these cases the direct
352 keV and 441 keV transitions to the lowest (67) and
(7+) states in ¥MIT] respectively, would dominate over
the low-energy (< 67 keV) strongly converted intra-band
transition(s) to the long-lived (107) state at 374 keV in
186mlT]  The state at 356 keV can potentially be a 5~
state of the [mlhg/y x vliys/s] multiplet, which is pre-
dicted to stay below the 10~ state in 0TI The states
at 281 keV and 256 keV, populated by the more strongly
hindered a-decays could still be the (67) and (7) states
(or vice versa) of the [772d3_/12 x vliyg/2] configuration. In
such a case the lower hindrance factors for the 6392 and
6472 keV a-decays to the states at 441 and 356 keV could
be explained by the same [71hg /o X v1iq3/5] configuration
in the parent and daughter nuclei. The observed difference
in the hindrance factors for the 6392, 6546 and 6472 keV
a-decays in this case would probably arise from the dif-
ferent proton-neutron angular-momentum coupling in the
daughter states.

The assumption of the [7r2d§/12 x vliy3/5] configuration

for the states at 281 and 255 keV requires a change of a
1hg,o proton particle in the parent Bi nucleus to a 2ds/;
proton hole in the daughter Tl isotope. Most probably,
this would lead to an additional hindrance compared to
the a-decays to the lowest (67) and (71) states of the
[733;/12 x v1iy3/5] configuration and based on our data this

additional hindrance can be estimated as 4-6 (see fig. 7).

To conclude this part, based on the available experi-
mental data alone, only a spin range of I = 5-8 can be
given for the 441 keV state and a spin range of I = 5-7 for
the states at 356, 281 and 255 keV in 8™ T1. The most
probable configurations, responsible for these states, are
[7’(’1]19/2 X V1i13/2] and [7T2d3_/12 X V1i13/2], but no definitive
assignments can be established.

4.2.2 Low-spin isomer 179™2Bj and excited states in the
daughter 186m2T]

New excited states have been also observed in the decay of
the low-spin isomer in '99Bi, see fig. 7. Possibly, some of

these states may belong to the [7r2dg/12 X 1/3p3/2]0—%3—
multiplet (see table 3 and cf. the discussion of the
[r2dy /12 x vliy3/5] multiplet above). Furthermore, the low-
spin 27 — 57 states of the intruder [71hg 5 X v1i13/5] mul-
tiplet in '86T1 cannot be excluded as they are predicted to
stay below the 10~ state of this multiplet (see sect. 4.1).
In this case a-decays from the [rlhg/y X V3ps/s]s+ state
in 199m2Bj to both of these configurations will be some-
what hindered, as they would require a wlhg/ — 72d, /12
change in the former case, or a v3ps/y — vlijz/ in the
latter case.

Unfortunately, due to the lack of definitive data on the
multipolarity of some of the transitions and a rather com-
plex decay pattern we prefer not to draw any conclusions
on the possible spin and parity of these states.

The reduced o widths §2 calculated with the Ras-
mussen prescription [9] for unhindered AL = 0 a-decays
of M0Bi are: 62(6456 keV, 1m!Bi) = 33(6) keV and
62 (6431 keV, 190m2Bi) = 55720 keV. These values show
that similar to the heavier 192:194:196Bj nuclei, the 37 —
3T a-decay in '9°Bi is somewhat more favoured than the
10~ — 10~ decay (see also table 1 of [7]).

The following sections will provide more informa-
tion on the systematics of the fine-structure a-decays in
1837196 Bi and on the excited states in the daughter TI
isotopes.

4.3 a-decay of 188Bij

4.3.1 The a-decay of the high-spin isomer 33™1Bj and the
new intruder (107) state at 500 keV in 184m1T|,

The energies of the known 6813 keV and the new 7302 keV
a-decays of 88mIBi fit well to the systematics of the
10~ — 10~ and 10~ — 77 decays, respectively, in the
heavier odd-odd Bi isotopes, see fig. 8a. On these grounds,
we tentatively assign the spin and parity of (107) to the
isomeric state with T3, = 265(15) ms in '%*Bi and the
spin and parity of (7) to the state in the daughter 84T,
fed by the 7302 keV decay. Based on the unhindered na-
ture of the 6813 keV decay we interpret the new excited
state at 500 keV in 184MIT] as a (10~) member of the in-
truder [rlhg/o X vliyz/2]o- 11~ multiplet. As discussed
in sect. 4.1, this state is expected to stay below the 87,
9~ and 11~ multiplet states in 34T, thus possibly be-
coming an isomeric state (as in 18Tl see fig. 7). The
non-observation of the direct 500 keV ~-decay to the low-
est (71) state in '¥4™IT] is in agreement with the above
assignment as such a transition would be of an E3 multi-
polarity with a much longer half-life than the interval of
5 us for the a-v coincidences in our experiment. This state
extends the systematics of the 10~ intruder states in the
odd-odd mass Tl nuclei, see fig. 8b. The energy system-
atics can be approximated by a parabolic dependence on
the number of valence pairs outside the neutron closed-
shell configuration, counted as holes from the N = 126
shell and as particles from the N = 82 shell (see refs. [2,3]
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for more details). Therefore, in the remainder of this dis-
cussion, we shall speak about the “parabolic energy de-
pendence” when referring to this phenomenon of intruder
energy variation.

The (77) assignment for the lowest state in 84mIT]
and an M1 multipolarity for the 70.5 keV transition
establish the spin and parity of (67) for the excited
state fed by the 7232 keV decay of '®8m1Bi. Similar to
1867190 [7], this state is most likely the second member
of the [w3s;/12 x vliyg)s)g+ 7+ doublet. This extends the

systematics of such states up to 4Tl and confirms the
downward trend of their excitation energy relative to the
lowest (77) state: 112.2 keV in 0TI, 103.1 keV in 88T,
89.5 keV in ¥6T1 and 70.5 keV in 84T1 (see fig. 8b).

By analogy with the decay of the high-spin iso-
mer in '"OBi, the state at 320 keV in 3*™IT] can
be attributed as one of the I (5-7) members of
the [7r2d3_/12 X vliyg)9]5+ g+ multiplet or, possibly, as a
[T1hg/o X v1iy3/2]5- state. Indeed, the non-observation of
the decay from the long-lived state at 500 keV establishes
an upper limit on the spin and parity of the 320 keV state
as 7-/%. On the other hand, the observation of the fast
decays from the 320 keV state to the (71) and (67) states
in 184m1T] requires its spin to be not lower than 5. Other
members of these multiplets could not be observed in this
experiment presumably due to a lower number of events
compared to °0™1Bj,

It is important to underline the practically linear de-
pendence of the energy of the (107) — (77) a-decays on
the Bi mass number (see fig. 8a). Indeed, a linear fit (not

shown in the figure) of the data for ¥ 194Bi reproduces
the measured values with an error in each point close to
the uncertainty of the « energy measurements. In con-
trast, the energy of the (107) — (107) decays follows
a parabolic dependence as a function of the number of
valence nucleon pairs with a local maximum in 192194Bj
(not seen clearly due to the scale chosen for the Y-axis in
fig. 8a). The latter trend reflects the well-known parabolic
behaviour of the energy of the intruder 10~ states as a
function of the neutron number in the daughter TI iso-
topes (see fig. 8b) and the new state at 500(5) keV in
184m1T] fits well to these systematics. Furthermore, fig. 8b
clearly illustrates the similar behaviour of the 10~ and
9/27 intruder states in the odd-odd and odd-mass T1 iso-
topes, respectively. The so-called “scaling law”, which is
responsible for such a behaviour, was discussed in [3,6,7]
and we refer the reader to these papers. The fact that both
10~ — 7% and 10~ — 10~ decays follow the systematics
suggests the robustness of the underlying configurations,
at least, up to '®™!Bi and its daughter ®4™!T].

4.3.2 The a-decay of the low-spin isomer in %8B

Figure 8a also shows the systematics of the known 37 —
2~ and 37 — 3% a-decays of the low-spin isomers in the
odd-odd ?9719Bi isotopes. Up to *OBi the 37 — 2~ and
3T — 3% decays behave very similarly to the 10~ — 7+
and 10T — 10~ decays discussed above: they follow the
linear and the parabolic energy dependence, respectively,
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on the neutron number. Moreover, the energies of the un-
hindered 10~ — 10~ and 3t — 3% decays in 199 196Bj
are very similar, the largest difference being only 46 keV
(194Bi, [7)).

Qualitatively, the known 6992 keV decay in '38m2Bi
follows the pattern observed for the 37 — 3% a-decays in
the heavier Bi nuclei: it is an unhindered strongest decay,
registered in coincidences with an E1 transition. Accord-
ing to the Paar’s rule [28] the 31 state is expected to
stay lowest in the [m1hg o X v3ps 2]+ ¢+ multiplet for
the A(Bi) < 198 nuclei, which was experimentally proved
down to 99Bi in [7]. Therefore, by analogy with the heav-
ier odd-odd Bi nuclei, we tentatively assign the spin and
parity of I™ = (3%) and the normal 71hg/5 X v3pg/s con-
figuration to the 60(3) ms isomer in 88Bi.

The unhindered nature of the 6992 keV «a-decay points
to the same spin and parity of (3%) for the state at
117.5 keV in the daughter '34™2T], which is then in-
terpreted as having an intruder mlhg/o X v3psz/o config-
uration. A hindered HF = 120(11) 7106 keV crossover
transition feeds to a state with a possible assignment of
I™ = (2-4)~ which is defined by the deduced F1 multipo-
larity of the 117.5 keV decay. By analogy with the heavier
odd-odd T1 isotopes we tentatively assign I™ = (27) and
71'351_/12 X v3p3 /o configuration to this state.

However, in '8m2Bj there are certain quantitative de-
viations from the decay pattern of the heavier odd-odd Bi
isotopes. For example, the energy systematics in fig. 8a
show that the assumed (37) — (37) 6992 keV decay has
an energy about 200 keV higher than expected from the
systematics. A deviation of about 100 keV to lower en-
ergies was also deduced for the assumed (3t) — (27)
7106 keV decay. Furthermore, while the energy of the E1
transitions in coincidence with the unhindered a-decay of
the low-spin isomers in 199 194Bj follows the parabolic en-
ergy dependence with a minimum in %9T1 (151 keV, see
fig. 8b), in 4TI it drops to 117.5 keV.

Finally, it is well known that in the complete-fusion re-
actions the high-spin isomer is usually more strongly pop-
ulated than the low-spin isomer. This is indeed confirmed
for 1907196Bi in which the intensity of the 10~ — 10~
a-decay is higher (after normalisation on the correspond-
ing b, values) than the intensity of the 37 — 3% decay (see
table 1 of [7] and fig. 1b of this paper for 99Bi). However,
in 188Bi the situation is reversed: the 6813 keV (107) —
(107) decay has lower intensity than the 6992 keV (37) —
(3%) decay, see fig. 1b (in both cases we assume b, =
100% taken from systematics). We also note that the re-
duced a widths 62(6813 keV, (107)) = 52(3) keV and
52(6992 keV, (3%)) = 54(3) keV for strongest unhindered
a-decays of 188Bi are equal within the experimental uncer-
tainty (assuming AL = 0 decays). This is in contrast with
the reduced o width systematics for the heavier 10 196Bj
nuclei, in which the 37 — 3% a-decays were always more
favoured (by (30-60)%) compared to the 10~ — 10~ de-
cays (see discussion for "“Bi in sect. 4.1.2 and table 1
of [7]).

Unfortunately, based on the available data alone no
explanation can be presently suggested for the observed

deviations. Such a behaviour might indicate a change in
the configuration of '®8™2B;j or in its daughter '#4m2T1, or
in both nuclei. As was mentioned in sect. 4.1, in the odd-
odd TI nuclei lighter than A = 188 the low-spin I™ = 27—
57 members of the [11hg s X V1i13/2]2- .11~ multiplet are
expected at a relatively low excitation energy (at least,
below the 10~ multiplet state). In such a way some of
them can be populated via a-decay of the low-spin isomer
in '88Bi. Therefore, the presence of the new decay paths
in the lighter T1 isotopes (compared to the A(T1) > 188)
may be one of the reasons for a change of systematics in
the lighter Bi and TI nuclei.

Another scenario for a possible change in the lighter
odd-odd Bi nuclei is provided by the neighbouring odd-
mass isotopes 187189Bi. In these isotopes the excitation en-
ergy of (presumably, oblate) intruder 1/27 states does not
follow a parabolic energy dependence on the neutron num-
ber, observed for the heavier odd-mass Bi isotopes (see
the discussion in [27]). Moreover, the excitation energy of
these states are quite low, being 112(11) keV in '87Bi [27]
and 230(30) keV [30] or 190(40) keV in ¥9Bi [31]. The ob-
served change of systematics may reflect the influence of
expected oblate-prolate shape coexistence at low energy
in the lightest odd-mass Bi nuclei and recently evidence
for low-lying prolate rotational bands in 87189Bi was ob-
tained [32]. Therefore, a possibility of an oblate-prolate
shape coexistence at low excitation energy in the lightest
odd-odd Bi isotopes should be also considered.

5 Conclusions

In this work we presented a detailed a-decay study
of the neutron-deficient isotopes '3%190Bi. A few new
fine-structure lines in the a-decay of these nuclei were
found, populating previously unknown excited states in
the daughter 34186 T1 isotopes. The most probable config-
uration of these states involves the coupling of the 1i;3/5
neutron particle to the low-lying proton 2d37/12 or lhg/s
states in the neighbouring odd-mass T1 isotopes.

An intruder, presumably, [wlhg/s X vliig o]0~ iso-
meric state at 500(5) keV was found in 84™1T], extending
the parabolic energy systematics of such states beyond the
neutron mid-shell at N = 104.

The systematics of the (107) — (71) and (107) —
(107) a-decays of the high-spin isomers in ¥ 19Bj sug-
gest the robustness of the underlying configurations, at
least, up to '®¥™!Bi and its daughter ¥3*™!'TI. In con-
trast, the systematics of the assumed (3%) — (27) and
(3%) — (3%) a-decays of the low-spin isomers in 88 196Bj
shows clear deviations in '®¥™2Bi which may reflect the
influence of the new configurations reported in the neigh-
bouring odd-mass Bi nuclei.

More detailed complementary decay and in-beam -y
spectroscopic studies, combined with spin measurements
by means of laser spectroscopy, are necessary to under-
stand such a behaviour.
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The effect of the a-e™ summing in the PSSD which
is important for experiments at the recoil separators is
discussed in detail and a few examples are presented.
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