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Abstract. The excitation energies of the single-particle normal and intruder levels in both *¥3T1 and **"Bi
were measured for the first time via the a decay of **"Bi produced in the " Mo(?*Mo,pn)'®*"Bi reaction. The
previously unobserved '®"Bi ground state (hg2) to '**T1 ground state (si/2) o transition was identified,
establishing the ®"Bi intruder state excitation energy to be 112(21) keV, 70 keV less than that of the same

level in %°Bi.

PACS. 23.60.4+e « decay

1 Introduction

For neutron deficient spherical nuclei near Z = 82, with
filled hyy /9, dg/2, and sy /5 orbitals and unfilled hg /s, i13/2
orbitals one observes [1] in odd-Z, even-N isotopes low-
lying 9/27 and 1/2% states for Z < 82 and Z > 82 re-
spectively. These states are called ”proton intruder” exci-
tations. In this paper, we are reporting new data for the
a decay of 87Bi to levels in 83Tl that reveal new fea-
tures of the structure of particle-hole intruder states in
this mass region. Our data clearly establish two things,
the position of the 1/2% low-spin state in ¥7Bi at 112(21)
keV, (this state has previously been estimated to be at 60
keV [2]), and the position of the hg/, intruder hole state
in 183T1 as 631(17) keV. This state had previously been
tentatively placed at ~ 550 keV [3,4]. We also have evi-
dence for the position of the ds/ single-proton hole state
in 1¥3T1 at 250(34) keV; this state had previously been
estimated at 280 keV [4], and listed in the Nuclear Data
Sheets at 387(22) [3].

There has been much experimental evidence showing
that the excitation energies of intruder states exhibit a
parabola-like dependence versus neutron number with a
minimum when N is midway between major neutron shell

closures. This behavior has been observed in both the Z
= 50 and Z = 82 regions [1,5], and is the result mainly
of the strongly attractive proton-neutron force between
the ”intruder” protons and the available valence neutrons.
Hence, the maximum binding energy is expected to be
near the mid-point of the accompanying neutron shell [6].

The picture presented above for the hg/, intruder in
Z < 82 nuclei is quite well realized for the T1 isotopes,
where the excitation energy of the 9/27 intruder state has
a parabolic shape with a minimum at N = 108. However,
the excitation energy of the 1/27 intruder in Bi isotopes
continues to drop as one proceeds from N = 108 (}°!Bi;
242 keV) [2] to N= 106 (**Bi; 182 keV) [7] Further, a
continuation of the downward trend to N = 104 (60 keV)
was inferred by Coenen et al. [2] on the basis of ¥7Bi a-
decay data [8] with poor statistics. The systematics of the
1/2% intruder state of the Bi isotopes suggested in Ref. [2]
would represent something completely new for the odd-A
intruders, as it would be expected that if the parabolic
minima was to occur somewhere near the neutron mid-
shell, one would see a ”flattening out” of this curve. If the
downward shape of the curve is as suggested in Ref. [2]
were to continue to N=102, then the energies of the s; /o
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Table 1. Alpha-decay energies, half-lives, relative intensities, and reduced widths in the decay of **"Bi

Peak# Ea(keV) t1/2(ms) L. I; =l 52 (keV) HF
1 7000(8) 32(3) 88.3  9/27 —9/2-  82(10) 1
2 7367(30) 21%° 3.7 9/27 —3/2% 0.2(1) 410
3 7612(15) 2519 8.0 9/27 —1/2% 0.08(1) 1025
4 7721(15) 0.2979-09 100 1/2F —1/27F 31(10) 2.6
and hg /o states in 185Bi would be nearly identical. To see 4001
if this continued %rop was indeed correct we reinvestigated (a) 186 ppy All Decays
187R:
the a decay of “°'Bi. 300~
182,183H
2 Experimental Results and Setup 200~
Bismuth-187 was produced by bombarding a 1-mg/cm? 100~
thick target of “"Mo (93% enrichment) with 420-MeV
92Mo ions accelerated at the Argonne National Labora- 0 -
“Eory tATLAS fabcilcit?&1 FOH%Win§ produstion7 recoills of 1{; (b) 1 A =187
erest were passe rough a fragment mass analyzer -
and a gas-filled parallel grid avalanche counter (PGAC) for 20 <250 ms
A/Q identification, and then implanted into a 60-micron 15
thick double-sided silicon strip detector (DSSD) with 40 &
horizontal and 40 vertical strips. This strip arrangement 8 10
results in a total of 1600 pixels. For each event in the Q) 187 3 4
DSSD, the time, energy, and event type (recoil or decay, 5 Pb 2
depending on whether it is in coincidence with the PGAC 1 lm I I 18] M
or not) were recorded. Subsequent decays in a pixel can 0 A =187
then be correlated with the parent, thus allowing for nu- 4 (C) o 4
clidic identification. t< 1.0 ms
Figure 1(a) shows the total decay spectrum accumu- 3
lated over a period of ~3 days with an average beam in-
tensity of 2 pnA. One observes the well-known Hg and 2 7]
Pb a peaks arising from the larger reaction channels. In
addition, there are events above 7 MeV that we assign to 1 | |
186Bi [10] and ¥7Bi. Figure 1(b) shows the same decay
spectrum correlated with a previous recoil of mass 187, 0 6'0 7'0 8.0
and a time between decay and implantation of < 250 ms. ) ) )
Four peaks (labeled 1-4) in this spectrum are assigned to Energy (MeV)

187Bj decay. A further constraint on the time between im-
plantation and decay of < 1 ms results in Fig. 1(c). A
comparison of Figs. 1(b) and 1(c¢) clearly demonstrates
that peak 4 has a much shorter half-life than peaks 1-3
so that, as in the case of heavier odd-A Bi isotopes, there
are two a-emitting states in ¥7Bi. Following the system-
atics of the heavier odd-mass Bi isotopes, we assign the
longer-lived species to the 187Bi 9/2~ ground state, and
the shorter-lived radioactivity to the 1/2% isomer. The
relevant information on '8”Bi a decay is summarized in
Table I, while Fig. 2 shows our proposed scheme for the
a decay of 87Bi. These assignments are bolstered by the
fact that of the two states, the longer-lived level had a
far greater yield (=7/1) as would be expected when high-
and low-spin radioactivities are produced in heavy-ion re-
actions.

The individual half-lives for peaks 1-3 are consistent
with each other and lead to our adopted value of 32(3) ms
for the 9/2~ ground state. This compares with the 35(4)

Fig. 1. Alpha-particle spectrum recorded in the DSSD during
92Mo bombardments of °"Mo. Part (a) shows the total decay
spectrum. Part (b) is the spectrum obtained by gating on A =
187 recoils, and with a time between decay and recoil implan-
tation of < 250 ms. In part (c) there is a further constraint
on the time of < 1.0 ms. Numbered peaks are discussed in the
text

ms half-life reported by Schneider [8] who observed only
one transition, 6986(10) keV, which presumably corre-
sponds to our 7000(8)-keV transition. The previous study
also reported only one transition from the s; /5 isomer with
an energy of 7583(10) keV and a half-life of 0.8(6) ms.
This half-life agrees only marginally with the 0.297052-
ms value that we adopt for the s/, isomer, while the de-
cay energy is not in agreement with the value of 7721(15)
keV that we measured for the transition assigned to the
s1/2 isomer. Our data therefore cast doubt on the original
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Fig. 2. Alpha-decay scheme for ®"Bi. Note that energies
shown for the « transitions are Q, values

identification of the '®7Bi s; o state claimed in Ref. [8].
Further evidence that the 32-ms activity represents 87Bi
«a decay was established by observing that peaks 1 and
3 are correlated with ®3Hg 5.91-MeV « particles which
originate from the sequence: %"Bi — 183T1 — 183Hg—
179Pt. The second step is not detected in our experiment
since the thin DSSD is not sensitive to either positron or
electron-capture decays. Peak 1 is also correlated with one
6.38-MeV « particle which we assign to the a decay of the
known [4] 9/27 isomer in '®3T1. These correlations allow
for the first experimental determination of the ®3T1™ «-
branching ratio, namely a value of ~1.5%. However, due
to the low statistics (i.e. one correlated event), this is not
conclusive. Peak 2 is not correlated with any a particles
from '®3Hg; however, this can easily be explained due to
the low statistics.

3 Discussion

On the basis of the decay data in Table I and using the
formalism developed by Rasmussen [11] o reduced widths
(62) were calculated for the four 87Bi transitions, assum-
ing that they all involve A¢ = 0 transfers. These widths

2000 -
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Fig. 3. Plot of the intruder state excitation energies versus N
for nuclei near the Z = 82 closed proton shells, containing the
energies of odd-mass T1 7(1p-2h), Bi w(2p-1h), and even-mass
Pb 7 (2p-2h) isotopes

(included in Table I) are to be compared with §2 values
for ground-state-to-ground-state (s-wave) transitions for
neighboring even-even « emitters which range from about
40 to 90 keV for Po and Pb nuclei [7]. Hindrance factors
(HF) are defined as the ratio of s-wave §2 values to those
of transitions under consideration. On that basis the 7000-
keV transition (peak 1) is clearly unhindered reinforcing
the statement given above that it connects the hg, states
in 187Bi and '83T1. For further discussion we have assigned
a HF of 1 to the 7000-keV peak and with that normaliza-
tion have deduced HF for the remaining four transitions.
Peaks 2 and 3 have HF of 410 and 1025, respectively. They
are similar in value to HF observed (see the discussion in
Ref. [7]) in heavier Bi isotopes for transitions originating
from the hg/, ground state and proceeding to ds/p ex-
cited and s; /o ground states in the Tl daughters. Thus,
our data provide evidence that the new 250(34)-keV level,
established by the 7367- and 7000-keV transitions, rep-
resents the previously unobserved ds/, state in 1837, Tts
250-keV excitation is consistent with the energy systemat-
ics for the d3 /5 level, which from 18571 o 20171, is located
between 285 and 385 keV [12]. However, it does not agree
with the 387(22)-keV value listed in Nuclear Data Sheets
for A = 183 [3]. The 7612- and 7000-keV transitions de-
termine the excitation energy of the hg /5 intruder state in
3T1 to be 625(17) keV. As in the case of the dgs level,
this energy is substantially different from the adopted [3]
value of =550 keV which was deduced by Schrewe et al. [4]
based primarily on the 60-ms half-life that they measured
for ¥3T1™. Our measured value emphasizes the parabolic
behavior of the T1 why/, intruder states (see Fig. 3).
According to the rules for level assignments adopted
by Nuclear Data Sheets, o decays with HF less than four
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are considered to be unhindered. On this basis, the tran-
sition assigned to the '8"Bi s; /2 isomer is unhindered. We
propose that the 7721-keV transition (peak 4) proceeds
to the '®3Tls; /5 ground state. The difference between the
energies of peaks 3 and 4 establish for the first time the
excitation energy of the 1/2% 187Bi isomer as 112(21) keV.
Thus the downward trend of the s; /5 intruder observed for
189Bj continues to ¥7Bi.

The behavior of the intruder states near Z = 82 (T1,
Pb and Bi) are presented in Fig. 3, where their excitation
energies are plotted as a function of neutron number. As
shown in the figure, the 1p-2h intruder states in T1 follow
closely a parabolic shape but the curve for the 2p-1h (Bi)
intruder states shows no sign of leveling off. The overall
shape of the Bi curve seems to follow more closely that
of the known Pb 2p-2h intruder states. This may well be
due to mixing with an underlying Pb core structure in the
light Bi isotopes.

We note the recent measurements [13] in which two 07
states have been established in '8¢Pb, a weakly deformed
oblate intruder configuration and a strongly deformed pro-
late intruder configurations. If a similar situation exists in
the light Bi isotopes, we may be observing a crossing of
two different 1/27 states, the expected 1/2% 2p-1h states
at higher mass whose systematic behavior parallels that of
the 9/27 1p-2h intruder in the TI nuclides, and the prolate
1/2% state that might be better viewed as a prolate Nils-
son 1/27[660] state. It should be stressed however, that
with the current data a firm conclusion cannot safely be
reached.

In conclusion, we have investigated the o decay of 187 Bi
to '83T1 and have observed the previously unidentified
87Bi ground state (hg/2) to '®3T1 ground state (s1/2) a
transition, establishing the '87Bi intruder state (s; o) exci-
tation energy to be 112(21) keV. Previously its excitation
had been estimated as low as 60 keV [2]. This work also
establishes the excitation of the (hg /) state in '#37T1 to be
625(17) and provides evidence that the (dz/s) state lies at
250(31) keV.

UNIRIB is a consortium of universities, State of Tennessee,
Oak Ridge Associated Universities, and Oak Ridge National
Laboratory and is partially supported by the U.S. Depart-
ment of Energy under contract #DE-AC05-760R00033 with
the Oak Ridge Associated Universities. Research at Oak Ridge
National Laboratory is sponsored by the U.S. Department of
Energy under contract #DE-AC05-960R22464 with Lockheed

Martin Energy research Corporation. This work also supported
in part by the U.S. D.O.E. under contracts # DE-FGO05-
84ER40159 (Louisiana State University), # W-31-109-ENG-
38 (Argonne National Laboratory), # DE-FG05-88ER40418
(University of Maryland), # DE-FG02-96ER40983 (Univer-
sity of Tennessee), # DE-FG02-96ER40958 (Georgia Institute
of Technology), and NATO Research Grant # CRG96-0981.
Three of the authors (K.H., C.D.C and B.D.) thank the FWO-
Flanders and the IWT for financial support. R. I. would like
to thank EPSRC for the award of a studentship.

References

1. K. Heyde, P. Van Isacker, M. Waroquier, J.L.. Wood, and
R.A. Meyer, Phys. Rep. 102, 291 (1983)

2. E. Coenen, K. Deneffe, M. Huyse, P. Van Duppen, and
J.L. Wood, Phys. Rev. Lett. 54, 1783 (1985)

3. R.B. Firestone, Nucl. Data Sheets 65, 589 (1992)

4. U.J. Schrewe, P. Tidemand-Petersson, G.M. Gowdy, R.
Kirchner, O. Klepper, A. Plochocki, W. Reisdorf, E.
Roeckl, J.L. Wood, J. Zylicz, R. Fass, and D. Schardt,
Phys. Lett 91B, 46 (1980)

5. J.L. Wood, K. Heyde, W. Nazarewicz, M. Huyse and P.
Van Duppen, Phys. Rep. 215, 101 (1992)

6. K. Heyde, J. Ryckebusch, M. Waroquier, and J. L. Wood,
Nuc. Phys A484, 275 (1988)

7. J. Wauters, J.C. Batchelder, C.R. Bingham, D.J. Blumen-
thal, L.T. Brown, L.F. Conticchio, C.N. Davids, T. Davin-
son, D.J. Henderson, R.J. Irvine, D. Seweryniak, K.S.
Toth, W.B. Walters, and P.J. Woods, Phys. Rev. C. 55,
1192 (1996)

8. J. Schneider, Geser Schwerionen-forschung, Darmstadt,
Thesis Report No. GSI-84-3, 1984 (unpublished)

9. C.N. Davids, B.B. Back, K. Bindra, D.J. Henderson, W.
Kutshera, T. Lauritsen, Y. Nagame, P. Sugathan, A.V. Ra-
mayya, and W.B. Walters, Nucl. Instrum. Methods B70,
358 (1992)

10. J.C. Batchelder, K.S. Toth, C.R. Bingham, L.T. Brown,
L.F. Conticchio, C.N. Davids, T. Davinson, D.J. Hender-
son, R.J. Irvine, D. Seweryniak, W.B. Walters, P.J. Woods,
J. Wauters, and E.F. Zganjar, Z. Phys. A357, 121 (1997)

11. J.O. Rasmussen, Phys. Rev. 113, 1953 (1959)

12. A.G. Schmidt, R.L. Melkodaj, E.L. Robinson, F.T. Avi-
gnone, J. Lin, G.M. Gowdy, J.L. Wood, and R.W. Fink,
Phys. Lett. 66B, 133 (1977)

13. R.G. Allatt, R.D. Page, M. Leino, T. Enqvist, K. Eskola,
P.T. Greenless, P. Jones, R. Julin, P. Kuusiniemi, W.H.
Trzaska, and J. Uusitalo, Phys. Lett. B 437, 29 (1998)



