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Proton Decay of an Intruder State in 133Bi
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The new proton radioactivity®”Bi has been observed, produceth the *>Mo(®>Mo, pn)'#Bi
reaction. lts decay proceeds from the low-lyiag intruder state in® Bi to the '**Pb ground state with
the emission of a proton of enerdy585 + 0.009 MeV and a half-life of44 += 16 wus. This marks the
first observation of proton radioactivity above the= 82 closed shell, and it has been used to obtain
the admixture of &* intruder state in®Pb into the'®*Pb ground-state wave function.

PACS numbers: 23.50.+z, 21.10.Pc, 21.10.Tg, 27.70.+q

The proton drip line represents one of the fundamentaHere we report the discovery of a new region of proton
limits to nuclear existence. Nuclei lying beyond this pointradioactivity in which proton decay from an intruder state
are energetically unstable to the emission of a protonis observed for the first time.

Proton decay is an inherently simple process, since the In this Letter, results on proton radioactivity frofiBi,
proton can be considered to be preformed inside théy far the heaviest proton emitter found to date, are
decaying nucleus. This simplicity can be exploited topresented.!®3Bi has a single proton outside tie= 82
obtain unique spectroscopic information beyond the protorlosed shell. The existence of low-lying intruder states
drip line. In particular, the proton decay transition ratesin the neutron-deficient odd- nuclei in this region is
are extremely sensitive to the energy and orbital angulagxpected to play a significant role in the decays for these
momentum of the proton, while being relatively insensitiveemitters. In the odd: Bi isotopes, thel/2* intruder

to the details of the nuclear potential. Although the protorstate, with proton configuration(hg/»)* (s1/2) !, appears
drip line has been extensively mapped out #or< 50,  as a low-lying isomeric state above B2~ ground state

no examples of ground-state proton radioactivity haveg12]. For the everA Pb daughter nuclei, low-lying™*
been observed in this region. This can be attributedntruder states having the configuratiafihy,)? (s1/2) 2

to the relatively low Coulomb barriers in light nuclei, have been observed [13].

which can result in proton-unbound nuclei being too short In contrast to the other regions of the proton drip line,
lived (1,2, < 1 us) to be observed experimentally. For where the p2nand Jp3n fusion-evaporation channels have
Z > 50 two regions of proton radioactivity have been been used to study proton radioactivity, fission competition
discovered, one near th&% = 82 shell closure [1-5], is the major obstacle. Hence we chose to proddcBi

the other just aboveZ = 50 [6—9]. The region near via the Jln evaporation channel, using a relatively cold
N = 82 is predicted [10] to be approximately spherical, compound nucleus reactiddMo + Mo — '¥7Po at ex-
and proton decay rates have been well reproduced hsitation energies between 25 and 30 MeV. A 410 MeV,
W. K. B. calculations [1] assuming simple spherical shell2 particle nA ®Mo beam from the ATLAS accelerator
model states and spectroscopic factors of unity. Thesat Argonne National Laboratory was used to bombard
studies have revealed surprising shell reversals in tha 500 ug/cn? isotopically enriched target oPMo for
ground-state configurations [2], and in some cases the shell period of 40 h. Reaction products entered the frag-
separations have been directly determined from isomeriment mass analyzer (FMA) [14], where they were sepa-
decays [1,3,5]. For the proton transitions around=  rated from the primary beam on a microsecond time scale
53-535, large hindrance factors are required (e-g30 for  and dispersed itM/q (masgcharge) at the focal plane.
113Cs [7,8]) that have been attributed [7,11] to the onset ofA thin position-sensitive multiwire proportional counter
a predicted region of deformation [10]. By exploring new (MWPC) at this location provided/q, time of arrival,
regions of proton radioactivity we would expect to obtainand energy loss signals. After passing through this detec-
further unique information on nuclear level structures.tor, the ions traveled 40 cm farther and were implanted
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approximately 10um deep into a double-sided silicon -
Pb o

strip detector (DSSD) of thickness bm, areal6 X 40
16 mn?, and having 48 orthogonal strips on the front and 20
rear, respectively [15]. Events in the DSSD were time
stamped and identified as either an implant or decay par- 2
ticle, depending on whether they were in coincidence or 1o
anticoincidence with a signal from the MWPC. Reaction
recoils were separated from scattered beam events in the,
DSSD by their energy and time of flight from the MWPC. = 40
The ion optics of the FMA allowed three charge states of % 30
the same mass to be implanted into the DSSD, with essen-w
tially uniform illumination.

With this arrangement the 2304 individualy quasip-
ixel locations in the DSSD served as memory cells,
allowing the observation of the time and position corre-
lations between the implantation of an individual ion and
its subsequent decay products. In this region of the chart
of the nuclides, proton emission must compete with alpha
decay, with the decaying states having half-lives in the
0.1-200 ms range. The capability of time and position
correlating the proton with the alpha decay of the daugh-
ter nucleus makes possible the clean identification of even
extremely weak proton decay channels. DECAY PARTICLE ENERGY (MeV)

The decay events in this experiment occurred in two

. : - FIG. 1. (a) Energy spectrum of all decay events in the DSSD.
time regions. A cluster of 14 events all decayed WlthlnThe peaks above-s MeV represent alpha decays, and the

200 ps of the implantation event, while the remaining proad structure extending down tel.4 MeV is due to alphas
events all had decay times longer than 3 ms. Figure 1(admitted in the backward direction, which deposit only part
shows the energy spectrum of all decay events in thef their energy before escaping from the DSSD. (b) Energy
DSSD. The spectrum is dominated by known alphaSPectrum of decay events from= 185 implants. (c) Energy
decay peaks~25 keV FWHM) mainly from 185pp and spectrum of decay events which occurred within 200 0f the
. implantation event.

an alpha escape bump around 1.5-2 MeV. Figure 1(b5n
shows the energy spectrum of decay events following
the implantation of mass 185 recoils. Figure 1(c) shows
the energy spectrum of decay events occurring within A simple parabolic extrapolation of the energies of the
200 us of the implantation event. All of these eventsO* intruder states in neutron-deficient Pb isotopes [13]
haveA = 185 parents. A peak is present at an energy ofgives an estimated value of 0.60 MeV for the excitation
1.585 + 0.009 MeV, calibrated using the known ground- energy of thé@* intruder in'#Pb. This reduction in avail-
state decay protons frott’ Tm [1], which is found to be able decay energy translates to a proton decay rate at least
correlated with known alphas fro¥*Pb [16]. On this 7 orders of magnitude slower than the rate to tfé&b
basis the peak is assigned to the proton decay®*®i, ground state. Thus the ground-state transition will domi-
with a correspondin@ value of1.594 = 0.009 MeV, and  nate, despite being hindered by configuration effects. This
an associated cross section-ef00 nb using an efficiency argument would remain valid for other possible excited
for the FMA of 20%. state configurations, such as a low-lying prolate band struc-

The measured half-life 044 = 16 us is compared in ture recently observed i1i®!88Pb [19]. We conclude that
Table | with WKB barrier transmissions calculated asthe observed®”Bi proton decay proceeds to tH&Pb
described by Hofmann [1], using two different sets ofground state. Figure 2 shows the propo$¥dBi decay
optical model parameters [17,18]. The results are givescheme, including the predominant proton configurations
for € values of 0 and 5, corresponding to the protonsuggested for the various states. Estimated excitation en-
orbitalss;» andhg ;. From Table 1, it is seen that proton ergies in MeV obtained by parabolic extrapolation from
emission from the likelyho/» ground state of®Bi can  known isotopes [12,13] are given in square brackets for
be ruled out, since the observed transition is much fastehe relevant states shown.
than predicted. We therefore interpret the observed proton Proton decay betweel>”Bi and the '**Pb ground
group as originating from the metastabig, intruder state is expected to be inhibited because it involves a
state in!%Bi. What remains is to identify which state complex particle rearrangement. However, the decay can
in the daughter nucleu$*Pb is populated by the proton take place through a small 2p-2h (two-particle—two-hole)
decay. admixture in the!®*Pb ground-state wave function, and
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TABLE |. '85™Bj proton partial half-lives 4s).

Energy Measured Calculateg), , @
(MeV) tyap BG® Perey® Proton orbital
2.2 1.4 S1/2

1.585 £ 0.009 44 * 16
29000 15000 hoya

@Calculated proton partial half-life, assuming a spectroscopic factor of unity.
®Using Becchetti-Greenlees optical potential [17].
©Using Perey optical potential [18].

should provide a clean way to measure the mixing'®"Bi state as the proton decay (this assumption would
intensity. A simple model [20] for thé®Pb ground- not significantly alter any of the previous discussions on
state wave function gives the proton decay branch). The implied partial half-life
of the 185" Bj alpha decay i$10 = 230 us, resulting in
|05,) = alop-Oh) + b|2p-2h), wherelal® + [b]> = 1.  an alpha-decay reduced widsh of 7.2 = 5.3 keV, using

Such 2p-2h admixtures have been studied for neutrorin€ formalism of Rasmussen [28]. This transition can be

deficient Pb isotopes, giving mixing intensiti¢s|> of compared with the alpha_decay of the neighboring even-
0.003 for 19Pb [2%] 0.%05 %Orlgng [20] >0§§2| tor  €ven nucleus®Pb, for whichd® = 49 keV. We obtain
190ph [20] and<0.09’ for 186158pp [21]. Fo’r the present a reduced hindrance factor (HF), defined [28] as the ra-

case we assume that th&"Bi proton decay proceeds tio of the alpha reduced widths, 88 = HF = 12. This

; ; + +
from the essentially pure 2p-1h state to the admixed 2 compares well with values obtained for thé 1/2

2h component in thé**Pb ground state. Using the ex- alpha transitions from heavier oddBi isotopes [22]. On
erimental and calculated proton artiail half-lives iventhiS basis, we tentatively interpret the observed alpha de-
P n b 9 cay as the transition betweét?”Bi and thel/2* ground

in Table I, we obtairD.03 < |»|> = 0.07 for the mixing state of 81 TI, which is illustrated in Fig. 2

intensity of thew(hg/2)? (s1/2) "% 2p-2h state in thé®*Pb g .
ground state, using the Becchetti-Greenlees optical potertl)- T:l?] g&ﬂﬁinnddzﬁzge 21:8 ri'l s(;lgg;d dt(e)c?%gpzr? dgg{ga?rgly
tial [17]. The corresponding limits for the Perey potential y P y

[18] are0.02 = |b|*> = 0.04. These values are consistent

with the results quoted above f&t~1%*Pb and provide _® —® ® rhy, o o
an anchoring data point for the theoretical exploration ° ® O msy © o
of shape coexistence in these highly neutron-deficient
nuclei. ° zh

Because the excitation energy 8f”Pb is not known, —¢ o — "o o nsfﬁ e o

it is not possible to compare the measured prd&@ovalue
directly with mass predictions. A simple parabolic ex-

trapolation based on the excitation energies for tjz" 1+ [0.22]

intruder states il Bi, **Bi, !'Bi [22], and recent re- 2 ME16ps

sults for '¥Bi [23,24] gives an estimated excitation en- o/ E - 1585 keV

ergy of 0.22 MeV for the energy of this state ¥ Bi. 21/ 18y p; =086

This corresponds to a ground-state prot@nvalue of / ' P

1.37 MeV. Predicted values are 1.57 [25], 1.58 [26], E .= 8030 keV,/

and 2.02 MeV [10]. The Liran-Zeldes mass formula [25] b= 0.14 / o*
is known to reproduce ground-state alpha-deQayalue /

systematics very well. In this case the prediction'foBi / .
is 7.96 MeV, which would give a value of 8.18 MeV 074 / o 5 0
for the isomeric state assuming an excitation energy ofﬁ_ (5) Pb
0.22 MeV. One lone event is present in Fig. 1(c) with an /

alphaQ value of 8.21 MeV. It is correlated with an es- /

cape alpha having a decay time of 3.9 s, consistent with ~ / .

being from the~20% alpha branch of 3.4 $!Tl [27]. _L(lz)

A further single uncorrelated event is observed in the ''n

alpha-escape region at an energy of 1_'68 Mev_’ SigniﬁT:IG. 2. Proposed decay scheme!'8f'Bi. Suggested proton
cantly above the proton peak. We tentatively assign thesgonfigurations for each of the six states are given. The numbers
two events to an alpha branch ef15% from the same in square brackets are estimated excitation energies in MeV.
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