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Proton emitters 140Ho and 141Ho: Probing the structure of unbound Nilsson orbitals
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Two new proton emitting states in the deformed nuclei140Ho (Ep51086610 keV, T1/25663 ms) and
141mHo (Ep51230620 keV, T1/25863 ms) have been identified. Experimental data are interpreted using
the coupled-channels Schro¨dinger equation with outgoing wave boundary conditions. The observed resonances
are discussed in terms of deformed single-proton orbitals close to theZ567 Fermi level.
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Proton radioactivity is an excellent example of element
three-dimensional quantum-mechanical tunneling. The l
times of proton emitters provide very direct information
wave functions of the narrow proton resonances, while
energies of emitted protons tell us about nuclear binding
ergies in the vicinity of the proton drip line.

Including the radioactivities of140Ho and 141mHo pre-
sented here, as many as 23 ground-state proton emitters
12 proton-decaying excited states have been found@1–7#.
For most of those states, proton emission rates can be
understood within a spherical picture@8# in which a single
proton tunnels through the Coulomb-plus-centrifugal barr
However, it was long recognized that in some cases, suc
109I @9–11# and 113Cs @9,12–14#, deformation effects can
play a role@15,16#.

A new avenue in the spectroscopy of proton emitters
opened up with the discovery of the ground-state proton
dioactivity of 131Eu and 141Ho @5#. Unlike the cases of109I
and 113Cs, the associated quadrupole deformations are la
b2.0.2. In Ref.@5#, proton half-lives were computed withi
the distorted-wave Born approximation~DWBA! approach
@15,16# and the data were interpreted in terms of t
7/22@523# state in141Ho, and the 3/21@411# and 5/21@413#
Nilsson orbitals in131Eu.

The objective of this work is twofold. The first goal is t
extend the studies of proton radioactivity among highly d
formed nuclei. With a (p,5n) reaction channel used for th
first time in such studies, this work is probing the experime
tal observation limits for detecting proton emitters produc
in a fusion-evaporation reaction and studied by means
recoil mass separator~RMS! @17# coupled to a double-side
0556-2813/99/60~1!/011301~5!/$15.00 60 0113
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silicon strip detector~DSSD! @18#. Secondly, we apply the
recently developed theoretical formalism based on
coupled-channels Schro¨dinger equation with outgoing wav
boundary conditions to the observed deformed narrow re
nances. As shown below, theory gives a robust predic
concerning the nature of the observed states.

A 0.91 mg/cm2 thick target of isotopically enriched
92Mo was bombarded with 315-MeV54Fe ions accelerated
at the Holifield Radioactive Ion Beam Facility~HRIBF! at
Oak Ridge, with an average beam current on target of;13
particle nA during a period of 30 hours. Fusion-evaporat
products of interest, recoiling with an energy of 9
610 MeV, passed through the RMS and a gas-fill
position-sensitive avalanche counter~PSAC! for mass and
charge identification@17#, and then were slowed down by
1.17 mg/cm2 nickel foil before implantation into a 60-mm
thick DSSD. The DSSD had an active area of 4 c
34 cm with a total of 40 horizontal and 40 vertical strip
providing 1600 individual pixels of 1 mm2 each. The RMS
was adjusted to deposit theA5140 and a part of theA
5141 products having a charge state127 on the DSSD, see
Fig. 1. For each implant, the energy of the implant, the pi
in which the implant occurred, the PSAC information, a
the time were recorded. If a decay occurred within a time
240 ms after an implant, the decay energy, pixel numb
and time of decay were also recorded in the same event.
decay times greater than 240ms, the decay information wa
recorded as a separate event. Decays within a given p
were correlated with the previous implants in the same p
in order to determine the decay time of the radioactivity.

Figure 2 shows the low-energy spectrum of charged p
©1999 The American Physical Society01-1
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ticles recorded in the DSSD within the given time interva
Dt after recoil implantation. The respectiveA5141 andA
5140 mass gates were applied, cf. Fig. 1. A peak of ab
100 counts in the middle panel of Fig. 2, obtained forDt
<25 ms andA5141, is that of the known proton decay@5#
of the 141Ho ground state. Its energy, reported in Ref.@5# as
116968 keV, was taken together with the well-known pr
ton lines of 109I, 113Cs, and 147Tm @2,3# to calibrate the
DSSD energy spectra. The half-life of141g.s.Ho was remea-
sured to be 3.960.5 ms, in good agreement with 4.
60.4 ms given in Ref.@5#. By keeping the sameA5141
mass gate and reducing the recoil-decay correlation timeDt
to 200ms, a peak of about 10 counts at 1230620 keV was
found, see upper panel of Fig. 2. The 20 keV error bar for
peak energy value, larger than a purely statistical one,
counts for an energy shift due to the amplifier overload
fects for short correlation timesDt—see the detailed discus
sions in our previous papers reporting short-lived pro
emitters 145Tm (T1/253.5 ms @4#! and 151mLu (T1/2
516 ms @7#!. The time distribution of the events displaye
in the upper panel of Fig. 2 corresponds to a half-life of
63 ms. The conditionsDt<25 ms and mass gateA5140
applied to the same experimental data reveal two peaks,
of them at 1.17 MeV coming from a tail of theA5141 mass
distribution ~cf. Fig. 1!, and a new one at 1086610 keV
with a decay pattern corresponding to aT1/2 of 663 ms.
Since the energies of the latter 11 events are obtained
relatively long recoil-decay correlation times, and thus
not modified by the amplifier overload effect, the peak e
ergy can be given within a 10 keV error bar.

These counting rates correspond to the cross sections of
'130 nb for 141g.s.Ho and'30 nb for the new activity ob-
served at massA5141. The cross section for the newA
5140 proton radioactivity is about 13 nb. Thes values as-
sume 3% transmission efficiency for the RMS. All of theA
5140 andA5141 isobars, other than holmium isotope

FIG. 1. DSSD mass spectrum ofA5140 andA5141 recoils
obtained during the described experiment. The mass gates c
sponding to DSSD vertical strip numbers were used to distingu
between141Ho and 140Ho proton decays. For the latter gate, t
signals from strips 24 through 37 were taken.
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produced in the54Fe192Mo fusion-evaporation reaction ar
either stable against proton emission@19,20#, or have negli-
gible production cross sections~such as140Er, produced in
6n evaporation channel, which is below 1 pb level!. There-
fore, we assign the new radioactivities to140Ho and 141mHo,
respectively. The predicted@21# cross sections for141Ho and
140Ho averaged over the92Mo target thickness are about 30
nb and 50 nb, respectively, a factor of 2 to 4 larger th
measured. However, since the extrapolated mass value
used for theHIVAP cross-section calculations@21# and the
assumed RMS transmission of 3% is somewhat uncert
we consider such a discrepancy as small.

The single-quasiproton bandheads of rare-earth nu
have been analyzed in Ref.@22#. Here, we have extende
these calculations to proton-rich holmium isotopes. F
151Ho, 149Ho and 147Ho, the equilibrium shape is spherica
due to the proximity of theN582 shell closure, and all thes
isotopes haveh11/2 ground states. While145Ho is a weakly
deformed transitional system, the lighter isotopes,143Ho and
141Ho, are predicted to be highly deformed. The calcula
equilibrium deformations for the low-lying one-quasipartic

re-
h

FIG. 2. The low-energy particle spectra observed during
HRIBF experiment. The correlation timesDt and mass gates use
for each graph are indicated.
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states of141Ho are very similar:b2'0.27 andb4'20.07
~similar deformations were also obtained in Ref.@20#!. The
predicted ground state of141Ho is the 1/21@411# Nilsson
level and the lowest excited states are the 7/22@523# and
5/22@532# (h11/2) orbitals. Still higher in energy lies a
5/21@413# and 3/21@411# pseudospin doublet.

Thanks to the large equilibrium deformation, we can
sume that the wave function of the odd-Z parent nucleus
~here: 141Ho) is that of the particle-plus-rotor model in th
strong coupling limit@15#. Furthermore, we assume that th
daughter even-even nucleus is in its ground state. Co
quently, the angular momentum carried by the emitted p
ton is j p5V, whereV is the projection of the total single
particle angular momentum onto the symmetry axis.

The width of the deformed proton resonance can be w
ten as@15# G5SpGs.p., whereSp is the proton spectroscopi
factor andGs.p. is the width of the deformed single-partic
resonance representing the tunneling through the defor
Coulomb barrier. Our approach for calculatingGs.p. is similar
to that described in Refs.@23,24# but significantly differs in
details@25# and interpretation@26#. The wave function of a
single particle in a bound or quasibound state character
by definite values of parityp andV can be expanded into
sum of partial waves

cVp~r!5(
l , j

ul j
Vp~r !

r
@Yl~ r̂ !x1/2# j V . ~1!

The radial wave functionsul , j
Vp(r ) satisfy a system of

coupled equations

F d2

dr2
2

l a~ l a11!

r 2 2k2Gua
Vp~r !5(

a8
va8a

Vp ua8
Vp

~r ! ~2!

for each a5@ l , j # channel which can be coupled for th
given V and parity considered. Herek denotes the wave
number (k252m/\2«; m is the reduced mass and« is the
single-particle energy! andva8a

Vp is the coupling potential be
tween channelsa anda8. Each radial component in Eq.~2!
should be regular in the origin and should be proportiona
a purely outgoing Coulomb wave in the asymptotic regio
These boundary conditions can be satisfied only at cer
discrete complex values of the wave numberk, i.e., at the
bound and resonant eigenvalues. For resonant states
single-particle energy« becomes complex, i.e.,«5«0
2 i /2Gs.p.. Normalization of the resonant wave functions c
be done with different regularization methods. Here we
plied the ‘‘exterior complex scaling’’ method@27# which has
been used also in the programGAMOW describing spherica
geometry@28#. For integrating the coupled equations nume
cally we used the codeCCGAMOW which applies the piece
wise perturbation method@29# generalized to the coupled
channels case. The details of the numerical procedure
given in Ref.@25#.

In our calculations, the proton optical potential was a
proximated by an average Woods-Saxon~WS! field, contain-
ing the central term and the spin-orbit potential. The rad
and diffuseness of the optical potential were taken from R
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@30#; this parametrization turned out to work very well in th
description of spherical proton emitters@8#. The uncertainty
in the proton-nucleus optical model potential does not m
it possible topredict positions of one-quasiparticle states
the parent nucleus with an accuracy better than a few h
dred keV @22#. Consequently, following Ref.@8#, the depth
of the central potentialV0 was adjusted for each orbital t
reproduce the experimentalQp value ~which slightly differs
from Ep due to the presence of recoil and screening corr
tions @2#!. For the depth of the spin-orbit potential, w
adopted a simple ansatzV0,so5k•V0. The factork was ad-
justed to reproduce the order of spherical single-proton
bitals in the rare earth region (50,Z,82), and the optimal
~and adopted! value turned out to bek520.26. The de-
formed WS potential was defined as in Ref.@31# and its
multipole decomposition was carried out numerically assu
ing lmax512. In the partial-wave expansion of Eq.~1! all
partial waves withl<17 were considered. In our calcula
tions, we ignored the contribution to the coupling potent
coming from the nonspherical part of the spin-orbit ter
According to the discussion in Ref.@32#, the influence of the
deformation-dependent part of the spin-orbit potential on
single-particle orbitals is very weak. Also, variations in t
spin-orbit potential have a negligible effect on the tunneli
rate@8#. The spectroscopic factorsSp have been estimated i
the independent-quasiparticle picture, assuming the str
coupling approximation@15#: Sp5uV

2 /(V11/2).
Since the resonance widths can be as small

10222 MeV, an unprecedented numerical accuracy is
quired. Our calculations were done with the extended pre
sion arithmetic, and the resulting value ofGs.p.was compared
with that obtained from the continuity relation~9.12! of Ref.
@33#. In all cases excellent agreement was obtained.~As
stated in Ref.@26#, this way of calculatingGs.p. is more con-
sistent than theR-matrix expression applied in Ref.@24#; see
also the discussion in@34#.!

Figure 3 displays the calculated half-lives of th
1/21@411#, 7/22@523#, 5/22@532#, and 5/21@413# reso-
nances as a function of quadrupole deformationb2 (b4
520.06). It shows that in the considered region ofb2, the
half-lives depend very weakly on deformation.~We have
also checked that the half-lives are practically independ
on b4 in the range20.08,b4,20.04.) The fact that the
predicted widths only vary weakly with deformation aroun
b250.27 allows for robust theoretical predictions regardi
the nature of resonances in141Ho.

The 4 ms state atQp51.19 MeV~most likely the ground
state of141Ho) can be associated with the 7/22@523# orbital
which yieldsT1/2'8 ms. In heavier deformed Ho isotope
with N.82 the ground state is clearly a 7/22@523# level.
The 5/22@532# Nilsson state is predicted to have a very sim
lar half-life; it is calculated to be a hole state with a rath
small spectroscopic factor (u2'0.23). Since there is much
uncertainty regarding the position of Nilsson orbitals in t
deformed rare-earth nuclei withN,82, the 5/22@532# as-
signment cannot be excluded although it seems less lik
~In any case, the 7/22@523# and 5/22@532# orbitals should be
mixed by the Coriolis interaction, neglected in this wo
1-3
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@22#.! Davidset al. @5# assigned the141gsHo to the 7/22@523#
state, and a similar conclusion was drawn in@24#.

The only candidate for an 8ms resonance atQp
51.25 MeV is the 1/21@411# Nilsson level. Indeed, it is the
only orbital with a half-life in thems range. For comparison
we also performed calculations for the 5/21@413# level
which is expected to lie higher in energy. Its half-life,T1/2
'0.1 ms, is not consistent with the present data. Maglio
et al. @24# also conclude that the 1/21 level is the only plau-
sible candidate.

In the absence of interference effects due to level cro
ings ~see, e.g., Ref.@24# for an illustrative example! the par-
ticle decay width of a deformed Nilsson orbital is govern
by the partial wave with the lowest value of angular mome
tum allowed. Table I shows the partial widthsg l j
[Glj /Gs.p., together with the probabilitiesucl j u2 that a partial
wave (l j ) appears in the expansion~1!. As expected, proton
decay is almost completely governed by the lowest-l wave
appearing in the deformed wave function, i.e., thef wave for
the 7/22@523# and 5/22@532# orbitals, thed wave for the
5/21@413#, and thes wave for the 1/21@411# level. In this
context, it is interesting to note that for a spherical resona
at Qp51.19 MeV the calculated half-life is;30 ms for l
55 and;0.1 ms forl 53. Hence, the calculated half-life o
;8 ms of the deformed resonance comes as a result o
interplay between the large penetrability of thef wave
through the deformed barrier, and the large content of ah

FIG. 3. Calculated half-lives for the 1/21@411#, 7/22@523#,
5/22@532#, and 5/21@413# resonances as functions of quadrupo
deformationb2 (b4520.06) assumingQp51.19 MeV ~left! and
1.25 MeV~right!. The experimental half-lives are indicated by thic
lines. The errors in calculated half-lives come from an uncerta
in the experimentalQp .
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wave in the wave function~86%!. The low-l components
that are not present in the spherical shape appear at l
deformations thanks to the multipole coupling. Table I sho
that even a small admixture of a low-l partial wave (ucl j u2

;10%) is sufficient to completely determine the decay p
cess (g l j ;1).

The structure of the odd-odd nucleus140Ho is more com-
plex. Since the half-life of140Ho is in the millisecond range
it is reasonable to assume, with an analogy to the deca
141gsHo, that the odd proton in140Ho occupies the 7/22@523#
orbital. The neutron single-quasiparticle states predicted
be close to the Fermi surface are 5/21@402# and 9/22@514#
states originating from thed5/2 and h11/2 shells, respec-
tively. According to our calculations, both state
the p(7/22@523#) ^ n(5/21@402#) and p(7/22@523#)
^ n(9/22@514#) are close in energy and are candidates
the ground-state configuration of140Ho. The structure of the
140Ho wave function is affected by the residual proto
neutron interaction between the valence nucleons~perhaps
causing a somewhat shorter half-life!. The theoretical analy-
sis of the resulting configuration mixing and its impact
the proton decay width will be the subject of a forthcomi
study.

Additional information gained from our study is related
the energy surface of proton drip line nuclei. The energy
the proton line from odd-odd140Ho decay is lower than the
one from neighboring odd-even141Ho. Such a pattern was
already noticed@13# for the nuclei in the transitional region
aboveZ550. For spherical proton emitters withZ>69 this
energy dependence is reversed, with theQp always increas-
ing when departing from theb-stability line, see, e.g.,@3#.
An observation of a proton line from140Ho at almost 100
keV below the one in141Ho may explain the nonobservatio
of a proton decay of136Tb and 137Tb in a 35 hour experi-
ment with a 15 particle nA, 290 MeV50Cr beam on a
0.91 mg/cm2 92Mo target. While the various mass predi
tions, see, e.g., Ref.@19#, point to proton energies well below
1 MeV for 137Tb, the nucleus136Tb is calculated to be more
proton unstable. However, our result for the140Ho -141Ho
pair might indicate an opposite pattern.

TABLE I. Partial widthsg l j and spherical amplitudesucl j u2 for
the deformed resonances in141Ho (b250.27, b4520.06) calcu-
lated with Qp51.19 MeV. Only components withg l j or ucl j u2

greater than 4% are shown.

Orbital l j g l j ucl j u2

1/21@411# s1/2 0.77 0.18
d3/2 0.16 0.24
d5/2 0.07 0.18
g7/2 ;0 0.34

5/21@413# d5/2 0.96 0.17
g7/2 0.04 0.75

5/22@532# f 7/2 0.94 0.14
h11/2 0.03 0.81

7/22@523# f 7/2 0.91 0.08
h11/2 0.08 0.86

y
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In summary, the evidence for the deformed Nilsson p
ton resonances has been found in141Ho and 140Ho. The data
were interpreted using the coupled-channels method with
deformed optical potential. The excited state in141Ho dis-
covered in this work has been interpreted in terms of
1/21@411# level, and its ground state is the 7/22@523# or-
bital, although the Coriolis coupling with other levels orig
nating from theh11/2 shell cannot be excluded. It is con
cluded that the decay process of a deformed resonanc
primarily governed by the lowest-l partial wave allowed by
angular momentum and parity conservation~see also Ref.
@35#!. An obvious extension of the present theoretical a
proach is to take into account the effects of the Corio
coupling. This will make it possible to consistently descri
.

h
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the interplay betweeng emission and proton decay from
deformed nuclei.
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