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New proton radioactivities 165,166,167Ir and 171Au
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The new proton radioactivities165,166,167Ir and 171Au have been observed. The Ir isotopes were producedvia
the 92Mo(78Kr,pxn)165,166,167Ir reactions at 357 and 384 MeV.171Au was produced via the
96Ru(78Kr,p2n)171Au reaction at 389 MeV. The proton emitters were each identified by position, time, and
energy correlations between the implantation of a residual nucleus into a double-sided silicon strip detector, the
observation of a decay proton, and the subsequent observation of a decay alpha particle from the daughter
nucleus~164,165,166Os and170Pt, respectively!. Both 166Ir and 167Ir have proton-emitting ground and isomeric
states, which also decay by alpha emission. The proton-decay rates have been reproduced by calculations using
the WKB barrier penetration approximation and a low-seniority shell-model calculation of the spectroscopic
factors. The alpha decays of the four nuclei are followed by chains of alpha decays, allowing the determination
of single-particle orbital orderings. Mass information has also been obtained from the alpha-decay chains
because a connection to a known mass can be obtained for one of the nuclei. Ground-state mass excesses are
reported for151Tm, 154Yb, 155Lu, 158Hf, 159Ta, 162W, 163Re, 166Os, 167Ir, and 170Pt. The mass excess for
171mAu is also given. Proton separation energies are also deduced for the odd-Z alpha daughter nuclei of the Ir
proton emitters.@S0556-2813~97!03205-6#

PACS number~s!: 23.50.1z, 21.10.Dr, 25.70.Gh, 27.70.1q
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I. INTRODUCTION

For theZ.72 odd-Z nuclei lying beyond the proton drip
line (Qp.0), the main competing decay modes are alp
and proton emission. Protons experience a relatively
Coulomb barrier and a relatively high centrifugal barrier d
to their lower charge and mass compared to alphas. Co
quently, decay energy and half-life measurements can
used to determine the orbital angular momentum of the e
ted proton for low-lying states in the parent nucleus hav
simple configurations. In general, this information cannot
obtained for alpha decays in a straightforward way. Ho
ever, if both an alpha and a proton branch are identified fr
the same state, the spin assignment obtained from the pro
decay rate can be used to assign states in daughter n
populated by unhindered alpha transitions. Furthermore,
tended alpha-decay chains can be linked to nuclei hav
known masses nearer stability, thereby providing mass m
surements at the limit of nuclear stability. The above featu
of this region are exploited with the discovery of new prot
radioactivities from165,166,167Ir and 171Au reported here. In
each case it is the proton-decay branch that provides the
to unlocking the door to extensive nuclear structure inform
tion. Also, a simple theoretical model is introduced to rep
duce systematic trends in proton decay spectroscopic fac
between theZ564 and 82 shell closures.
550556-2813/97/55~5!/2255~12!/$10.00
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II. EXPERIMENTAL METHOD

The proton emitters were observed in a detection faci
associated with the Fragment Mass Analyzer~FMA! @1# at
the ATLAS accelerator at Argonne National Laboratory. T
FMA is a recoil mass separator which separates 0° reac
products from the primary beam on a microsecond ti
scale, and disperses them inM /q ~mass/charge! at the focal
plane.

A thin position-sensitive parallel grid avalanche coun
~PGAC! located at the focal plane providesM /q, time of
arrival, and energy-loss signals of the recoiling nuclei. Af
traversing this detector, the ions travel a further 40 cm a
are implanted into a double-sided silicon strip detec
~DSSD! of thickness 65mm, area 16316 mm2, and having
48 orthogonal strips on the front and rear, respectively@2#.
Each strip is instrumented with a charge-sensitive prea
lifier, a fast discriminator, and two shaping amplifiers
time-constant 0.5ms. One amplifier is used for decay even
and has a full-scale output of 20 MeV, while the other ha
full-scale output equivalent to 200 MeV, and is used f
implant events. Alpha groups from166,167Os, 162,163W,
158,159Hf, and 151Ho produced during the experiment we
used for energy calibration of the decay amplifiers. The p
ton energies were all obtained with reference to the str
147Tm ground-state proton transition of energy 1051~3! keV,
2255 © 1997 The American Physical Society
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2256 55C. N. DAVIDS et al.
produced by bombarding92Mo with a 261-MeV 58Ni beam
in a concurrent experiment.

Events in the DSSD are time-stamped using a 48-
latching clock operating at 1 MHz, and identified as either
implant ~decay! particle, depending on whether they are
coincidence~anticoincidence! with a signal from the PGAC.
Reaction recoils are separated from scattered beam even
the DSSD by their energy and time of flight from the PGAC
The 2304 individualx,y quasipixel locations in the DSSD
serve as memory cells, allowing the observation of the po
tion and time correlations between the implantation of
individual ion and its subsequent decay products.

The proton emitter171Au was produced by bombarding
400mg/cm2 isotopically enriched96Ru target evaporated
onto a 700mg/cm2 Al backing with 389 MeV78Kr ions. The
proton emitter 167Ir was observed in two reactions. In th
first, the above-mentioned96Ru target was bombarded with
3 pnA beam of 420 MeV78Kr for 50 h, producing167Ir via
theap2n evaporation channel. In a subsequent experime
78Kr beams of 357 and 384 MeV were used to bombard
580mg/cm2 isotopically enriched (.97%) 92Mo target. At
the lower energy,167Ir was producedvia the p2n evapora-
tion channel, and at the higher energy166Ir and 165Ir were
producedvia the p3n andp4n channels, respectively.

In this region of the chart of the nuclides, proton emissi
must compete with alpha decay, having half-lives in the 1
200 ms range, as well as with positron emission a
electron-capture decay with half-lives>0.5 s. Although at
first this may seem to be a disadvantage, the capability
observing the subsequent alpha decay of the proton emitt
daughter makes possible the clean identification of even
tremely weak proton decay branches.

III. RESULTS AND DISCUSSION

Figure 1 shows a typicalM /q spectrum at the focal plane
obtained during the78Kr192Mo experiment. TheM /q ac-
ceptance of the FMA is64%, allowing up to three charge

FIG. 1. M /q spectrum for78Kr192Mo measured at the FMA
focal plane.
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states of the same mass to be implanted into the DSSD
essentially uniform illumination.

A. The decay of 171Au

Figure 2~a! shows the energy spectrum of all decay eve
in the DSSD from the 389 MeV78Kr196Ru run, while Fig.
2~b! shows the same data after requiring that a mass
implant was the decay parent and that the decay event
curred in the same pixel within 5 ms of the implantation. T
peaks above;5 MeV represent alpha decays, and the bro
structure extending down to;1 MeV is due to alphas emit
ted in the backward direction and only depositing part
their energy before escaping from the DSSD. Figure 2~c!
shows the data from Fig. 2~b! subjected to the additiona
requirements that a subsequent decay event occurred in
same pixel within 20 ms of the first one, with an energy
6550 keV, the known alpha-decay energy of170Pt. The peak
at 1692~6! keV cannot be an alpha particle because of ene
considerations, and is therefore identified as a proton fr
the decay of171Au. From the time intervals between implan
tation and decay events, the half-life of the proton group
been determined to be 1.03~15! ms.

Along with the proton group, a new alpha line at 6996~6!
keV was observed, associated with mass 171 implants. It

FIG. 2. ~a! Energy spectrum of all decay events in the DSS
from 389 MeV 78Kr196Ru. The peaks above;5 MeV represent
alpha decays, and the broad structure extending down
;1.8 MeV is due to alphas emitted in the backward direction a
only depositing part of their energy before escaping from
DSSD.~b! Same as~a! after requiring that a mass 171 implant wa
the decay parent and that the decay event occurred in the same
within 5 ms of the implantation.~c! Same as~b! subjected to the
additional requirements that a subsequent decay event occurr
the same pixel within 20 ms of the first one, with an energy of 65
keV, the known alpha-decay energy of170Pt.
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TABLE I. Proton decay of states in171Au and 165,166,167Ir.

Nucleus 171Au 167Ir 167Ir 166Ir 166Ir 165Ir

Ep (keV) 1692~6! 1064~6! 1238~7! 1145~8! 1316~8! 1707~7!

Qp
T (keV)a 1718~6! 1086~6! 1261~7! 1168~8! 1340~8! 1733~7!

t1/2
expt(ms) 1.02~10! 35.2~20! 30.0~6! 10.5~22! 15.1~9! 0.30~6!

bp
b 0.46~4! 0.32~4! 0.004~1! 0.069~29! 0.0176~58! 0.87~4!

t1/2,p
expt (ms) 2.22~29! 110~15! 7500~1900! 152~71! 860~290! 0.35~7!

t1/2,p
calc s1/2 38 ns 28.4 ms 162ms 2.3 ms 23ms 9.7 ns

d3/2 280 ns 230 ms 1.3 ms 18.2 ms 182ms 75 ns
h11/2 415 ms 471 s 2.47 s 37 s 341 ms 123ms

aQp
T5Ep1recoil energy1screening correction from@4#.

bProton branching ratio.
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found to be correlated with the known 6410~5! keV alphas
from the decay of167Ir, and has a half-life of 1.02~13! ms.
From this correlation measurement, the alpha branching r
for the state in167Ir that emits the 6410 keV alpha isba
50.8(1). Thecross section for producing171Au was de-
duced to be approximately 2mb.

Since the proton and alpha groups emitted from the de
of 171Au have measured half-lives of 1.03~15! and 1.02~13!
ms, it is likely that they come from the same state. Comb
ing these values we obtain a half-life of 1.02~10! ms. It fol-
lows from this fast decay that beta decay will be insignifica
compared to proton and alpha emission for171Au. The
1692~6! keV proton group from 171Au has a measured
branching ratio of 0.46~4!, yielding a proton partial half-life
of 2.22~29! ms. The 6996~6! keV alpha group has a branch
ing ratio of 0.54~4!.

The available proton orbitals in this region ofN andZ are
h11/2, d3/2, ands1/2, implying that the protons will be emit
ted with angular momental55, 2, or 0. Table I shows the
resulting measured partial proton half-life for171Au and the
values calculated fors1/2, d3/2, and h11/2 proton emission
using the WKB barrier transmission approximation, with t
real part of the optical model potential obtained from Be
chetti and Greenlees@3#. Using other potentials can produc
results differing typically by a factor of 2.

In this region ofN andZ, proton emission rates are no
expected to be enhanced over those calculated using
WKB approximation, so one would expect proton part
half-lives somewhat longer than the calculated ones, but
shorter. A comparison of the measured and calculated pr
half-lives in Table I indicates that the 1692~6! keV proton
group can only be explained as thel55 decay of the
ph11/2 state of 171Au to theJ50 ground state of170Pt. In-
terpreting it as anl52 or l50 decay would imply unreason
ably large hindrances of 103–105. The measured partial pro
ton half-life is longer than the calculated value by abou
factor of 5. This will be discussed further in Sec. IV belo

Based on results from the decay of167Ir ~see below!, we
also expect171Au to have a low-lyings1/2 state, unstable to
both proton and alpha emission. Since a second proton g
was not observed, its half-life must be less than 30ms, the
lower limit of detectability of our equipment. If its half-life
were less than 1ms, the nucleus would decay before reachi
the FMA focal plane. Nuclei with half-lives between the
values should leave evidence in the DSSD. Those171Au nu-
clei in the s1/2 state which reach the focal plane and a
tio
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implanted into the DSSD asA5171 recoils would proton
decay unobserved. However, the daughter nucleus170Pt will
subsequently decay by alpha emission, and such events
have the170Pt alpha energy but will be identified as ma
171 implants. We have observed an excess of such ev
over what would be expected due to random decays, im
ing a lower limit on the decay half-life for the171Au(1/21)
state of about 1ms. Using the WKB barrier transmissio
approximation, this translates to an upper limit on the pro
energy of 1.59 MeV. This energy is well below the 1.6
MeV observed for the decay of the 11/22 state, so we iden-
tify the 11/22 state as a metastable state in171Au, with an
excitation energy of at least 0.10 MeV. In the same way,
upper limit on the decay half-life of about 30ms for the
171Au(1/21) state corresponds to a lower limit on the prot
energy of 1.43 MeV, and an upper limit on the excitati
energy for theh11/2 state of 0.26 MeV.

Figure 3 shows the decay scheme deduced for171Au. The
alpha-reduced width for the 6996~6! keV transition, calcu-
lated using the method of Rasmussen@5# is 68~8! keV. This
value is consistent with an unhinderedD l50 transition, and
signifies that the decay takes place between 11/22 states in
171Au and 167Ir.

B. The decay of 167Ir

Figure 4~a! shows the decay energy spectrum from t
357 MeV 78Kr192Mo run. Figure 4~b! shows the same dat
after requiring that a mass 167 implant was the decay pa
and that the decay event occurred in the same pixel wi
100 ms of the implantation. Figure 4~c! shows the data from
Fig. 4~b! subjected to the additional requirements that a s
sequent decay event occurred in the same pixel within

FIG. 3. Decay scheme of171Au. The estimated excitation en
ergy of the 11/22 state in keV is given in square brackets.
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2258 55C. N. DAVIDS et al.
ms, with an energy of 6000 keV, the known alpha-dec
energy of166Os. The two peaks at 1064~6! and 1238~7! keV
are identified as being from the proton decay of two state
167Ir. From the time intervals between implantation and d
cay, the half-lives of the two167Ir proton groups were ob
tained. The stronger group at 1064 keV has a half-life
34.3~22! ms, while the weaker group at 1238 keV has
half-life of 34~9! ms.

In addition to the protons, two alpha lines associated w
167Ir were observed, one strong group with an energy
6410~5! keV and a previously unobserved weak group
6351~5! keV. They were each identified by four generatio
of correlations through163Re and 159Ta leading to two
known alpha groups from the decay of155Lu. Their mea-
sured half-lives are 30.0~6! and 39.7~49! ms. Figure 5~a!
shows an energy spectrum of all the alpha decays term
ing with the known 5661 keV transition from155Lu, and Fig.
5~b! shows the decays terminating with the known 5586 k
155Lu transition. The parent nuclei have been assigned by
time ordering of the decays.

Two proton and two alpha groups are emitted from
decay of 167Ir, all with observed half-lives near 30 ms. Be
fore the measured proton half-lives can be compared w
calculation, the proton branching ratios for each state m
be obtained. Energy considerations require that the pro
be emitted from two states in the parent167Ir, but populate a
common daughter state, the ground state of the even-e
nucleus166Os. We therefore assume that the lowest-ene

FIG. 4. ~a! Decay energy spectrum from 357 Me
78Kr192Mo. ~b! Same as~a! after requiring that a mass 167 impla
was the decay parent and that the decay event occurred in the
pixel within 100 ms of the implantation.~c! Same as~b! subjected
to the additional requirements that a subsequent decay even
curred in the same pixel within 100 ms, with an energy of 60
keV, the known alpha-decay energy of166Os.
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proton group is emitted from the167Ir ground state. We as
sociate an alpha group with each of the proton-emitt
states in167Ir. As both states are certainly unbound to alp
emission, it is unlikely that the two alpha groups origina
from the same state.

The next task is to determine which proton and alp
groups are associated with each167Ir state. This cannot be
done on the basis of half-lives, because the measured pr
and alpha half-lives are so similar. Our results on the alp
decay of the 11/22 state in171Au showed that it populates a
11/22 state in 167Ir, which decays by emitting the 6410~5!
keV alpha. Using our measuredQ values for the171Au alpha
and proton decays and for the170Pt→166Os alpha decay
~Ea56550(6) keV @6#!, we can estimate the proton-deca
Q value for the 11/22 state in167Ir. This is illustrated in Fig.
6. The resulting protonQ value is 1246~11! keV, leading to
a proton energy of 1239~11! keV, in remarkably good agree
ment with the observed value for the higher energy167Ir
group of 1238~7! keV. With theba of 0.8~1! for the 11/22

state in 167Ir already determined from the171Au-167Ir corre-
lation, the measured intensity ratio of the proton group yie
a proton branch of 0.004~1!. The remaining decay intensity i
accounted for by a 0.2~1! beta branch.

Since the stronger alpha line at 6410~5! keV is combined
with the weak high-energy proton group at 1238~5! keV, the
previously unobserved 6351~5! keV alpha line must be
paired with the strong proton line at 1064~6! keV. Assuming
a 0.2~1! beta branch for this case as well, we obtainba
50.48(6) andbp50.32(6). Combining the data from both

me

oc-

FIG. 5. ~a! Energy spectrum of the quadruple-correlated alp
decays terminating with the known 5661 keV transition fro
155Lu. This spectrum is the sum of four individual triple-correlate
spectra.~b! Same as~a! for the alpha decays terminating with th
known 5586 keV155Lu transition. In both cases the parent nuc
have been assigned by the time ordering of the decays.
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55 2259NEW PROTON RADIOACTIVITIES 165,166,167Ir . . .
proton- and alpha-decay branches gives a half-life of 30.0~6!
ms for the metastable state in167Ir and a half-life of 35.2~20!
ms for the ground state. Cross sections for producing
167Ir states were deduced to be approximately 100mb for
167mIr and 10mb for 167gIr.
Table I shows the resulting measured partial proton h

lives for 167Ir, and the values calculated fors1/2, d3/2, and
h11/2 proton emission. A comparison of the measured a
calculated proton half-lives in Table I indicates that the m
sured partial proton half-life for the 1064~6! keV proton
group is shorter than the values calculated ford3/2 andh11/2
decay, and can therefore only be explained as thel50 decay
of theps1/2 ground state of

167Ir. This is the first nucleus for
which anl50 ground-state proton decay has been observ
The 1238~7! keV proton group is only consistent with anl
55 transition from a low-lyingph11/2 isomeric state. Both
of the measured partial proton half-lives are longer than
calculated value by about a factor of 3. This will be d
cussed further in Sec. IV below. The assignment ofJ
511/22 for the isomeric state is consistent with the expec
strong production of167Ir in high angular momentum state
via heavy-ion-induced fusion-evaporation reactions. The
citation energy of the isomeric state has been determine
be 175.3~22! keV from the measured proton energy diffe
ence, using the peak centroids and the energy dispersio

Figure 7 shows the decay scheme deduced for167Ir. Table
II gives the energies, half-lives, alpha branching ratiosba ,
and alpha reduced widths determined for the alpha tra
tions from 167Ir and its daughters. The reduced widths we
calculated using the method of Rasmussen@5#. The alpha-
reduced widths for all of the transitions in Table II are co
sistent with unhinderedD l50 decay, and therefore we a
sign the 6351 keV line as a 1/21→1/21 transition and the

FIG. 6. Q-value loop involving the 11/22 states in171Au and
167Ir.

FIG. 7. Decay scheme of167Ir.
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6410 keV line as an 11/22→11/22 transition. It is extremely
unlikely that an 11/22 state would be able to decay to an
thing other than a low-lying 11/22 state, but the possibility
of a 1/21 state decaying to a 3/21 state cannot be discounte
so easily. To check the assignment of the 6351 keV group
an unhindered 1/21→1/21 decay, its reduced width was ca
culated as if it were a hinderedD l52 1/21→3/21 decay,
resulting in a value of 85~12! keV. Such a large reduce
width would have made it faster than any of the unhinde
11/22→11/22 alpha decays observed in this experime
thus ruling out the hinderedD l52 1/21→3/21 possibility.
The assignment of level orderings to the alpha daughter
167Ir will be discussed further in Sec. V.

C. The decay of 166Ir

Figure 8~a! shows the energy spectrum of all decay eve
in the DSSD from the 384 MeV78Kr192Mo run, while Fig.
8~b! shows the same data requiring that the decay occu
within 100 ms of a mass 166 implant. Figure 8~c! gives the
spectrum correlated with the 6188 keV alpha particles fr
165Os. Two proton groups are seen, having energies
1316~8! and 1145~8! keV, with half-lives of 11.4~58! and
19~9! ms, respectively.

Two alpha groups associated with166Ir were observed,
with energies of 6561~5! and 6562~6! keV. It was only pos-
sible to resolve these groups by using the correlation te
nique. Their measured half-lives are 15.2~9! and 10.2~22!
ms. The first group is correlated with the known alphas fro
the decay of162Re and158Ta at 6116 and 6048 keV, respe
tively. The second, a new weak alpha group, was found to
correlated with two alpha groups, one previously unobser
that we attribute to162Re, and a known alpha from158Ta.

In analogy with systematics established closer to stab
for the region just above theZ564 andN582 shell closures
@7#, the odd-odd nucleus166Ir is expected to have two low
lying states of configuration @pd3/2n f 7/2#2

2 and
@ph11/2n f 7/2#9

1. Two proton and two alpha groups are em
ted from 166Ir, with observed half-lives around 10 ms. W
assume that they are from two states in166Ir, each of which
emits a proton and an alpha. We also assume that both
tons are emitted to the165Os ground state.

Before the measured proton half-lives can be compa
with calculation, the proton branching ratios for each st
must be obtained. Using only the half-life information, it
not possible to pair up the protons and alphas. Guided by

TABLE II. Alpha decays from167Ir and its daughters.

Parent
nuclide

Alpha energy
~keV!

Measured
half-life ~ms! ba

Reduced width
~keV!

167Ir 6351~5!a 35.2~20! 0.48~6! 49~7!
167Ir 6410~5! 30.0~6! 0.8~1! 58~8!
163Re 5870~5!a 390~72! 0.32~3! 32~7!
163Re 5920~5! 214~5! 0.66~4! 73~5!
159Ta 5519~5! 830~180! 0.34~5! 59~15!
159Ta 5600~5! 500~11! 0.55~1! 71~2!
155Lu 5586~5! 150~24! 0.76~16! 48~13!
155Lu 5661~5! 63~2! 0.90~2! 66~3!

aNew alpha activity.
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results from167Ir, we first postulate that the higher-energ
1316 keV proton and the strong 6561 keV alpha group
emitted from a metastable state withph11/2 proton configu-
ration, with the 1145 keV protons and the weak 6562 k
alphas emitted from the166Ir ground state. These assign
ments reflect the stronger population of a high-spin state
the heavy-ion fusion reaction and the higherl value needed
to slow down the decay rate of a high-energy proton.

Table I shows the resulting measured partial proton h
lives for 166Ir and the values calculated fors1/2, d1/2, and
h11/2 proton emission using the WKB barrier transmissi
approximation. Proton and alpha branches have been ca
lated assuming a negligible beta branch for either state.

If the high-energy proton group were instead associa
with the weaker alpha group, the proton partial half-liv
obtained would be 94 ms and 1.5 s, respectively, for
1316 keV and 1145 keV proton groups. No consistent co
bination of orbital assignments is possible in this scena
without resorting to unrealistically large hindrances.

Choosing the original combinations cited above, the m
half-life obtained for the metastable state is 15.1~9! ms, and
that for the ground state is 10.5~22! ms. The metastable stat
has a proton branch of 0.0176~58! and an alpha branch o
0.9824~58!, while the ground state has a proton branch
0.069~29! and an alpha branch of 0.931~29!. Cross sections
for producing the166Ir states were deduced to be appro
mately 6mb for 166mIr and 0.3mb for 166gIr.

FIG. 8. ~a! Energy spectrum of all decay events in the DSS
from 384 MeV 78Kr192Mo. ~b! Same as~a! with the additional
requirement that the decay occurred within 100 ms of a mass
implant. ~c! Same as~b! with the additional requirement that
subsequent decay event occurred in the same pixel within 100
with an energy of 6188 keV, the known alpha-decay energy
165Os.
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A comparison of the measured and calculated proton h
lives in Table I indicates that the 1145~8! keV proton group
can only be explained as thel52 decay of the ground stat
of 166Ir. This indicates that the protons are emitted from
d3/2 orbital. The level of agreement between calculated a
measured half-lives is consistent with the results obtained
the other nearby odd-odd nuclides havingd3/2 proton emit-
ting states,156Ta and160Re @8#, and will be discussed furthe
in Sec. IV below. The 1316~8! keV group is only consisten
with an l55 transition from anh11/2metastable state. Again
the measured proton partial half-life is longer than the cal
lated value by about a factor of 3. This will be discuss
further in Sec. IV below. The assignments for the prot
configurations of the two states are consistent with the
pected strong production of166Ir in high angular momentum
statesvia heavy-ion-induced fusion-evaporation reaction
and the expectation of low-spin and high-spin states w
d3/2 and h11/2 proton character seems to be borne out. T
excitation energy of the isomeric state has been determ
to be 171.5~61! keV from these measurements.

Figure 9 shows the deduced decay scheme for166Ir. Table
III gives the energies, half-lives, alpha branching ratiosba ,
and alpha-reduced widths determined for the alpha tra
tions from 166Ir and its daughters. The reduced widths we
calculated using the method of Rasmussen@5#. The reduced
widths shown in Table III are consistent with all of the
alpha transitions being unhinderedD l50 transitions.

An alpha-decay scheme for166Ir is shown in Fig. 10. The
excitation energies for the states in162Re and 158Ta have
been calculated from the measured alpha energy differen
The alpha-decaying states have been given preliminary

66

s
f

FIG. 9. Decay scheme of166Ir.

TABLE III. Alpha decays from166Ir and its daughters.

Parent
nuclide

Alpha energy
~keV!

Measured
half-life ~ms! ba

Reduced width
~keV!

166Ir 6561~5! 15.1~9! 0.9824~58! 43~3!
166Ir 6562~6!a 10.5~22! 0.931~29! 58~12!
162Re 6086~5!a 107~13! 0.94~6!b 48~7!
162Re 6116~5! 84.6~62! 0.94~6! 47~5!
158Ta 5968~5! 72~12! 1.00~8!c 31~5!
158Ta 6048~5! 37.7~15! 1.00~8! 29~3!

aNew alpha activity.
bObscured by other alpha groups; value used is the same as th
the other162Re line.
cObscured by other alpha groups; value used is the same as th
the other158Ta line.
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signments as high-spin (91) and low-spin (22) isomers.
The three odd-odd nuclei156Ta, 160Re, and166Ir are the

only proton emitters observed so far in theN.82 region that
possess ad3/2 proton orbital character, even though thes1/2
state is either the ground state or a low-lying isomer in
nearby odd-Z odd-A nuclei. This may be explained by ap
plying Nordheim’s rules for the coupling of odd neutron a
proton particles~or holes!. We assume the available low
lying configurations are@ps1/2n f 7/2#, @pd3/2n f 7/2#, and
@ph11/2n f 7/2#. In the first case, the weak rule applies, pr
dicting either 32 or 42 as the lowest state. The weak ru
also applies to the last case, predicting 91 or possibly 21 as
the lowest state. For the@pd3/2n f 7/2# configuration, the
strong rule holds, and predicts that a 22 state will lie far
below other states. It is the strong neutron-proton resid
interaction that is responsible for the appearance of thed3/2
proton orbital in the ground state of166Ir. The same situation
occurs in the odd-odd nucleus154Tm. The isotone153Er has
a 7/22 ground state, indicating an f 7/2 character, while
153Tm has an 11/22 ground state, a 1/21 isomer at 43 keV,
and a 3/21 state at 135 keV. As suggested by the Nordhe
strong rule, the ground-state spin of154Tm is 22. These
results indicate that the appearance ofl52 proton emission
in theZ.69 nuclei is not due to a lowering of thed3/2 orbital
relative to thes1/2 orbital.

It is interesting to note that147Tm is the only odd-A
nucleus for whichd3/2 proton emission has so far been o
served@9#, and this from an isomeric state. Evidently th
single-particled3/2 configuration is not sufficiently bound t
produce the ground state. This suggests that a search i
Z<67 region may reveal further proton emission from th
orbital, possibly as hole states.

D. The decay of 165Ir

Figure 11~a! shows the energy spectrum of decay eve
from the 384 MeV 78Kr192Mo run, gated by the require
ment that the decay occurred within 5 ms of a mass
implant. Figure 11~b! gives the spectrum correlated wit
6321 keV alpha particles from164Os. One proton group is
seen having an energy of 1707~7! keV and a half-life of
0.29~6! ms. Alpha events with energy 6715~7! keV were also
observed, correlated with two generations of known alp
from 161Re and 157Ta. The 165Ir alpha half-life was mea-
sured to be 0.39~16! ms.

FIG. 10. Decay scheme of correlated alphas from166Ir.
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Since one proton and one alpha group with similar ha
lives were observed in the decay of165Ir, both particles most
likely come from the same state. The mean half-life
0.30~6! ms. Because of the short half-life, the assumption
made that the beta branch for this state is negligible. A p
ton branch of 0.87~4! is obtained. The cross section for pro
ducing 165Ir was deduced to be approximately 0.2mb. This is
the first case where the reaction product from the 1p4n
evaporation channel has been observed following a fus
reaction near the proton drip line.

Table I shows the measured partial proton half-life f
165Ir and the values calculated fors1/2, d3/2, andh11/2 proton
emission using the WKB barrier transmission approximati
A comparison of the measured and calculated proton h
lives in Table I indicates that the 1707~7! keV proton group
can only be explained as anl55 decay of theph11/2 state of
165Ir to theJ50 ground state of164Os. Again, the measure
partial proton half-life is longer than the calculated value
about a factor of 3. This will be discussed further in Sec.
below. In analogy with the case of167Ir, we would also
expect a low-lying proton-emittings1/2 state in 165Ir. Using
the systematics of theh11/22s1/2 energy differences in
153Lu, 157Ta, and161Re from@10#, we estimate an excitation
energy of 0.23~11! MeV for the h11/2 state in 165Ir. The es-
timated decay lifetime for thes1/2 ground state of

165Ir is less
than 1ms, too short to be observed.

Figure 12 shows the decay deduced for165Ir. The 6715~7!
keV alpha group from165Ir has a measured branching rat
of 0.13~4!. The alpha-reduced width for this transition, ca
culated using the method of Rasmussen@5#, is 87~32! keV,
consistent with an unhinderedD l50 transition, and indicat-
ing that the decay takes place between 11/22 states in165Ir
and 161Re. This implies that the known 6265~6! keV alpha
from 161Re must be from an 11/22 state. Since the known
6213~4! keV alpha from157Ta was also seen in the correla
tion, it also must de-excite an 11/22 state.

FIG. 11. ~a! Energy spectrum of decay events from 384 Me
78Kr192Mo, with the requirement that the decay occurred within
ms of a mass 165 implant.~b! Same as~a! with the additional
requirement that a subsequent decay event occurred in the
pixel within 5 ms, with an energy of 6321 keV, the known alph
decay energy of164Os.
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IV. SPECTROSCOPIC FACTORS
AND PROTON HALF-LIVES

The calculation of the proton partial half-lifet1/2,p using
the WKB barrier transmission approximation does not ta
into account any nuclear structure effects that might in
ence the half-life. Although the calculation of the absolu
rate for proton decay is simpler than for alpha decay beca
a preformation factor is not needed, the overlap of parent
daughter states may not be complete. This may occur,
example, when the parent state of an odd-A proton emitter
consists of a hole in a particular orbital, while the predom
nant configuration of the daughter state has this orbital c
pletely filled. The spectroscopic factor is used to describ
the nuclear structure effects, and is defined as

Sj5u^C i~Z11,A11!uaj†uC f~Z,A!&u2,

whereaj† is the creation operator for a proton in orbitalj .
In an attempt to quantify these ideas, a low-senior

shell-model calculation of the wave functions for the par
and daughter states has been performed, for proton em
in the 64,Z,82 region. The model space consisted of
particles in thes1/2, d3/2, andh11/2 proton orbitals. The neu
tron configurations were assumed to be the same for b
parent and daughter nuclei, i.e., the neutrons were consid
to be spectators. The residual interaction used was a pa
force. In this calculation the single-particle energies for
three orbitals were assumed to be degenerate. Further d
of the calculation are found in the Appendix.

Using the resulting wave functions, spectroscopic fact
for proton decay of the lowest seniority state in the oddZ
nucleus to the ground state in the daughter were obtai
The results show that the spectroscopic factor depends
on p, the number of pairs of proton holes belowZ582 pos-
sessed by the daughter nucleus:

S~p!5p/9 with 1<p<9.

FIG. 12. Decay scheme for165Ir. The estimated excitation en
ergy of the 11/22 state in keV is given in square brackets.
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For the cases treated in the present work,p52 for
171Au andp53 for 165,166,167Ir, yielding spectroscopic fac-
tors of 0.22 and 0.33, respectively. The experimental sp
troscopic factor is defined as the ratio between calculated
measured proton half-life:

Sexpt5
t1/2,p
calc

t1/2,p
expt .

Table IV shows the comparison between experimen
and calculated spectroscopic factors. The agreement is
markable, considering the approximations used.

The level of agreement obtained with the simple lo
seniority calculation for these nuclei suggests that the mo
be applied to all the known proton emitters for 65<Z<81.
The results are shown in Fig. 13, indicating that, as p
dicted, the spectroscopic factors do indeed increase tow
1 asZ approaches 64. The large error bars on the experim
tal spectroscopic factors for the lighter proton emitters
flects large uncertainties in the beta branches for these nu
It is interesting to note that the points showing the larg
disagreement with the model are all due to protons decay
from thed3/2 orbital.

V. LEVEL ENERGIES AND SPINS FOR STATES
IN THE ALPHA-DECAY DAUGHTERS OF 167Ir

Table II shows the alpha decays from167Ir and its daugh-
ters. The 5661 keV transition in155Lu has previously been
assigned as coming from the decay of theph11/2 state@12#
and Fig. 5~a! shows that it is correlated with the 6410 ke

FIG. 13. Spectroscopic factors for new and previously obser
proton emitters. In addition to the present wo
(165(m)Ir, 167m,gIr, 171mAu), data have been taken from@9#
(147m,gTm, 151Lu), @10# (157Ta, 161m,gRe), and@11# (177Tl).
s

TABLE IV. Spectroscopic factors for the proton decaying states in171Au and 167,166,165Ir.

Nuclide 171mAu 167gIr 167mIr 166gIr 166mIr 165(m)Ir

t1/2,p
calc 0.415 ms 28.4 ms 2.47 s 18.2 ms 341 ms 0.123 m
t1/2,p
expt 2.22~29! ms 110~15! ms 7.50~190! s 152~71! ms 860~290! ms 0.35~7! ms
Scalc 0.22 0.33 0.33 0.33 0.33 0.33
Sexpt 0.19~3! 0.26~7! 0.33~11! 0.12~7! 0.40~16! 0.36~9!
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alpha transition from167Ir to which we have also assigne
the ph11/2 configuration. Also seen in this decay chain a
transitions at 5920~5! keV from 163Re and 5600~5! keV from
159Ta. The reduced widths of these transitions are consis
with their being unhindered transitions, and we assign al
them as connecting 11/22 states.

The other correlated alpha decay chain shown in Fig. 5~b!
begins with the 6351~5! keV transition from the 1/21 ground
state of 167Ir and ends with the 5586~5! keV transition from
155Lu. The two intermediate alpha transitions, at 5870~5! and
5519~5! keV, are assigned to the decay of states in163Re and
159Ta. The 5870~5! keV 163Re transition has not been ob
served previously, while the 5519~5! keV 159Ta transition
has been recently reported by Pageet al. @13#. The branching
ratio for the 5586 keV alpha group from155Lu is measured
here. The reduced widths shown in Table II support the i
that all of these alpha transitions are unhinderedD l50 tran-
sitions.

The odd-Z nuclei in the167Ir alpha decay chain will have
low-lying d3/2 and s1/2 states. If the alpha decay of th
1/21 167Ir ground state were to populate thed3/2 state in
163Revia a hinderedD l52 transition, we would also expec
to observe a second, unhinderedD l50 1/21→1/21 transi-
tion. Only one transition has been observed, which furt
leads us to conclude that this transition is the predomin
unhinderedD l50 1/21→1/21 transition. This agrees wel
with previous observation of pairs ofh11/2→h11/2 and
s1/2→s1/2 alpha transitions in nuclei above146Gd, see, e.g.,
@14#. Similarly, we conclude that the163Re and159Ta transi-
tions occur betweens1/2 states, which implies from the ene
getics that these are the ground states of these nuclei. Th
consistent with more recent proton radioactivity results
tained at this facility for the neighboring nuclei161Re and
152Ta, which have 1/21 ground states and 11/22 isomers
@10#.

There exists the possibility that if the ground state
155Lu were 3/21, an intermediate gamma transition cou
occur in 155Lu following the alpha decay of the 1/21 state of
159Ta to the 1/21 state in 155Lu. This would imply that the
favored alpha transition from155Lu would populate the
3/21 state in 151Tm known to be located 108.5 keV abov
the 1/21 state@15#. However, the energetics of this scena
would imply ans1/2 ground state for

151Tm, which is at odds
with ground-state systematics for the neighboring Tm i
topes. Both153Tm and 155Tm have 11/22 ground states and
1/21 isomers. We are therefore led to the conclusion that
low-spin alpha emitted from155Lu is an unhinderedD l
50 1/21→1/21 transition.

The full alpha decay chain following the decay of167Ir is
shown in Fig. 14. The excitation energies given in the fig
for the isomeric states in163Re, 159Ta, 155Lu, and 151Tm
have been calculated from the measured alpha energy d
ences. As is seen in Fig. 14, the level ordering of the 11

and 11/22 states reverses between159Ta and155Lu, indicat-
ing that the ground state of155Lu has spin 11/22. This is
consistent with the observation of only ground-state pro
radioactivity from theh11/2 orbital in

151Lu @9#, since proton
emission from an exciteds1/2 state would be too short-lived
to be seen.

As can be seen in Fig. 14, the 11/2221/21 energy differ-
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ences for the167Ir alpha-decay chain vary smoothly from
negative to positive in going from151Tm to 167Ir. From this
trend we can estimate an excitation energy for the 112

state in 171Au of about 0.22~11! MeV, which falls between
the lower and upper limits of 0.10 and 0.26 MeV deriv
independently in Sec. III A.

VI. MASS EXCESSES OBTAINED FROM THE ALPHA
AND PROTON DECAYS OF 167Ir

The long alpha-decay chains leading from167Ir and its
proton daughter166Os eventually terminate on beta-decayi
nuclei near the line of stability. If the mass excesses of th
beta-unstable nuclei were known, then one could use
alpha- and proton-decayQ values to obtain the mass ex
cesses up to the beginning of the alpha-decay chains. In
case of167Ir, Fig. 14 shows that the alpha decay termina
with 151Tm. Unfortunately the mass excess of this nucleus
not known.

However, the alpha-decay chain from166Os terminates on
150Er for which theQEC to the 22 state in 150Ho has been
measured to be 4108~15! keV @16#. A recent measurement o
the mass excess of the150Ho 22 state using the ISOLTRAP
facility yielded the value261950(27) keV@17#. The mass
excess for150Er obtained from these two pieces of data
257842(31) keV, which can be compared with a value
257970(100) keV obtained from systematics given in t
1995 update to the Atomic Mass Evaluation~AME95! @18#.

Table V gives the mass excesses derived for150Er and
154Yb, 158Hf, 162W, 166Os, and170Pt, the five known alpha-
decay parents of150Er. A sixth nuclide in the alpha-deca
chain, 174Hg, has recently been observed at this facility@19#,
and will be reported separately. The mass excesses
171mAu and 167Ir are obtained from their proton-decay ene
gies and the mass excess of166Os, and are also shown i
Table V. The table also shows the systematic predicti
from @18# and the differences D5(M2A)expt2(M
2A)AME95 .

The ground-state mass excesses of the167Ir alpha-decay
daughters may now be obtained from the167Ir mass excess
the present alpha-decayQ values, and the decay scheme
Fig. 14. The resulting mass excesses are shown in Table
The differences given in Tables V and VI between the e
perimental mass excesses and those from AME95 sho
smooth increase as the isotopes move further from the lin
beta stability.

FIG. 14. Decay scheme of correlated alphas from167Ir.
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TABLE V. Mass excess values for150Er and its proton- and alpha-decay parents.

Parent
nuclide

Daughter
nuclide

DecayQ value
~keV!

Daughter
(M -A) ~keV!

Parent mass excess~keV!

D ~keV!This work AME95

150Er 150Ho~22! 4 108~15!a (QEC) 261 950(27)b 257 842(31) 257 970(100) 128
154Yb 150Er 5 474~2!a (Qa) 257 842(31) 249 943(31) 250 080(100) 137
158Hf 154Yb 5 406~4!c (Qa) 249 943(31) 242 112(31) 242 250(100) 138
162W 158Hf 5 681~5!c (Qa) 242 112(31) 234 006(32) 234 150(100) 144
166Os 162W 6 148~6!c (Qa) 234 006(32) 225 433(32) 225 590(100) 157
170Pt 166Os 6 708~6!d (Qa) 225 433(32) 216 300(33) 216 460(100) 160
167Ir~1/2! 166Os 1 070~6! (Qp) 225 433(32) 217 074(33) 217 190(100) 116
171Au~1/2! 170Pt 1 702~6! (Qp) 216 300(33) 27 529(115)e 27 660(250) 131

aReference@16#.
bReference@17#.
cReference@13#.
dReference@6#, part of the present body of work.
eUsing an estimated excitation energy of 220~110! keV for the 11/22 state.
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VII. PROTON SEPARATION ENERGIES

Given the proton and alpha decay energies of a state
nucleus (Z,N) and alpha-decay energy of the photon dau
ter nucleus (Z21,N), one can calculate the proton-dec
Q valueQp for the analogous state in the alpha daugh
nucleus (Z22,N22). This procedure has already been d
scribed in Sec. III B and illustrated in Fig. 6 for the case
171Au decay, yielding theQp for the 11/22 state of 167Ir.
Using the measured proton and alpha energies from
present work and from Ref.@13#, we have derived proton
separation energiesSp52Qp for the odd-Z alpha daughter
nuclei of 165,166,167Ir. These are shown in Table VII, alon
with the measured proton separation energies for the
proton-emitting states obtained in the present experim
The proton separation energies help to precisely delineate
proton drip line, and allow testing of mass models in t
region of the proton drip line.

The proton separation energies derived in Table VII
161Re(11/2) and157Ta(11/2) suggest that they are good ca
didates for proton emission. In fact, proton decay has n
been observed at this facility from both of these isotopes,
will be reported separately@10#.

Figure 15 shows a comparison between the measured
derived proton separation energies and the mass predic
of Liran-Zeldes@20#. Also shown in the figure are previousl
obtained proton separation energies for nuclei in this reg
The model reproduces the trends in separation energy
markably well, although it is evident that there is a syste
atic overestimate of the proton binding by about 200 keV
a
-

r
-
f

e

ix
t.
he

r
-
w
d

nd
ns

n.
re-
-

this region of the drip line. The value shown for171Au is for
1/21 ground state, lying an estimated 0.22 MeV below
11/22 state.

VIII. CONCLUSIONS

In the present work, decay properties for new proto
emitting Au (Z579) and Ir (Z577) nuclides have been re
ported. There is now established a continuous sequenc
odd-Z proton emitting isotopes fromZ569–79, including
the first observation of three proton-emitting isotopes from
single element, Ir. These results have been used to de
shell-orbital orderings, ground-state masses, and pro
decayQ values for isotopes connected together in exten
alpha-decay chains. Low-seniority wave functions for t
parent and daughter states involved in proton emission
65<Z<81 nuclei have been calculated, assuming dege
ate single-particle energies for theh11/2, d3/2, ands1/2 proton
orbitals, and pairing as a residual interaction. Using th
wave functions, spectroscopic factors have been obtained
proton emission. These spectroscopic factors, when c
bined with proton-decay transition rates calculated using
WKB barrier transmission approximation, agree extrem
well with the trend in the experimental decay rates. The
results have indicated both the high sensitivity of the cor
lation technique in identifying the decays of nuclei beyo
the proton drip line and the unique detailed nuclear struct
information that can be obtained in this region by prot
radioactivity studies.
TABLE VI. Mass excess values for the alpha-decay daughters of167Ir.

Daughter
nuclide

Parent
nuclide

DecayQ value
~keV!

Parent
(M -A) ~keV!

Daughter (M -A) ~keV!

D ~keV!This work AME95

163Re~1/2! 167Ir(1/2) 6 507~4! (Qa) 217 074(33) 226 006(33) 226 110(110) 104
159Ta~1/2! 163Re~1/2! 6 018~4! (Qa) 226 006(33) 234 449(33) 234 550(120) 101
155Lu~11/2! 159Ta~1/2! 5 681~7! (Qa1Ex) 234 449(33) 242 555(34) 242 630(130) 75
151Tm~11/2! 155Lu~11/2! 5 811~4! (Qa) 242 555(34) 250 791(34) 250 830(140) 39
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TABLE VII. Measured and derived proton separation energies.

Nuclide
Proton

configuration
Separation energy

~keV! Nuclide
Proton

configuration
Separation energy

~keV!

171mAu h11/2 21702(6)a 157(m)Tac h11/2 2954(14)
171gAu s1/2 21490(110)b 155mLu s1/2 2120(12)
167mIr h11/2 21245(7)a 155gLu h11/2 299(13)
167gIr s1/2 21070(6)a 154mLu h11/2 2268(15)
166mIr h11/2 21324(8)a 154gLu d3/2 2208(15)
166gIr d3/2 21152(8)a 153(g)Lud h11/2 2606(15)
165mIr h11/2 21717(6)a,c 151mTm s1/2 1141(13)
163mRe h11/2 2826(10) 151gTm h11/2 1239(14)
163gRe s1/2 2712(9)
162mRe h11/2 2943(12)
162gRe d3/2 2770(12)
161(m)Rec h11/2 21315(12)
159mTa h11/2 2438(12)
159gTa s1/2 2376(11)
158mTa h11/2 2594(14)
158gTa d3/2 2452(14)

aMeasured in the present experiment.
bUsing estimatedh11/22s1/2 energy difference~see text!.
cTentatively assigned as a metastable state. Not plotted in Fig. 15.
dTentatively assigned as the ground state.
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APPENDIX: LOW-SENIORITY SHELL-MODEL
CALCULATION FOR PROTON EMITTERS

WITH 64<Z<82

The two-body pairing Hamiltonian has the form

H5(
j

e jnj1Ḡ(
j , j 8

~21! l1 l 8F S j1 1

2D S j 81
1

2D G
1/2

3A0†~ j 2!A0~ j 82!,

wheree j andnj are the single-particle energy and the nu
ber of particles in orbitalj , Ḡ is the strength of the pairing
interaction, andA0†( j 2) @A0( j 82)# is the creation~annihila-
tion! operator for a pair of protons in orbitalj coupled to
spin 0. The simplifying assumption of degenerate sing
particle levels, i.e.,e j5e, allows the calculation to be per
formed in the quasispin formalism@21#. Additional details
may be found in@22#.

Introducing the quasispin raising and lowering operato

S15(
j

~21! l S j1 1

2D
1/2

A0†~ j 2!

and
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S25(
j 8

~21! l 8S j 81
1

2D
1/2

A0†~ j 82!,

we obtain the quasispin Hamiltonian:

H5Ne1ḠS1S2,

where

N5(
j
nj .

The quasispin operators obey the same commutation
tions as regular angular momentum operators. We have

@S1,S2#52S05N2(
j

2 j11

2
5N2V,

whereV is the total number of pair states. The eigenfun
tions of the quasispin operators, with quantum numbers
S andSz , can be obtained@22# for the lowest seniority state
for even and oddZ. In the case of evenZ, the lowest senior-
ity (J50) eigenfunction is

f Sz51/2~N2V!
S5V/2
.
a
es

E
c

N
lin

g-
e

la-

-
of

and for oddZ the lowest seniority (J5 j ) eigenfunction is

f Sz51/2~N2V!
S5~V21!/2 .

For the case under study, we have a total of 18 proton
thed3/2, h11/2, ands1/2 orbitals, soV59. Introducingp, the
number of proton hole pairs counting down fromZ582, the
even-Z daughter nuclei haveN51822p, and the odd-Z pro-
ton emitters haveN51922p, with 1<p<9.

The spectroscopic factor is defined as the overlap betw
parent and daughter nuclei, and is given by

Sj~p!5u^f52p
4 ~J5 j !ua1/2

1/2†~ j !uf9/22p
9/2 ~J50!&u2.

This can be reduced to

Sj~p!5S 92 1

2

9

2
2p

1

2U4 52pD 2u^f4ia1/2†if9/2&u2,

where thep dependence is now contained in the Clebs
Gordan coefficient. The reduced matrix element can
evaluated for the case ofp59, whereSj (9)51, yielding the
final result:

Sj~p!5
p

9
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