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A novel method of selecting p-ray transitions in heavy nuclei (A )100) at the proton drip-line
has been attempted. The characteristic charged-particle radioactivity of these nuclei (alpha decay,
ground-state proton decay, and P-delayed proton emission) has been used to tag p-ray transitions
recorded by the highly efficient Eurogam spectrometer. The Ni + Fe and Ni + Ni fusion-
evaporation reactions, at a beam energy of 240 MeV, have been used to populate speci6c states of
these neutron-de6cient nuclei and results are presented for ' Te, I, and Xe, where p-ray
transitions have been identi6ed. In the case of I, this represents the first observation of p-rays
from a ground-state proton emitter.

PACS number(s): 21.10.Re, 27.60.+j, 23.20.Lv

I. INTRODUCTION

In the past decade much progress has been made in
extending the systematics of nuclei near N = Z (e.g. ,
Ref. [1]).A typical approach is to use a high-efficiency p-
ray detector array in conjunction with a recoil mass sep-
arator [1]. The mass A of a fusion-evaporation residue is
identified by its position at the focal plane and its charge
Z &om energy-loss characteristics in an ionization cham-
ber. For high Z ()50), the identification becomes in-
creasingly difBcult for slow-moving evaporation residues
and isobaric contamination becomes a serious problem.
One alternative approach to this problem, reported by
the Nordball collaboration [2,3], is to surround the tar-
get with a multidetector array of silicon detectors and
liquid scintillators in order to identify evaporation pro-
tons, alpha particles, and neutrons. In the present paper,
we report on the novel method of recoil decay tagging
(RDT) and have used the technique to identify p rays
from extremely neutron-deficient isotopes in the region
above Sn.
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schematic diagram of the apparatus used in recoil de-
cay tagging (RDT) is shown in Fig. 1. A highly sen-
sitive technique has been developed by the Edinburgh
group to identify weakly produced proton-radioactive nu-
clei using a double-sided silicon strip detector (DSSD)

II. METHOD OF RECOIL DECAY TAGGING

Many of the nuclei in the region above Sn decay
by emitting characteristic alphas, P-delayed protons, and
direct protons from their ground states (e.g. , Ref. [4]).
These charged-particle decay modes offer a unique signa-
ture that a given state of a particular isotope has been
produced and can be efhciently detected by implanting
evaporation residue ions inside a silicon detector. A

FIG. 1. Schematic diagram showing the principle of recoil
decay tagging. Prompt p rays are recorded by Eurogam.
Recoiling evaporation residues pass through a velocity 61-
ter with crossed electric (E) and magnetic (B) fields (Dares-
bury Recoil Separator) and are dispersed according to their
mass-to-charge ratio (A/q) before being implanted into the
double-sided silicon strip detector (DSSD) at position (x, y)
at time ta with energy Ea Within the same. pixel (z, y), sub-
sequent charged-particle radioactivity (decay at time ti with
energy Ei) can be correlated with the initial implantation.
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[5]. In these experiments, ions that have been veloc-
ity and mass analyzed by the Daresbury Recoil Sepa-
rator [6] were implanted into the DSSD and the position,
time, and energy of the ions (xo,yo, to, EO) and subsequent
decays (xi,yi, ti,Ei) were recorded. The high degree of
DSSD segmentation (48x48 strips) ensured an efficient
correlation between implantations and decays occurring
in the same pixel (xi ——xo, yi ——yo). These implanted ions
also pass through a carbon-foil channel plate detector be-
fore entering the DSSD. Signals &om the channel plate
detector can be used to provide position-mass informa-
tion on the ions and to provide a fast delayed coincidence
between the recoil separator focal plane and p rays de-
tected around the target [1,6]. One can therefore in prin-
ciple establish a link between delayed radioactive decays
occurring in the DSSD at the focal plane with in-beam
p rays emitted at the target position. In the next sec-
tion, the first experiments using the RDT method are
reported.

A. Ni + Fe reaction

The Daresbury tandem Van de Graaff accelerator pro-
vided a 240-MeV 5 Ni heavy-ion beam to bombard a thin
(500 pg/cmz) self-supporting s4Fe target in order to pro-
duce the compound nucleus Xe* with an excitation en-
ergy 57 MeV. The beam current of 3—4 particle nA led
to an individual HPGe detector rate of 6—7 kHz while the
DSSD event rate was 1 kHz. The dominant nuclei pro-
duced were i Sb (via the 3p exit channel [9]), iosSb (3pn
[3]), sSn (4p [10]), and Sn (a2p [ll]). This reaction
would also be expected to produce the a-decaying nuclei
iosTe (E = 3.32 MeV, tip' ——2.1 s, b = 0.49 [12,13,4])
via the 2p2n exit channel and i sTe (E = 3.11 MeV,
tip' ——4.1 s, b = 0.039 [12—14]) via the 2pn channel. In
the case of iosTe, a P-delayed proton branch also occurs
(E„2—5 MeV, bp„= 0.094 [15,16]). In addition, the
proton-radioactive nucleus I (EJ, = 0.81 MeV, tigq ——

100 ps, b~ 1.00 [17,18]) should also be produced via the
p2n channel with a much smaller cross section. Figure 2
shows the A = 108 and 109 gated decay energy spectrum
clearly revealing the presence of all these activities.

III. EXPERIMENTAL DETAILS AND RESULTS

In the penultimate month of running experiments at
the Nuclear Structure Facility, Daresbury, the opportu-
nity became available to parasite on an experiment using
the Eurogam p-ray detector array, consisting of 45 large-
volume escape-suppressed HPGe detectors with a total
photopeak efficiency of 4.5%%up (E~=l.33 MeV) [7,8]. The
Eurogam array was situated on the recoil separator beam
line offering the unique opportunity of coupling together
Eurogam, the Daresbury recoil separator, and the Edin-
burgh DSSD. In the experiment, data were recorded by
two parallel data-acquisition systems to avoid compro-
mising the main experiment. All decay and implanta-
tion events were written to tape by one system including
the time at which each event occurred (generated by a
32-bit pattern register and scalar driven at a clock fre-
quency of 100 kHz [5]). The second acquisition system
wrote events to tape containing recoil-p" events (n )1) in
which all suppressed HPGe detectors present in prompt
coincidence (50 ns) were recorded together with signals
taken &om the channel-plate detector. In addition, a
time word was also written to those events that cor-
responded to transient evaporation residues implanting
into the DSSD with at least one p ray detected. This
time word was common to both data sets and could be
used to link a single evaporation residue event recorded
in each data set. During off-line analysis, radioactive
decays &om the first data set could be correlated with
evaporation residues, and &om the common time infor-
mation these events could in turn be identified with p
rays recorded in the second data set in fast coincidence
with evaporation residues. An additional tape was writ-
ten containing only pure p-ray data in which Compton-
suppressed events were recorded with a trigger require-
ment of at least six unsuppressed HPGe detectors firing
in prompt coincidence.
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FIG. 2. Charged-particle decay energy spectrum obtained
for the Ni + Fe reaction.

The nucleus Te is a good test case to try the RDT
method since it is an even-even nucleus and presumably
all the cascade intensity should feed through the 2+ ~ 0+
transition. Figure 3(a) shows an A = 108 gated p-ray
spectrum and beneath it in Fig. 3(b) are those p rays for
which a Te o. decay occurred in the same DSSD pixel
following implantation. It can be clearly seen that the
structures of the two spectra are not the same, indicating
that the correlation is selectively picking out transitions
associated with Te. However, the strong p-ray lines
from the A = 108 spectrum in Fig. 3(a) do contaminate
the lower spectrum in Fig. 3(b). These events arise due
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FIG. 3. (a) Mass-gated (A = 108) p-ray
spectrum with the strong transitions from

Sn and Sb indicated. (b) Gamma rays
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beled by their energies in keV.

g 10"
Ci
U 5

i,gJ)ill [I I
0 SH ~ISIIES I $$ R I ~ ~ I I 1 I ~

0 500
E (keV)

1000 1500
ll~

~" ".
, il il i, ~i I i „.', ! ' ', i llIJ II,l all ~li4. JLalaL, i„.aI

to false correlations between implanted ions and decays
which occur due to the high implantation rate in the
DSSD as a whole; the associated pixel rate of 1 Hz
is comparable to the decay rate of Te (&qy2

——2.1 s).
In fact, only 25% of the M Te o. decays are correctly
correlated with the parent implanted ion. The isobaric
contaminant peaks can, however, be subtracted off to
clearly reveal the ~osTe transitions shown in Fig. 3(c).

Four peaks of energies 625, 664, 760, and 896 keV
are evident in Fig. 3(c). It has been possible to estab-

j.(IS, ,

lish that these four transitions are in mutual coincidence
by analysis of the recoil-p-p data; the ESCL8R graphi-
cal analysis code [19] has been used to analyze a mass-
gated (A = 108) p-p matrix. Moreover, another p ray
of energy 998 keV appears to be in coincidence with the
625.-664-760-896 keV sequence. We thus propose a de-
cay scheme for Te as shown in Fig. 4. An estimate
of the relative population of this structure is approxi-
mately 0.25% of the intensity of the strongest reaction
channel (3p into ~osSb). The weakness rules out any
possible angular-correlation analysis and hence the spin-
parity assignments in Fig. 4 are tentative. Table I lists
the energies and relative intensities of the Te transi-
tions.

896
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In the case of Te, correlations can be performed
with both alphas and P-delayed protons. Figures 5(a)—
5(c) show, respectively, the A = 109 gated p rays,
the decay-tagged p-ray spectrum, and the resulting sub-
tracted spectrum showing p rays from Te. For Te,
only 0.133 of the decays are by either alpha or delayed
proton emission and of these only 13% will be correctly
correlated to parent Te implanted ions. Peaks are ev-
ident at 327, 495, 609, and 696 keV in Fig. 5(c) which we
assign to Te. One can hope to improve the statistics
by gating on a clear line, such as the 327 keV transition,

664

(4 )
TABLE I. Gamma-ray energies and intensities for transi-

tions assigned to Te.

(2 )

625
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FIG. 4. Proposed decay scheme for Te. Transition ener-
gies are given in keV and spin-parity assignments are tenta-
tive.

E~ (keV)
625.4
663.8
760.1
896.3
997.6

Energies are accurate to +0.5 keV.
Intensities are accurate to +15%.
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FIG. 5. (a) Mass-gated (A = 109) p-ray
spectrum with the strong transitions from

Sb indicated. (b) Gamma rays correlated
with both the n decay and P-delayed pro-
ton decay of Te. (c) Spectrum (b) minus
a normalized fraction of spectrum (a) with
the Te transitions labeled by their ener-
gies in keV. (d) Gamma rays in coincidence
with the 327 keV transition obtained from a
mass-gated (A = 109) p-p matrix. The tran-
sitions assigned to Te are labeled by their
energies, while peaks labeled C are known
contaminants.

in the recoil-p-p data. Figure 5(d) shows p rays in coinci-
dence with the 327 keV transition which clearly enhances
the i Te peak structure compared to Fig. 5(c). There-
fore, even with low decay branches one can recover high
in-beam statistics provided at least one clear transition
is identi6ed.

Analysis of the recoil-p-p data (A = 109) resulted
in the decay scheme shown in Fig. 6. Transition en-
ergies and intensities are listed in Table II. The or-
dering of the transitions is based on measured rela-
tive intensities of the p rays; some transitions, how-
ever, have similar intensities. An estimate of the rela-
tive intensity of Te is approximately l%%uo of that of the
strongest reaction channel. From the pure p-ray data
set, it proved possible to extract angular correlation ra-
tios I~(134,90 )/I~(90, 134') for the majority of the
new Te transitions and thus to establish relative spin-
parity values using the method of directional correlation
from oriented states (DCO) [20]; the results are included
in Table II. We have assigned absolute spin-parity values
based on systematics; in particular a band based on an
ll/2 state is expected. We thus suggest 5/2+ for the
ground state of Te.

g 1091

For the case of the proton emitter I, we expect low
statistics and in fact 650 proton decays were identified in
the DSSD at this nonoptimal beam current and energy
over a period of 21 h (this corresponds to a cross sec-
tion of 3 pb assuming a recoil separator efficiency 3%%uo,

which is to be compared with an optimal cross section
of 50 pb measured at a lower beam energy of 229 MeV
[21]). However, the half-life of 100 ps is extremely short
and there should be essentially no isobaric contamination
caused by false recoil-decay correlations. Figures 7(a)
and 7(b) show the A = 109 p-ray spectrum and those
events correlated with I protons, respectively. As ex-
pected, there is no evidence for the strongest isobaric
transitions in Fig. 7(b), indicating that the spectrum is
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FIG. 6. Proposed decay scheme for Te. Transition ener-
gies are given in keV and spin-parity assignments are tenta-
tive.

effectively clear of contamination and no subtraction is
therefore necessary. There is evidence for peak struc-
ture in Fig. 7(b) although the statistics are poor. By
gating on these peaks in the recoil-p-p data (A = 109),
the lines at 505, 514, 554, 596, 729, and 1074 keV do
appear to be in coincidence with each other. The 505-
596-729 keV transitions appear to form a band structure,
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TABLE II. Gamma-ray energies, intensities, and angular correlation results for transitions as-
signed to Te.

E~ (keV)

97.8
225.1
327.3
399.6
494.6
538.0
593.0
609.4
695.5
726.4
757.2
763.3
889.9
933.9
990.9
1016.1
1032.0

I» (%%uo)

(10
(10

29

= 100
& 10

14
95
94
12
10
32
90
90
84
70
35

I,(134,90 )
I~(90, 134')

0.7(1)
0.6(1)
0.6(1)

1.1(1)

1.0(1)
1.1(1)
1 2(1)

1.2(1)
1.0(1)
1.1(1)
1.0(1)

Multipolarity

Ml/E2
Ml/E2
El
(E1)
E2
(M1/E2)
E2
E2
E2
(E2)
(E2)
E2
E2
E2
E2
(E2)
(E2)

Assignment

(7/2+ m 5/2+)
(9/2+ m 7/2+)

(11/2 m 9/2+)
(11/2 ~ 11/2+)
(15/2 m 11/2 )

(7/2+ -+ 5/2+)
(11/2+ m 7/2+)

(19/2 m 15/2 )
(23/2 ~ 19/2 )
(15/2+ m 11/2+)
(19/2+ ~ 15/2+)

(9/2+ + 5/2+)
(27/2 m 23/2 )
(31/2 -+ 27/2 )
(35/2- ~ 31/2-)
(39/2 -m 35/2 )
(43/2 ~ 39/2 )

Energies are accurate to +0.5 keV.
Intensities are accurate to +10'Fp.

'Eurogam contains ten detectors at
94'). Values &1.0 indicate stretched
pure stretched dipole.

Doublet with a strong transition in

8=134' and ten detectors at 8=90 (five at 86' and five at
quadrupole transitions, while values 0.65 are expected for a

1095b

together with weaker 845 keV and 908 keV transitions,
not visible in Fig. 7(b). Moreover, transitions of energies
373 keV, 514 keV, 554 keV, 868 keV, and 1074 keV are in
coincidence with this sequence. Most of the latter transi-
tions are not mutually coincident and thus probably de-
populate the band structure via parallel pathways. The
statistics are, however, too poor for any complete level
scheme to be deduced with certainty. We may, however,
conclude that the 505-596-729-845-908 keV band struc-
ture lies at least 1074 keV above the ground state of I
which, &om systematics, suggests that this band is based
on an hii /2 proton orbital (see Fig. 14 later). It is note-
worthy that the I results represent the first p-ray data
&om a ground-state proton emitter; indeed data have
not yet even been published on the neighboring I
isotopes. The I data provide the first direct informa-

tion on the feeding of a proton-unbound ground state and
show that, as high as 4.6 MeV, a discrete level structure
is still present.

B. Ni + Ni reaction

A second experiment was performed by bombarding a
440 nLmg jcm thick Ni target with a 240-MeV ssNi beam.
This reaction produces the compound nucleus Ba*
with an excitation energy 63 MeV. The P-delayed pro-
ton emitter Xe (E„2—7 MeV, ti /2 ——2.7 s, by~ = 0.07
[22]) should be produced in this reaction via the 2pn
channel. The strong channels for this reaction are I
(3p [23]), I (3pn), Te (4p [24]), and Te (n2p [25]).
Figure 8 shows an A = 113gated. decay energy spectrum.
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while spectrum (b) has been compressed to 4
keV/channel.
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TABLE III. Gamma-ray energies and intensities, for tran-
sitions assigned to Xe.

800--

I I

Q)

600--
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CL

400--V)

O0
200-

E~ (keV)
415.7
520.4
525.9
600.7
607.8
656.0
826.2
940.7
1002.4
1066.2

I» ('%%uo)

100
20
25
15
25
75
70
60
50
35

Energies are accurate to +0.5 keV.
Intensities are accurate to +15%.

Decay particle energy (MeV)

FIG. 8. Charged-particle decay energy spectrum gated for
A/q =4.00 which includes both A = 113 and 109. The broad
continuum which is the major part of the spectrum is from
P-delayed proton emission from Xe with 10% contribu-
tion from P-delayed proton emission from Te. The peaks
are from known n decays, the strongest peak being the o.
decay of Te.

In addition to the delayed protons from Xe, there is
also visible the alpha decay of Te which arrives at the
same place on the focal plane as a charge-state ambigu-
ity. Consequently, there is a contamination of the Xe
delayed protons with Te protons at a level of 10%.
Figures 9(a)—9(c) show, respectively, the A = 113gated p
rays, the decay-tagged p-ray spectrum, and the resulting

subtracted spectrum showing p rays &om Xe. Lines at
416, 656, and 826 keV are clearly visible in Fig. 9(c) and
were not observed in the earlier Te data. We therefore
assign these transitions to 3Xe.

Gamma rays in coincidence with the 416 keV transition
are shown in Fig. 9(d) obtained from the recoil-p-p data
(A = 113). A partial level scheme for Xe is shown
in Fig. 10. The 416-656-826-941-1002-1066 keV transi-
tions appear to form a band structure. Two pairs of dou-
blets (520/526 keV and 601/608 keV) are in coincidence
with this band and are probably below the bandhead. A
lack of clean gates precluded an unambiguous placement
of these transitions. Furthermore, it was not possible
to perform an angular correlation analysis for the Xe
transitions and the tentative spin-parity assignments in
Fig. 10 are taken from systematics. The energies and
intensities of the Xe transitions are listed in Table III.
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FIG 9 (a) Mass-gated (A = 113)p-ray spectrum with the strong transitions from I indicated. (b) Gamma rays correlated~ ~

~ ~ ~ ~ 113with the P-delayed proton decay of Xe. (c) Spectrum (b) minus a normalized fraction of spectrum (a) with the Xe
transitions labeled by their energies in keV. (d) Gamma rays in coincidence with the 416 keV transition obtained from a
mass-gated (A = 113) p-p matrix. The transitions assigned to Xe are labeled by their energies. A weak 416 keV transition
also occurs for I and the contaminating peaks are indicated. All other unlabeled peaks in (d) are contamination fram

Te. Furthermore, the intensity of the 1066 keV transition appears anomalously high since contaminating transitions of
a similar energy occur in both Te and Te. The binning of spectra (a)—(c) is 1 keV/channel while spectrum (d) has been
compressed to 2 keV/channel.
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113 IV. DISCUSSIQN
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FIG. 10. Partial decay scheme for Xe. Transition ener-

gies are given in keV and spin-parity assignments are tenta-
tive.

A. Even tellurium systematics

The systematics of the ground-state bands of the even
i2 Te isotopes (N=56—72) are shown in Fig. 11

[24—26]. The E(4+)/E(2+) energy ratio is shown for each
case. Values of 200 and 333 are predicted in the pure
vibrational and rotational limits, respectively. The ex-
perimental values all lie close to the vibrational limit.
The 2+ and 4+ states are at a minimum excitation en-
ergy for Te (N = 68), reach a maximum for 4Te

(N = 62), and then decrease again for the most neutron-
deficient isotopes. The 2+ and 4+ states in the even
Te isotopes are understood as one- and two-phonon vi-
brational states [26]. The 6+ and 8+ states follow the
same general trend. These states may represent three-
and four-phonon vibrational states. It has also been sug-
gested that two-quasiparticle [erg' 2]s+ or [erg"2ds'2]s+
configurations may couple to the zero- and one-phonon
states of the spherical tin core to produce the observed
6+ and 8+ states [26]. The 6+ state is particularly low

lying for the heavier isotopes in Pig. 11. The 10+ states
steadily increase in excitation energy as N decreases and
a maximum is reached for Te. In addition to a possible
five-phonon state, a [vhii&2]ip+ two-quasineutron config-

uration may explain the 10+ states. Indeed, in some
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cases, more than one 10+ state is observed (
4 PTe).

No 10+ state has been observed in Te where odd-spin
negative-parity states dominate the decay scheme for I&9
[25]. This feature reinforces the [vh2&&&2]yp+ interpreta-

tion for the 10+ states; by the time Te is reached
(N = 58), the neutron Fermi surface has fallen below the
vhq~g2 subshell, making the two-quasineutron state en-

ergetically expensive. The highest level in Te is there-
fore unlikely to be based on a two-quasineutron state.
Instead, a vibrational 6ve-phonon 10+ state, or even a
9 state similar to Te, is more likely.

100
. . 109

80-

60

40--

20-

0
0.2 0.3 0.4 0.5 0.6

B Odd N xo9T

Calculations based on the total-routhian-surface
(TRS) formalism [27—29] for the light Te isotopes sug-
gest weakly deformed prolate shapes with P2 ——0.12—0.15.
At such deformations, a dsg2 neutron state is at the Fermi
surface for Te and thus a ground-state spin and parity
of 5/2+ are expected (this is also consistent with the pro-
posed decay scheme of Fig. 6). The proposed 7/2+ state
at the right of Fig. 6 is likely to be the unfavored signa-
ture component of the dsyq orbital. A g7yq neutron state
is also near the Fermi surface, which could then be asso-
ciated with the proposed 7/2+ state shown to the left in
Fig. 6. A series of three transitions feeds this state. The
low-spin yrast bands of odd-A Te isotopes with A &115
are based on a vh~q/2 intruder orbital and hence the main
(negative-parity) yrast sequence of ~PPTe can also be as-
sociated with this orbital. In the heavier isotopes, the
ll/2 bandhead lies within a few hundred keV of the
positive-parity ground state. However, in the Te decay
scheme, this ll/2 state is 1090 keV above the ground
state. This higher energy is again related to the position
of the neutron Fermi surface which has fallen below the
vhqqy2 subshell for the lightest Te isotopes. The high
energy of the 11/2 state in Te allows it to decay
to a lower 9/2+ state via a prompt El transition. In
the heavier odd-A isotopes, the 11/2 state is below the
9/2+ state causing the 11/2 state to be isomeric and
to decay via an M2 transition into the positive-parity
states (i.e. , ll/2 + 7/2+). The ~ Te (N = 57) level
scheme is similar to the structures observed in odd-Z nu-
clei (Z=53—57) where the proton Fermi surface is at the
bottom of the vrh~zgq subshell. In all cases, the low-spin
yrast structures are associated with an hzzy2 "intruder"
orbital.

Figure 12 shows the kinematic (Q~~l = I /w) and dy-
namic (Q = dI /du) moments of inertia for the h)z~z
yrast band of Te. The J'~ l moment of inertia is quite
irregular which indicates that Te is not a good ro-
tor. In particular, there is a large increase in energy
for the 890 keV (27/2 ~ 23/2 ) transition. This be-
havior is normal for the low-spin structures of tellurium
isotopes which are clearly not rotational; only recently
has evidence been found for rotational structures in the
tellurium isotopes, namely, for Te [24] and Te [30].

hm (MeV)

FIG. 12. Kinematic and dynamic moments of inertia for
Te plotted as a function of rotational frequency.

Odd N

D. Odd-Z ~o91

Systematics of the vrhqq/2 bands in odd-A iodine iso-
topes [23,31—34] are shown in Fig. 14, including the pro-
posed Psl structure. The energies of the 11/2 band-
heads are shown relative to the ground states (prolate
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FIG. 13. Kinematic and dynamic moments of inertia for
Xe plotted as a function of rotational frequency.

The structure of light odd-A Xe isotopes is quite sim-
ilar to the odd-A Te isotopes. I ow-lying g7g~ and d5y2
neutron orbitals are responsible for the ground states,
while the high-j vhqzy2 intruder orbital dominates the
yrast structure. Figure 13 shows the kinematic and dy-
namic moments of inertia for the proposed hqqy2 yrast
band of ~~ Xe (Fig. 10). Both moments of inertia vary
more smoothly than for ~PPTe (Fig. 12), indicating better
rotational behavior for Xe. This is expected since the
xenon isotopes are further &om the Z = 50 shell closure.
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Iodine systematics
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FIG. 14. Systematics of the
7rhqq/q bands in odd-A iodine
isotopes. The excitation ener-
gies of the ll/2 bandheads are
shown relative to the ground
states (5/2+) for each nucleus.
Energies are labeled in keV.

E(11/2 ): &1074 1017 838 680 687 811 944

A: 109 111 113 115 117 119 121 123

d5y2 states represent the ground states of I while

oblate g~g2 states represent the ground states of ' I
[33]). The 15/2 states are low lying for ~ '~ 9I, indicat-
ing maximum quadrupole deformation for these nuclei,
before rising for the lighter isotopes, indicating decreas-
ing deformation. However, similar to the 2+ states in
the lightest Te isotopes (Fig. 11), the 15/2 state drops
in energy for I. This feature suggests a new onset of
deformation for these extremely neutron-deficient nuclei.
Indeed, this is also suggested &om the ground-state pro-
ton decay characteristics of nuclei in this region such as

I and ' Cs, for which anomalously low spectro-
scopic factors may also indicate the onset of deformation,
e.g. , Ref. [35].

V. CONCLUSION

experiment. There is clearly great scope for extending
the RDT technique to a multitude of nuclei decaying by
charged-particle emission. It should be possible to study
cases where one can select a cascade of p rays feeding
a particular state such as a high-spin radioactive isomer
in a given nucleus. The RDT technique will increase in
sensitivity with the advent of more efBcient p-ray arrays
such as Euroball III [36] and higher efficiency recoil sep-
arators such as the Argonne Fragment Mass Analyzer
[37]. Furthermore, with the development of radioactive
ion beams with lower associated fluxes, the correlation of
recoiling ions and decays will become increasingly sensi-
tive. In summary, we believe that RDT can provide a
useful tool for extending p-ray spectroscopy into the re-
gion of, and beyond. , the proton drip line and to high-Z
nuclei.

Transitions in ' Te, I, and Xe have been
identified using the new technique of recoil decay tag-
ging. In this method, the characteristic charged-particle
radioactivity of very neutron-deficient nuclei has been
used to select prompt p-ray transitions recorded with the
Eurogam spectrometer.

In the case of I, we report the first observation of
p rays &om a ground-state proton emitter despite the
nonoptimal beam energy and current in this parasite
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