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Observation of isomeric states in neutron deficientAÈ80 nuclei
following the projectile fragmentation of 92Mo
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g-ray decays depopulating isomeric states have been observed in a number of very neutron deficient nuclei
aroundA;80 following the projectile fragmentation of a92Mo primary beam. Previously unobserved decays
have been identified in theN5Z12 nuclei 39

80Y and 41
84Nb and theN5Z nucleus,43

86Tc, making the latter the
heaviestN5Z nucleus to date in which a discreteg-ray transition has been assigned. The lifetime of the
previously reportedI p5

9
2

1 isomeric state in73Kr has also been measured and a clearer picture of its decay
properties has been deduced. Isomeric ratios have been measured and have been interpreted in terms of the
yrast or nonyrast nature of the isomeric state.

PACS number~s!: 21.10.Tg, 25.70.Mn, 27.50.1e
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I. INTRODUCTION

The richness observed in the structure of the neutron
ficient nuclei withA;80 is the result of the low level densit
in the nuclear potential for 30&Z&40. This leads to shel
gaps in the nuclear mean field at nucleon numbers 34
~oblate!, 34, 38~prolate!, and 40~spherical! @1#. The reduc-
tion in the excitation energy of the first excited state betwe
the N5Z536 system36

72Kr and theN5Z538 system38
76Sr

has been interpreted@1–4# as being due to a sudden alte
ation in the nuclear shape, from deformed oblate in72Kr to
deformed prolate in76Sr. Lister et al. @2# have used the
Grodzins estimate to establish that the most deform
nucleus in the region is38

76Sr38 with a prolate deformation o
b2.0.4. The coexistence of neighboring oblate and pro
shell gaps also causes the nuclear deformation to change
matically with the addition or subtraction of only a fe
nucleons. This effect is enhanced in nuclei with near eq
numbers of protons and neutrons as the single particle s
tra are similar for the two types of nucleon. The nucle
shape can also vary with excitation energy and spin as
as nucleon number. Competition between prolate, oblate,
spherical shapes has been investigated in this region and
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vincing evidence for shape coexistence between prolate
spherical shapes has been found in76,78Kr @5,6#. The influ-
ence of the positive parityg9/2 single particle intruder orbita
on the structure of these mass 80 nuclei also becomes ap
ent when investigating states with oblate deformation in
clei in this region. Isomeric states arising from theg9/2 single
particle orbital have been observed in69,71Se @7# and have
been associated with oblate deformed configurations.

The observation of isomeric states allows the investi
tion of nuclear phenomena such as shape coexistence
they provide information regarding the excitation energies
intrinsic states. This provides a crucial test of mean fi
models far from the valley ofb stability where theoretica
descriptions are often extrapolations of data pertaining
near-stable nuclei. The investigation of isomeric states p
vides information about the competition between single p
ticle and collective structures in nuclei at, or close to, t
proton drip line. Information regarding isomeric stat
present in the neutron deficient mass 80 nuclei is also es
tial for our understanding of the path of therp process@8#.

The projectile fragmentation of heavy ion beams has b
shown to be an excellent mechanism for the production
exotic nuclei due to the high degree of selectivity provid
by modern projectile fragment separators such as the LIS
spectrometer at GANIL@9#, the A1200 at MSU@10# and the
FRS at GSI@11#. Because of the short flight time from pro
duction to detection~typically less than 1ms!, the technique
is particularly suited to the study of isomeric states in exo
nuclei.
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C. CHANDLER et al. PHYSICAL REVIEW C 61 044309
In the current work, we report the observation of isome
decays following the fragmentation of a92Mo beam. Pre-
liminary results of this work have been reported in Re
@12,13#.

II. EXPERIMENTAL TECHNIQUE

The nuclei of interest were produced via the fragmen
tion of a 92Mo beam of energy 60 MeV/nucleon provided b
the GANIL facility. The primary beam, chosen since it is t
most neutron deficient stable isotope of this element, ha
typical on-target intensity of 100 enA in charge stateQ
5371 and was incident on a selection of natural nickel t
gets of thicknesses between 50 and 100 mg/cm2 . The sec-
ondary beam, consisting of the fragmentation products,
separated from the primary beam particles using the LIS
spectrometer@9# and identified using a combination of time
of-flight, total energy, and energy loss measurements. At
final focus of the spectrometer the fragments were stoppe
a four element silicon detector telescope, the first elemen
which was 300mm thick and acted as an energy loss (DE)
detector. The remaining three Si detector elements, eac
thickness 150mm, were used to stop the fragments and a
to obtain a total kinetic energy measurement to resolve
charge state anomalies. The magnetic rigidity (Br) of the
main dipole magnets of the LISE3 spectrometer gave a
mentum selection for the fragments which, together with
measured time of flight~TOF!, energy loss (DE), and total
kinetic energy~TKE! was used to obtain an unambiguo
identification in massA, proton numberZ, and charge stateQ
for each fragment using the technique described in R
@14–17#. The typical time of flight for the fragments betwee
the production target through the spectrometer to the sili
telescope was measured to be approximately 480 ns. An
romatic beryllium degrader of thickness 50mm and a Wien
filter were used to select the most exotic isotopes for stud
the final focus of the spectrometer. An array of seven h
purity germanium detectors of 70% relative efficiency w
packed in close geometry around the silicon stack to mea
g decays from isomeric states in the fragments. The abso
photopeak efficiency of this array was measured using133Ba
and 152Eu sources to be approximately 3% for a 1.33 MeVg
ray. Increased detection efficiency for low-energyg-ray de-
cays was obtained by using a four element germanium
tector ~LEPS!. A layer of lead was inserted around each d
tector to absorb scatteredg rays. This gave rise to som
contamination of the short time gated isomers due to t
walk of the prompt Pb x rays.

III. DATA ANALYSIS AND PARTICLE IDENTIFICATION

The initial isotopic identification was achieved by crea
ing a two dimensional spectrum of correlated energy l
(DE) and time-of-flight~TOF! signals for each fragment. In
order to obtain an identification plot ofZ vs A/Q, it was first
necessary to calibrate the energy losses in the silicon de
tors. This was accomplished by studying a number of i
topes from the two regions of interest. Following prelimina
particle identification (DE-TOF! the energy signals in eac
04430
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of the four silicon detectors were compared to the ene
loss values calculated by the LISE3 fragmentation and tra
mission code for each nucleus@18#. The energy losses ar
calculated according to the prescription provided by Hub
et al. @19#. A comparison of the calculated energy loss a
silicon detector signal for a number of isotopes allowed
silicon detectors to be calibrated via a polynomial fit.

In order to focus on specific nuclei of interest it was ne
essary to optimize the spectrometer settings. In the pre
study a number of different settings was used to search
isomers in an extended region of nuclei and theDE-TOF
plots for two of the main settings before (Z,A/Q) calibration
are shown in Fig. 1. Once calibrated forZ and A/Q it was
possible to combine all of the data into one plot as shown
Fig. 2.

Information on the decay half-lives of isomeric states w
achieved by recording the time interval between an ion
plantation and the detection of ag ray. Two time ranges, of
0→600 ns~TDC! and 0→80ms ~TAC!, were used to allow
good temporal resolution over a wide time range. The ma

FIG. 1. Particle identification plots of energy loss in the fir
silicon (DE) verses time of flight~TOF! for two separate spectrom
eter settings. Both an achromatic degrader and a Wien filter w
employed to enhance the region of interest. The settings for the
spectrum wereBr151.9501 Tm andBr251.9068 Tm, the bottom
spectrum had the same value ofBr2 but Br1 was changed to
1.9574 Tm.
9-2
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OBSERVATION OF ISOMERIC STATES IN NEUTRON . . . PHYSICAL REVIEW C61 044309
trigger required a signal from theDE detector which started
the TACs and TDCs. A two-dimensional plot of time me
sured in the TDCs versusg-ray energy in the large germa
nium detectors is shown in Fig. 3. Figure 3~a! shows the
effect of correcting for low energy time walk in the detecto
in the offline analysis using a polynomial to linear transfo
mation @see Fig. 3~b!#. These spectra were used to exclu
the prompt transitions in offline analysis, thereby allowi
clean, delayedg-ray spectra to be obtained for each isotop
species. Decays from previously reported isomers in67Ge
@20#, 69Se@21#, and 76Rb @22# were identified and the result
obtained are consistent with previously reported lifetime v
ues for these nuclei~see Fig. 4!. These nuclei were used t
provide an unambiguous calibration of the particle ident
cation spectrum~see Fig. 1! and also for internal consistenc
checks forg-ray energies and timing.

IV. RESULTS

An initial search for isomeric states can be facilitated
means of an identification plot such as Fig. 2, where a

FIG. 2. Calibrated particle identification plots ofZ vs A/Q in-
corporating~a! all of the data from all spectrometer settings and~b!
nuclei in coincidence with a delayedg ray in the range (0.2<Dt
<10) ms.

FIG. 3. Two dimensional plots of~a! raw g-ray energy vs time
in the TDCs, and~b! the corrected spectrum, compensated for ti
walk of low energyg rays. Note the presence of the delayed tra
sition at 734 keV corresponding to the known isomeric decay
67Ge ~see Fig. 4!.
04430
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heavy ion event in coincidence with a delayedg-ray ~de-
tected at least 20 ns after the prompt component! increments
the spectrum. In this way, isomers can be highlighted,
shown on the right hand side of Fig. 2. This technique h
been used previously to search for isomers in a large num
of nuclei simultaneously@14#.

The projections of the particle identification plots onto t
Z axis for theTZ50, 1

2 , 1, and3
2 species are shown in Fig. 5

The top two sections of each panel require a coincide
with at least one delayedg ray, so that any nuclei with mi-
crosecond isomeric states are enhanced in these plots. I
der to discriminate between short lived~20→400 ns, top sec-
tion of Fig. 5! and longer lived isomers~0.4→10ms, middle
section of Fig. 5! two different time ranges were used. I
addition to previously identified isomers in less exotic sy
tems, this comparison shows evidence for isomeric state
theTZ51 nuclei 39

80Y and 41
84Nb, and theTZ5 1

2 nucleus73Kr.
Figure 5 also suggests tentative evidence for isomeric st

-
n

FIG. 4. g rays deexciting isomeric states in67Ge ~bottom! @20#,
69Se ~middle! @21#, and 76Rb ~top! @22# and their associated deca
curves, gated on the 734, 535, and 101, 145, and 246 transit
respectively. The lifetimes obtained in this work are~14664! ns
@(20<Dt<260) ns#, (1.3760.03) ms @(0.05<Dt<5) ms# and
(4.4060.01) ms @(0.5<Dt<7.6) ms#, respectively. The number
in parentheses represent the times ranges following the prompt
over which theg-ray spectra were taken.
9-3
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FIG. 5. Projections ofTZ50, 1
2 , 1, 3

2 nuclear species onto theZ axis for the identification plot shown in Fig. 2. The bottom row of spec
shows all recorded nuclei, the middle row is for long lived isomers in the time region 0.04→10ms. The top row indicates short lived
~20→400 ns! isomeric states.
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in the TZ50 nuclei 41
82Nb and 43

86Tc, the latter of which is
discussed in Sec. V C. An example of the sensitivity of us
this technique to search for isomers can be observed by
ing the change in intensity of the peaks corresponding
67Ge and71Se in the top and middle spectra for theTz5

3
2

nuclei in Fig. 5, which represent different time regions. Th
highlights the fact that the lifetime of the decay from t
isomeric state observed in67Ge is much shorter than that o
71Se @146~4! ns: 27~0.7! ms#. All half lives have been fitted
using the maximum likelihood method@23# unless otherwise
stated.

Isomeric ratio measurements.The isomeric ratioF is de-
fined in the present work as the ratio of the number of io
created in an isomeric state (Nisomer) to the total number of
ions of a particular nuclide created (Nions), i.e.,

F5
Nisomer

Nions
5(

i
Fi , ~1!

where i represents the number of delayedg rays observed
and the number of ions created in the isomeric state mus
corrected for internal conversion~a! and in-flight losses

Nisomer5(
i

Ng i

e i

~11a i !

e2(t/teff) , ~2!

whereNg is the intensity of the gamma decay from the is
meric state measured in the germanium detectors,e is the
absolute efficiency of the detector at the energy of the
meric transition. The in-flight loss correction is given b
e2t/teff wheret is the time of flight,teff is the effective life-
time of the isomeric state for fully stripped ions and is giv
by
04430
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-

teff5tS 11(
i

bg i
a i D , ~3!

wherebg i
is the branching ratio of thei th decay of the state

anda i are the individual internal conversion coefficients f
each atomic shell.

It has been observed@14# that the population of yrast an
nonyrast isomeric states in intermediate energy projec
fragmentation reactions varies significantly, with yrast sta
being favored. Values of the isomeric ratio for nuclei pr
duced using fragmentation reactions have been found
range dramatically from case to case@14,28#. Indeed, the
production of nuclei in their isomeric state has been found
be dependent on the reaction mechanism and the velocit
the fragment compared to that of the beam@29#. Table I
shows the experimentally derived isomeric ratios for the i
mers observed in the current work.

V. DISCUSSION

In the following discussion a number of total Routhia
surface~TRS! calculations have been performed at rotation
frequency5 0.0 MeV/\ in order to predict the deformation
present in each case and provide a model for the single
ticle structure in the vicinity of the Fermi surface. In the
calculations the total energy is composed of a macrosco
part, which is obtained from the liquid drop model@24#, and
a microscopic part resulting from the Strutinsky shell corre
tion @25,26#. This method has previously been used to d
scribeK isomers in theA;180 region@27#. Single particle
levels have been calculated using a nonaxial deform
Woods-Saxon potential@1#, using theb2 , b4, andg defor-
mations predicted for the various minima produced in
calculations.
9-4
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TABLE I. Summary of isomeric lifetimes and calculated isomeric ratios~F! obtained from this work.

Nucleus Mean lifetime Eg ~keV! a I i
p→I f

p F ~%! Transmitted ion rate (hr21)

32
67Ge (14664) ns 734 9

2
1→ 5

2
2 60.462.6 116 00066800

34
69Se (1.3760.03) ms 534 9

2
1→ 5

2
2 54.562.0 99506580

34
71Se (27.460.7) ms 260 9

2
1→ 5

2
2 36.861.5 117 6006580

37
76Rb (4.4060.01) ms 71 41→32 26.760.4 71 60064200

36
73Kr (155615) ns 66 9

2
1→ 7

2
2 75620 93006550

36
74Kr (4268) ns 456 21→01 0.1660.03b 46 20062700

39
80Y (6.860.5) ms 84 (21)→12 10.460.8 38006220

43
86Tc (1.660.3) ms 595 (21→01) 36.3619.5 4.360.3

aDirect decay from isomeric state, except for74Kr and 86Tc.
bNot corrected for in-flight losses.
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80Y41

The g-ray and time spectra corresponding to an isome
decay in theTZ51 nucleus39

80Y are shown in Fig. 6. The
isomeric state is shown to decay via a single transition a
keV, shown in Fig. 6, with a lifetime of~6.860.5! ms. Ten-
tative evidence for this isomer was previously reported
Grzywaczet al. @30# following the fragmentation of a112Sn
beam but a value for the decay lifetime could not be dedu
in that work. A spin-parity assignment of 42 for the ground
state of80Y has recently been reported by Do¨ring et al. @31#.
The same work also identified a much longer lived~t56.78
s! isomeric state decaying via a 228.5 keVg ray to the
ground state. The spin and parity of the long lived isom
were assigned as 12 since the lifetime prohibits all transi
tions with multipolarity less than 3 and an assignment o
would make it yrast and therefore strongly populated in
sion evaporation reactions.

A high spin study@32# using a fusion evaporation reactio
found a number of rotational bands in80Y of which the most
intensely populated is assigned at low spin to be a predo

FIG. 6. g ray and time spectra gated on fully stripped80Y ions.
A single gamma ray is observed at 84 keV. It is also observed in
LEPS spectrum~top left! and has a lifetime of~6.860.5!ms ~top
right!. Both g-ray spectra were taken over a time range of (0
<Dt<15) ms after the prompt peak, and a background subtrac
using the long lifetime region of the TAC spectrum has been
plied.
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nantly two quasiparticlepg9/2^ ng9/2 configuration. For two
of the band heads, the decay cascade connecting direct
the ground state could not be identified, though one of
bands was linked via a single transition to one of the m
strongly populated bands. These ‘‘floating’’ band heads
candidates for decay via isomeric transitions.

The recent work of Do¨ring et al. @31# places the 84 keV
isomeric transition as decaying out of the 312 keV band h
of band 4 suggested by the in-beam study@32#. At the same
time they suggest a spin and parity assignment of 21 for the
band head on the basis of our observations@13#. The earlier
assignment ofI p532 @32# would imply anE2 multipolarity
for the 84 keV transition to the 12 state at 228 keV observe
in Ref. @31#. The lifetime would correspond to a reduce
transition probability for anE2 g ray of 1.38 W.u. However,
this assignment would also imply that the 312 keV st
could decay by anM1 transition to the ground state~the
single particle estimates of the half-life of a 312 keV,M1
transition of 1 W.u. is 7.24310213 s! and no such transition
is seen in the spectrum shown in Fig. 6. AnM2 multipolarity
for the 84 keV decay is unlikely in view of the correspondin
M2 strength ofB(M2)586 W.u. when compared to th
recommended upper limit of 1 W.u.@33#. The combination
of transition energy and decay lifetime of the observed
keV transition precludes decays with multipolarity of mo
than 2. The calculatedE1 andM1 strengths for an 84 keV
transition correspond to 1.3431027 W.u. and 8.0331026

W.u., respectively, which may be compared to the reco
mended upper limits of 10 mW.u. (E1) and 0.5 W.u. (M1)
@33#.

Although anE1 assignment suggests a very retarded tr
sition it is still a factor of 4 larger than that observed for
E1 decay in79Se @34# and is similar in strength to the iso
meric, 41→32 transition in 76Rb @22#. The retardedE1
transition in 76Rb has been interpreted as stemming fro
different core particle structures. Accordingly the most like
assignment for the 312 keV isomer appears to beI p521 .
We also note that the relatively small value for the measu
isomeric ratio for80Y of 10.460.8% ~see Table I! is consis-
tent with the nonyrast nature of the isomeric state sugge
by Döring et al. @31# ~see Fig. 7!.

The prolate deformed shell gap at nucleon number 38
a stabilizing effect on the nuclei around80Y which maxi-
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mizes the deformation for theN5Z538 system76Sr @2#. In
order to estimate the magnitude of the deformation for80Y,
TRS calculations have been performed for both positi
parity proton~neutron! and negative-parity neutron~proton!
configurations. Both indicate a large stable prolate deform
tion, consistent with previous calculations on this nucle
@31#. However, the minimum for the negative-parity neutro
positive-parity proton configuration is significantly lowe
therefore predicting a ground state deformation ofb2
50.385~see Fig. 8!. Assuming an axially symmetric prolat
shape, the single particle energy levels calculated for
configuration~Fig. 9! show that the valence proton and ne

tron will occupy the@422# 5
2

1 and@301# 3
2

2 Nilsson orbitals,
respectively. Using the Gallagher-Moszkowski~GM! cou-
pling rules@35#, this two-quasi-particle configuration leads

FIG. 7. The low-lying level scheme for80Y showing the posi-
tion of the isomeric 312 keV state from the current work and
longer lived, 228 keV state from the work of Do¨ring et al. @31#. The
energies are given in keV and the tentative spin assignments
given in parentheses.

FIG. 8. TRS calculation for the ground state of80Y for positive-
parity proton and negative-parity neutron configuration. The m
mum corresponds to deformation parameters ofb250.385 and
g522.3. The spacing between contour lines is;200 keV.
04430
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a favored state of spin and parity 42 . The nonfavored cou-
pling, however, produces a 12 state which is a candidat
configuration for the longer lived isomer@31#. The next

available orbital for the odd neutron is@431# 1
2

1 which favors

a residual 21 state when coupled to the@422# 5
2

1 proton
orbital. This configuration may correspond to the isome
state observed in the present work.

B. 41
84Nb43

The isomeric data observed for the nucleus84Nb reveal
the presence of seven delayed transitions at 47, 65, 115,
141, 175, and 206 keV~Fig. 10!. The lifetime has been mea
sured to be~148628! ns from the 175 keV transition using
least squares fit with a Gaussian shape assumed for
prompt component@36# ~Fig. 11!.

No coincidence data were available in the current wo
due to the low counting rate and a high statistics study w
in-beam techniques is necessary to corroborate these

e

re

-

FIG. 9. Calculated single particle levels calculated for80Y with
a positive-parity proton and negative-parity neutron configurat
for a deformation ofb250.385 andg50°.

FIG. 10. g-ray spectra in coincidence with84Nb ions. The 47
keV transition appears in the LEPS spectrum~top right!. Both
gamma ray spectra were collected over a time interval of (50<Dt
<800) ns after the prompt peak.
9-6
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OBSERVATION OF ISOMERIC STATES IN NEUTRON . . . PHYSICAL REVIEW C61 044309
One such experiment has recently been performed usin
thin target@37# and provided both a low-lying level schem
and links to extended high spin bands. An isomeric stat
338 keV (I p552) has been inferred and transitions at 6
115, 133, 141, 175, and 206 keV have been observed. In
work, a transition at 48 keV is inferred but not observed.
Fig. 10 shows, this transition is present in the current wo
The proposed level scheme below the isomeric state at
keV is shown in Fig. 12 and shows that the isomeric st
decays primarily via the 133 and 175 keV transitions. T
thin target experiment@37# was, however, unable to provid
a lifetime measurement for the isomer. The intensities
Table II corroborate the ordering of the level scheme~Fig.
12! as well as providing tentative multipolarities for the tra
sitions ~given in Table II!.

A previous in-beam fusion evaporation study@38# of this
TZ51 nucleus revealed two rotational bands but their po
tions relative to the ground state were not determined. B
A in Ref. @38# was assigned ang9/2^ p( f ,p) configuration
based on similarities with theng9/2 band in 83Zr @39#. There
were also a number of transitions found that could not
placed in the decay scheme, including two at 114 and
keV which were thought possibly to feed isomeric stat
This previous work was insensitive to decays from isome
states but suggests that the transitions at 114 and 141 keV
not direct decays from isomeric states since they were
served in the thin target, in-beam study. As Fig. 12 sho
this is consistent with the interpretation of the current da

FIG. 11. Lifetime curve obtained from the 175 keV transitio
observed in84Nb. The prompt peak~dashed line! has a FWHM of
120630 ns and the fit gives a lifetime of 148628 ns.

FIG. 12. Low-lying level scheme below the proposed 52 isomer
in 84Nb taken from Ref.@37#.
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Theb1/EC decay of84Nb was originally studied by Kor-
schineket al. @40# and a lifetime of~1263! s was extracted
for the ground state decay. The decay data revealed a1

→21→01 yrast cascade in84Zr and a tentative spin-parity
assignment of 31 was made for the ground state of84Nb by
Firestoneet al. @41#. A more recent study@42# of the decay
of 84Nb obtained a ground state decay half-life of~9.561.0!
s, consistent with the previous value. Do¨ring et al. @42# favor
a 21 assignment for the ground state based on the popula
of states in84Zr, but could not exclude the 11 and 31 pos-
sibilities.

In Table II we present the individual isomeric ratios me
sured for all transitions, with corrections for in flight loss
assuming a lifetime of~148628! ns. The multipolarities have
been assigned on the basis of intensity balances and are
given in Table II. We note that the individual isomeric ratio
measured for the 115 and 175 keV transitions are consis
with them being in a cascade at the 2s level. A tentative
transition at an energy of 163 keV is indicated in theg-ray
spectrum in Fig. 10 which corresponds to a possible de
from the state fed directly by the 175 keV transition to t
ground state.

The possibility that the 47 keV transition decays direc
from an independent isomeric state arises when conside
its intensity relative to the other transitions~115, 133, 141,
and 175 keV!, as viewed in the LEPS spectrum~top right of
Fig. 10!. Its large intensity cannot be balanced with the o
ers, even if electron conversion is taken into account. A m
surement of the individual lifetime of the 47 keV transitio
proved to be unreliable due to low statistics. Therefore
very large isomeric ratio has been deduced to be~230
6150!%, assuming a lifetime of~148628! ns. The large
uncertainty stems from the extrapolated value of the e
ciency for the LEPS.

The multipolarity of the 65 keV transition has been te
tatively assigned as anM1, although anE1 assignment can
not be ruled out. However, if the 65 keV level is assigned
32, one would expect to see anE2 transition from the iso-

TABLE II. Calculated internal conversion coefficients for tra
sitions in 41

84Nb taken from Ref.@43#. I g is theg-ray intensity rela-
tive to the 114.7 keV as measured in the large detectors. The
tative multipolarity assignments proposed on the basis ofg-ray
intensity balances are given in parentheses. All isomeric ratios h
been corrected for in-flight losses assuming a lifetime of 148 n

Eg ~keV! a(M1) a(E2) a(E1) I g
a Fi ~%! b

47.4 1.85 16.5 1.00 15706300c 2306150 (E1)
65.0 0.76 5.5 0.42 120690 c 16613 (M1)
114.7 0.15 0.70 0.08 100615 8.562.0 (E1)
133.3 0.10 0.41 0.05 7669 8.462.1 (E2)
141.4 0.09 0.33 0.04 5769 4.761.2 (E1)
175.4 0.05 0.16 0.02 4667 4.261.2 (E1)
205.9 0.03 0.08 0.02 49610 3.961.0 (E1)

aNormalized to the intensity of the 114.7 keV transition.
bCorrected for internal conversion assuming multipolarity shown
parenthesis.
cIntensity taken from extrapolated LEPS efficiency.
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FIG. 13. TRS calculations for84Nb in the following proton~p! and neutron~n! parity configurations~clockwise from top left!: (p
1,n1) (b250.297, b4520.012, g528.4!, (p2,n2) (b250.254, b4520.032, g540.5!, (p1,n2) (b250.283, b4520.015,
g5227.5!, (p2,n1) (b250.299,b4520.013,g5230.0!. The spacing between contour lines is;200 keV.
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Th
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14.
meric level at 338 keV, which is not observed. On this ba
we prefer anM1 assignment, but we note that an unstretch
E1 is not definitively ruled out.

Total routhian surface calculations for all positive a
negative parity configurations have been performed for84Nb
and are shown in Fig. 13. The minima calculated in ea
case appear to be very close in energy, making it unclea
to which configuration corresponds to the ground state.
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quadrupole deformation in each case is significant (b2
50.285 and 0.244! with substantialg deformation~g;30°!.
However, we note that other recent shape calculations
dict a very small quadrupole deformation ofe250.05 @44#
for the ground state of84Nb.

The single particle orbitals corresponding to the calc
lated deformations in each instance are shown in Fig.
The positive parity ground state deduced fromb1/EC decay
FIG. 14. Single particle levels calculated for the valence proton~p! and neutron~n! in the following parity configurations—left: (p
2,n2) (g541°) and right: (p2,n1), (p1,n1), and~p1,n2! ~g5230°!.
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@42# is not reproduced by our calculations. For the predic
deformed axial minimum with deformation parameters
b250.254, b4520.032, andg541° the lowest lying state

would correspond to the favored coupling of then@422# 5
2

1

^ p@321# 1
2

2 configuration. The Gallagher-Moszkowski co
pling rules@35# suggest a preferred 22 with a 32 unfavored
coupling lying close by. Assuming a 21 spin-parity for the
ground state of this nucleus, both of the configurations
candidates for the intrinsic structure of the isomeric state
47 keV, with the yrast 32 assignment favored in view of th
large isomeric ratio.

The right-hand side of Fig. 14 shows the predicted sin
particle spectra for84Nb with deformation parameters o
b250.298,b4520.125, andg5229. We note for this de-
formation the lowest lying coupling is that of th

p@422# 5
2

1
^ n@303# 5

2
2 . Although the favored coupling o

these orbitals would result in a 02 state, the unfavored 52

configuration is a candidate for the structure of the isome
state at 338 keV.

The complexity of the low-lying single particle structu
of this odd-odd nucleus is apparent from the number of st
in close proximity beneath the 338 keV isomer. Figure
shows the theoretical single particle levels as a function og
triaxiality which are symmetrical aboutg50° and are similar
for both protons and neutrons. The level density arou
nucleon number 42 is predicted to be rather high, poss
explaining the ambiguity as to the configuration of t
ground state. The orbitals involved close to the Fermi surf
are 5

2
2@303#, 7

2
1@413#, and 1

2
2@301# for the valence neutron

and 5
2

1@422#, 5
2

2@303#, and 7
2

1@413# for the valence proton
This high level density could also explain the presence
three low-lying isomeric states in this nucleus formed
different couplings of the orbitals around the Fermi surfa

C. 43
86Tc43

Figure 16 shows the decay of the isomeric state obse
in the TZ50 nucleus 43

86Tc. The extracted lifetime of this
decay is~1.660.3! ms with discreteg-rays of energies 595
and 850 keV~Fig. 16! observed. This nucleus was first ide

FIG. 15. Proton single particle energy levels as a function
triaxiality for a fixed quadrupole deformation ofb250.3 andb4

520.015. The Nilsson labels have been used as a convenient
of identifying specific orbitals.
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tified by Moharet al. @45#, but no spectroscopic informatio
has been reported prior to the current work. It is the light
observed technetium isotope and is the last predicted to
proton bound in the mass evaluation of Audi and Waps
@46#. Indirect experimental evidence that85Tc is unbound
has been reported by Janaset al. @47#. The b1-decay half-
life of 86Tc has been measured by Longouret al. @48# to be
~47612! ms and this has been used to infer a spin-pa
assignment for the ground state of 01 ~corresponding to an
isospin T51 configuration! from the deduced logft value
@48#.

Recent spectroscopic studies of theN5Z nuclei 62Ga
@49#, 66As @50#, and 74Rb @51# have shownI p501 (T51)
ground state configurations that are crossed at low excita
energies by higher spin,T50 configurations. Similarities
have been seen between these excitedT50 bands and the
ground state bands of the correspondingN5Z12 isobars
which prompts a comparison of86Tc and its isobaric analog
86Mo.

The A586, TZ51 system, 86Mo has been studied by
Grosset al. @52# and Rudolphet al. @53#. A positive parity
yrast cascade has been established in which the first
excited states lie at 567 and 1328 keV. The yrast 21→01

transition~567 keV! is close in energy to the observed tra
sition in 86Tc at 595 keV. We also note that the 850 keVg
ray observed in the current work is a candidate for the i
baric analog 41→21 yrast transition which has an energy
761 keV in 86Mo @52#. The observed intensity of the 59
keV transition is significantly higher than that of the 850 ke
transition suggesting that these states are fed from a hi
spin isomer with a fragmented decay path.

The isomeric ratio calculated for the 595 keV transition
given in Table I as 36.3619.5% and implies that the iso
meric state is yrast or near yrast and should be well po
lated in fusion evaporation reactions. The production of t
isomer in aZ543 nucleus highlights the fact that the rea
tion mechanism at these intermediate energies is not p
fragmentation and that pick up reactions can also occur.

Figure 17 shows TRS calculations for86Tc for the posi-
tive parity configuration resulting from the positive

f

ay
FIG. 16. Tentative transitions in theN5Z nucleus86Tc at 585

and 850 keV. The associated lifetime is~1.660.3! ms and theg-ray
spectrum was taken over the following time range~0.8<t<4.2! ms.
9-9
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~negative-! parity orbitals for both valence nucleons. Th
minima are close in energy and both infer a triaxially so
deformed shape for the nucleus withb2'0.25. The Nilsson
orbitals predicted to lie close to the Fermi surface for b

protons and neutrons are@422# 5
2

1 and@303# 5
2

2 . The popu-
lation of these orbitals would be expected to give rise to 01,
51, and 52 band head configurations. The ground state
this nucleus has been assigned asI p501 from measuremen
of the super allowedb decay half life @48#. This together
with the candidate transitions for the 41→21 and 21→01

decays~850 and 595 keV, respectively! argues in favor of a
I p551 or 52 assignment for the isomer. However, this ca
not be confirmed in the current work.

D. 36
74Kr 38

Figure 18 shows the delayedg-ray transition from the
previously reported isomer in74Kr @12#, no delayed transi-
tions were observed in the LEPS spectrum. The isom

FIG. 17. Configuration constrained potential energy surface
culations for 86Tc. The minima are at 1.28 and 1.22 MeV for th
negative-parity ~left! (b250.285, b4520.019, g5229.9! and
positive-parity~right! (b250.244,b4520.010,g5229.1! combi-
nations, respectively. The spacing between contour lines is;200
keV.
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state has been interpreted as being the excited 01, predomi-
nantly oblate band head predicted for this nucleus@54#.

A more recent study@55# of 74Kr, using a combination of
conversion-electron andg-ray spectroscopy, has found ev
dence for an isomeric 02

1→01
1 E0 transition corresponding

to a state at 508 keV. A lifetime of~2067! ns was extracted
from this later work, consistent, at the 2s level, with the
previous lifetime of~4268! ns calculated using the max
mum likelihood method used for fitting the data away fro
the prompt peak. When the current data are fitted usin
least squares fit with a Gaussian shape assumed for
prompt component@36#, a lifetime of ~3367! ns is obtained.
The fit is shown on the right hand side in Fig. 18 along w
a fit of the prompt component.

The low isomeric ratio measured for74Kr reflects the
nonyrast nature of the isomeric state. The ratio could not
corrected for in-flight losses since the lifetime in flight
hindered due to the ion being fully stripped@12#.

E. 36
73Kr 37

A previous in-beam study@56# of this TZ5 1
2 nucleus re-

vealed the presence of an isomeric state at 433.6 keV w
limits on the lifetime of between 140 ns and 600 ns. T
isomeric state decays initially via a 65.8 keV transition~ob-
served in the present work in the LEPS spectrum, see
19! and other previously identified transitions at 144, 22
and 368 keV can also be seen in Fig. 19. A lifetime of~155
615! ns has been extracted in the present work for the th
most intense transitions at energies of 144, 224, and
keV. These transitions are shown in the level scheme in
20. The previous spin assignments come directly from
observation of the isomeric state, which was assigned aI p

5 9
2

1 since a transition to the ground state was not obser
@56#. Other spin assignments were made in Ref.@56# on the
basis of DCO ratios. The ground state has been assigneI p

5 5
2

2 from the logft value of theb decay to levels in73Br

l-
n
hod which
FIG. 18. g-ray and time spectra for the isomer decay in74Kr @12#. The lifetime spectrum in the top right of theg-ray spectrum has bee
fitted using the maximum likelihood method, whereas the spectrum on the bottom right has been fitted using the least squares met
takes into account the prompt component~shown top right!. The gamma ray spectrum was taken between~0.05<t<130! ns after the prompt
peak.
9-10
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OBSERVATION OF ISOMERIC STATES IN NEUTRON . . . PHYSICAL REVIEW C61 044309
@57#. However, a recent work has assigned the ground s
to be I p5 3

2
2 deduced from theb decay to a previously

unobserved state in73Br @58#.
The transitions observed, or inferred, in the present w

are listed in Table III together with multipolarity assign
ments from this work and the previous work@56#. Weisskopf
single particle estimates suggest that the 65.8 keV trans
from the isomeric state is eitherE1 or E2, although we note
that theB(E2) value would be close to the recommend
upper limit. On this basis, anE1 multipolarity is favored and
the level at 368 keV is assignedI p5 7

2
2 . Also present in the

g-ray spectrum~Fig. 19! are two transitions at 265 and 39
keV. The latter transition was observed in Ref.@56# but no
transition linking it to the isomeric state was reported.

The lifetime measured for the 393 keV transition indica
that the isomeric state feeds this level decaying via a 4
keV transition. Assuming the same spin assignments as
lined in Ref.@56# an assignment ofM2 is suggested for the
40.8 keV transition. The transition would be highly co
verted~a541!, which is consistent with the nonobservatio
in the LEPS spectrum~Fig. 19!. However, in view of the
intensity of the 393 keV transition it is unlikely that the 40
keV transition is anM2 since it would be hindered and th

FIG. 19. g rays following the decay of the isomer in73Kr. Note
the previously unreported transitions at 265 and 393 keV. The s
trum in the upper left corner is from the LEPS. The time spectr
is gated by the intense transitions at 144, 224, and 368 keV. Bog
ray spectra were taken between~0<t<1! ms after the prompt peak

FIG. 20. The low-lying decay scheme depopulating the9
2

1 iso-
mer in 73Kr, taken partly from Ref.@56#. The 41 keV transition and
a revised spin assignment for the 393 keV level are inferred fr
the present work.
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65.8 keV transition would dominate. Reduced transiti
probability arguments suggest that a multipolarity ofE1 is
more likely for the 40.8 keV transition, changing the assig
ment of the state at 392.8 keV toI p5 7

2
2, which in turn

alters the multipolarity of the 248.6 and 392.8 keV tran
tions to E2 and M1, respectively. The observation of th
weak second decay branch of the isomer via the inferred
keV decay highlights the sensitivity of isomer studies such
this and their importance in identifying the low-lying sing
particle configurations in these very proton rich systems.

The transition at 265.1 keV was not observed in the p
vious work and has a small intensity in the present wo
Although the lifetime measured from the 265 keV transiti
suggests that it is fed by the main isomeric state, it canno
definitively assigned since no transition linking it to th
ground state is present in the spectrum.

VI. CONCLUSION

Low-lying isomeric states have been populated in the n
tron deficient mass 80 nuclei following the fragmentation
a 92Mo beam. Isomeric states have been observed for
first time in theN5Z12 nuclei 39

80Y and 41
84Nb and theN

5Z nucleus,43
86Tc. The precision of the lifetime of the pre

viously reported isomeric state in73Kr has been improved
and evidence of a second decay branch observed.

In the cases of39
80Y, 41

84Nb, and 43
86Tc, TRS calculations

have been performed in order to give an insight into
single particle orbitals present at the Fermi surface wh
may give rise to isomeric states. The results for80Y repro-

duce previous calculations@31#, suggesting ap@422# 5
2

1

^ n@301# 3
2

2 configuration for the ground state. The calcul
tions performed for84Nb predict a triaxial shape for the
ground state but are unclear with regard to the prefer
single particle configuration of the ground state.

The data presented are an excellent example of how
termediate energy projectile fragmentation reactions can

c-

TABLE III. Relative g-ray intensities (I g) corrected for detec-
tion efficiency, multipolarities, and internal conversion coefficien
~a! for g decays associated with73Kr. The internal conversion co-
efficients are taken from Ref.@43# using the multipolarity assign-
ments in the current work.

Eg ~keV! I g I i
p→I f

p a c

40.8 2765 a 9
2

1→ 7
2

2 1.24
65.8 387662 b 9

2
1→ 7

2
2 0.31

144.2 10066 ( 3
2

2, 5
2

2)→( 3
2

2, 5
2

2) 0.048

223.6 16666 7
2

2→( 3
2

2, 5
2

2) 0.049

248.6 762 7
2

2→( 3
2

2, 5
2

2) 0.033

265.1 1363
367.8 231612 7

2
2→( 3

2
2, 5

2
2) 0.009

392.8 2264 7
2

2→ 3
2

2 0.007

aDeduced fromSI (2491393) andE1 decay.
bDeduced fromSI (2241368) andE1 decay.
cAssuming the assignment in the current work.
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C. CHANDLER et al. PHYSICAL REVIEW C 61 044309
useful tool in nuclear spectroscopy, particularly in the stu
of nuclei at the limits of particle stability. The simultaneo
production and measurement of a large number of nucl
allows the systematic investigation of nuclear structure,
this case, of nuclei in the neutron deficientA;80 region.
Although this method is limited to the study of isomer
states, the information obtained can be used as a very c
experimental tag, thus allowing a more detailed spectrosc
in future in-beam studies.
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