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Observation of isomeric states in neutron deficienA~80 nuclei
following the projectile fragmentation of %Mo

C. Chandlet, P. H. Regart,B. Blank? C. J. PearsohA. M. Bruce® W. N. Catford® N. Curtis}* S. Czajkowsk?
Ph. Dessagn&A. Fleury? W. Gelletly! J. Giovinazzd* R. Grzywacz® Z. Janag;® M. Lewitowicz® C. Marchand.
Ch. Miehe* N. A. Orr” R. D. Pagé, M. S. Pravikoff?> A. T. Reed® M. G. Saint-Lauren, S. M. Vincent>'
R. Wadsworth?, D. D. Warner:® J. S. Winfield:® and F. Xd¢
school of Physical Sciences, University of Surrey, Guildford, GU2 5XH, United Kingdom
2CEN Bordeaux-Gradignan, Le Haut-Vigneau, F-33175 Gradignan Cedex, France
3School of Engineering, University of Brighton, Brighton, BN2 4GJ, United Kingdom
4ReS, BP28, F-67037 Strasbourg Cedex, France
SInstitute of Experimental Physics, Warsaw University, PI-00681 Warsaw, Poland

®GANIL, BP 5027, F-14000 Caen Cedex, France
LPC, ISMRA et Universitde Caen, Bld. du Marechal Juin, 14050 Caen Cedex, France
8Department of Physics, Oliver Lodge Laboratory, University of Liverpool, Liverpool, L69 7ZE, United Kingdom
gDepartment of Physics, University of York, Heslington, York, YO1 4DD, United Kingdom
10CLRC Daresbury Laboratory, Warrington, WA4 4AD, United Kingdom
(Received 13 August 1999; published 3 March 2000

vy-ray decays depopulating isomeric states have been observed in a number of very neutron deficient nuclei
aroundA~ 80 following the projectile fragmentation of ¥Mo primary beam. Previously unobserved decays
have been identified in thd=Z+ 2 nuclei 5y and §iNb and theN=2Z nucleus,35Tc, making the latter the
heaviestN=Z nucleus to date in which a discreteray transition has been assigned. The lifetime of the
previously reported "= %* isomeric state in"3Kr 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 numbegps): 21.10.Tg, 25.70.Mn, 27.56.e

I. INTRODUCTION vincing evidence for shape coexistence between prolate and
spherical shapes has been found’#*r [5,6]. The influ-

The richness observed in the structure of the neutron deence of the positive paritgg, single particle intruder orbital
ficient nuclei withA~80 is the result of the low level density on the structure of these mass 80 nuclei also becomes appar-
in the nuclear potential for 38Z=<40. This leads to shell ent when investigating states with oblate deformation in nu-
gaps in the nuclear mean field at nucleon numbers 34, 36lei in this region. Isomeric states arising from thg, single
(oblate, 34, 38(prolate, and 40(spherical [1]. The reduc- particle orbital have been observed $4"'Se[7] and have
tion in the excitation energy of the first excited state betweerbeen associated with oblate deformed configurations.
the N=2=36 systemf3Kr and theN=_Z=238 system5Sr The observation of isomeric states allows the investiga-
has been interpreted—4] as being due to a sudden alter- tion of nuclear phenomena such as shape coexistence since
ation in the nuclear shape, from deformed oblat€4dr to  they provide information regarding the excitation energies of
deformed prolate in’®Sr. Lister et al. [2] have used the intrinsic states. This provides a crucial test of mean field
Grodzins estimate to establish that the most deformedhodels far from the valley of stability where theoretical
nucleus in the region i§5Srs with a prolate deformation of ~descriptions are often extrapolations of data pertaining to
B>>0.4. The coexistence of neighboring oblate and prolaté€ar-stable nuclei. The investigation of isomeric states pro-
shell gaps also causes the nuclear deformation to change dréddes information about the competition between single par-
matically with the addition or subtraction of only a few ticle and collective structures in nuclei at, or close to, the
nucleons. This effect is enhanced in nuclei with near equaproton drip line. Information regarding isomeric states
numbers of protons and neutrons as the single particle spepresent in the neutron deficient mass 80 nuclei is also essen-
tra are similar for the two types of nucleon. The nucleartial for our understanding of the path of thp procesd8].
shape can also vary with excitation energy and spin as well The projectile fragmentation of heavy ion beams has been
as nucleon number. Competition between prolate, oblate, arshown to be an excellent mechanism for the production of
spherical shapes has been investigated in this region and coaxotic nuclei due to the high degree of selectivity provided

by modern projectile fragment separators such as the LISE3
spectrometer at GANIL9], the A1200 at MSU 10] and the
*Present address: Department of Physics, Florida State UniveRS at GS[11]. Because of the short flight time from pro-

sity, Tallahassee, FL 32306. duction to detectiorttypically less than Jus), the technique
"Present address: Department of Physics, University of Notrés particularly suited to the study of isomeric states in exotic
Dame, IN 46556. nuclei.
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In the current work, we report the observation of isomeric
decays following the fragmentation of ¥Mo beam. Pre-
liminary results of this work have been reported in Refs.
[12,13.

II. EXPERIMENTAL TECHNIQUE

The nuclei of interest were produced via the fragmenta-
tion of a ®Mo beam of energy 60 MeV/nucleon provided by
the GANIL facility. The primary beam, chosen since it is the
most neutron deficient stable isotope of this element, had a
typical on-target intensity of 100 enA in charge st&je
=37" and was incident on a selection of natural nickel tar-
gets of thicknesses between 50 and 100 mgicithe sec-
ondary beam, consisting of the fragmentation products, was
separated from the primary beam particles using the LISE3
spectrometef9] and identified using a combination of time-
of-flight, total energy, and energy loss measurements. At the
final focus of the spectrometer the fragments were stopped in
a four element silicon detector telescope, the first element of
which was 300um thick and acted as an energy logsH)
detector. The remaining three Si detector elements, each of
thickness 15Qum, were used to stop the fragments and also
to obtain a total kinetic energy measurement to resolve any
charge state anomalies. The magnetic rigidiBp) of the
main dipole magnets of the LISE3 spectrometer gave a mo-
mentum selection for the fragments which, together with the -
measured time of flightTOF), energy loss 4E), and total , , .
kinetic energy(TKE) was used to obtain an unambiguous 150 200 250 300 350
identification in mas#, proton numbeZ, and char_ge stgil@ TOF (arbitrary units)
for each fragment using the technique described in Refs.

[14-17. The typical time of flight for the fragments between  FIG. 1. Particle identification plots of energy loss in the first
the production target through the spectrometer to the silicosilicon (AE) verses time of flighfTOF) for two separate spectrom-
telescope was measured to be approximately 480 ns. An achter settings. Both an achromatic degrader and a Wien filter were
romatic beryllium degrader of thickness p8n and a Wien employed to enhance the region of interest. The settings for the top
filter were used to select the most exotic isotopes for study apectrum werdp;=1.9501 Tm andBp,=1.9068 Tm, the bottom
the final focus of the spectrometer. An array of seven higtspectrum had the same value Bp, but Bp, was changed to
purity germanium detectors of 70% relative efficiency wasl.9574 Tm.

packed in close geometry around the silicon stack to measure

v decays from isomeric states in the fragments. The absoluigf the four silicon detectors were compared to the energy
photopeak efficiency of this array was measured usiiBa  loss values calculated by the LISE3 fragmentation and trans-
and *%u sources to be approximately 3% for a 1.33 MgV mission code for each nucle(i$8]. The energy losses are
ray. Increased detection efficiency for low-energyay de-  calculated according to the prescription provided by Hubert
cays was obtained by using a four element germanium deet al. [19]. A comparison of the calculated energy loss and
tector (LEPS. A layer of lead was inserted around each de-silicon detector signal for a number of isotopes allowed the
tector to absorb scatteregl rays. This gave rise to some silicon detectors to be calibrated via a polynomial fit.
contamination of the short time gated isomers due to time In order to focus on specific nuclei of interest it was nec-
walk of the prompt Pb x rays. essary to optimize the spectrometer settings. In the present
study a number of different settings was used to search for
isomers in an extended region of nuclei and thEe-TOF
plots for two of the main settings beforg,(A/Q) calibration

The initial isotopic identification was achieved by creat-are shown in Fig. 1. Once calibrated fdarand A/Q it was
ing a two dimensional spectrum of correlated energy losgossible to combine all of the data into one plot as shown in
(AE) and time-of-flight(TOF) signals for each fragment. In Fig. 2.
order to obtain an identification plot @& vs A/Q, it was first Information on the decay half-lives of isomeric states was
necessary to calibrate the energy losses in the silicon deteachieved by recording the time interval between an ion im-
tors. This was accomplished by studying a number of isoplantation and the detection ofjaray. Two time ranges, of
topes from the two regions of interest. Following preliminary 0—600 ns(TDC) and G—80 us (TAC), were used to allow
particle identification AE-TOF) the energy signals in each good temporal resolution over a wide time range. The master

A E (arbitrary units)

A E (arbitrary units)

IIl. DATA ANALYSIS AND PARTICLE IDENTIFICATION
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FIG. 2. Calibrated particle identification plots @fvs A/Q in- = N
corporating(a) all of the data from all spectrometer settings a&bd 8 50
nuclei in coincidence with a delayegray in the range (02 At
=<10) us. B
501
trigger required a signal from th&E detector which started PRY. T =
the TACs and TDCs. A two-dimensional plot of time mea-
sured in the TDCs versugray energy in the large germa- i £ |
nium detectors is shown in Fig. 3. FiguréaB shows the 250 §8 l
effect of correcting for low energy time walk in the detectors L 10
in the offline analysis using a polynomial to linear transfor- 200 30 s
mation[see Fig. &)]. These spectra were used to exclude 0
the prompt transitions in offline analysis, thereby allowing -
clean, delayed-ray spectra to be obtained for each isotopic sol-
species. Decays from previously reported isomer$’i@e ‘
[20], **se[21], and "°Rb[22] were identified and the results e e e 105
obtained are consistent with previously reported lifetime val- Energy (keV)

ues for these nucldisee Fig. 4 These nuclei were used to

provide an unambiguous calibration of the particle identifi- FIG. 4. y rays deexciting isomeric states #Ge (bottom) [20],

cation spectrungsee Fig. 1 and also for internal consistency ®°Se (middle) [21], and "®Rb (top) [22] and their associated decay

checks fory-ray energies and timing. curves, gated on the 734, 535, and 101, 145, and 246 transitions,
respectively. The lifetimes obtained in this work dfel6+4) ns
[(20<At=<260) ng, (1.37+0.03) us[(0.05<At=<5) us] and

IV. RESULTS (4.40=0.01) us[(0.5<At<7.6) us], respectively. The numbers
in parentheses represent the times ranges following the prompt peak

An initial search for isomeric states can be facilitated by )
ver which they-ray spectra were taken.

means of an identification plot such as Fig. 2, where an)?

4000 D8 , 4000 ) heavy ion event in coincidence with a delaygday (de-
3500 % ! 3500 i‘ tected at least 20 ns after the prompt componigrtrements
%’

the spectrum. In this way, isomers can be highlighted, as
shown on the right hand side of Fig. 2. This technique has
been used previously to search for isomers in a large number
of nuclei simultaneously14].

i The projections of the patrticle identification plots onto the
8 By=734kev Z axis for theT,=0, 3, 1, and3 species are shown in Fig. 5.

. The top two sections of each panel require a coincidence
500 with at least one delayegl ray, so that any nuclei with mi-

o k= el crosecond isomeric states are enhanced in these plots. In or-
’ oe der to discriminate between short livé2D—400 ns, top sec-
tion of Fig. 5 and longer lived isomer®.4—10 us, middle

FIG. 3. Two dimensional plots a&) raw y-ray energy vs ime ~ S€ction of Fig. 3 two different time ranges were used. In
in the TDCs, andb) the corrected spectrum, compensated for time@ddition to previously identified isomers in less exotic sys-
walk of low energyy rays. Note the presence of the delayed tran-t€ms, this comparison shows evidence for isomeric states in
sition at 734 keV corresponding to the known isomeric decay inthe T;=1 nuclei3gY and §iNb, and theT,= 3 nucleus”Kr.
5Ge (see Fig. 4 Figure 5 also suggests tentative evidence for isomeric states
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FIG. 5. Projections oT;=0, 3, 1, 3 nuclear species onto tiaxis for the identification plot shown in Fig. 2. The bottom row of spectra
shows all recorded nuclei, the middle row is for long lived isomers in the time region-104s. The top row indicates short lived
(20—400 ng isomeric states.

in the T,=0 nuclei $3Nb and 33Tc, the latter of which is
discussed in Sec. V C. An example of the sensitivity of using
this technique to search for isomers can be observed by not-
ing the change in intensity of the peaks corresponding mvvherebyi is the branching ratio of theth decay of the state

®'Ge and"'Se in the top and middle spectra for tg=3  ande; are the individual internal conversion coefficients for
nuclei in Fig. 5, which represent different time regions. ThiSeach atomic shell.

highlights the fact that the lifetime of the decay from the |t has been observdd4] that the population of yrast and
isomeric state observed #{Ge is much shorter than that of nonyrast isomeric states in intermediate energy projectile
ISe[146(4) ns: 270.7) us]. All half lives have been fitted  fragmentation reactions varies significantly, with yrast states
using the maximum likelihood methd@3] unless otherwise eing favored. Values of the isomeric ratio for nuclei pro-
stated. duced using fragmentation reactions have been found to
Isomeric ratio measurementghe isomeric ratid= is de-  range dramatically from case to cakk4,28. Indeed, the

fined in the present work as the ratio of the number of iongyroduction of nuclei in their isomeric state has been found to
created in an isomeric stat&l,me) to the total number of pe dependent on the reaction mechanism and the velocity of

Teff= T

1+ byiai), (3)

ions of a particular nuclide createtlig,, i.e., the fragment compared to that of the bef®®]. Table |
shows the experimentally derived isomeric ratios for the iso-
N; i
Fo l:léomerzz F ) mers observed in the current work.
ions |

V. DISCUSSION
wherei represents the number of delaygedays observed . . _ .
and the number of ions created in the isomeric state must be !N the following discussion a number of total Routhian
corrected for internal conversid) and in-flight losses surface(TRS) calculatlons have been pe_rformed at rotat!onal
frequency= 0.0 MeV# in order to predict the deformation
Ny (1+a) present in each case a_m_d_provide a mod_el for the single par-
Nisomer= 2 — ———— ticle structure in the vicinity of the Fermi surface. In these
To€ e (UTen) (2)  calculations the total energy is composed of a macroscopic
part, which is obtained from the liquid drop modeH], and
whereN, is the intensity of the gamma decay from the iso-a microscopic part resulting from the Strutinsky shell correc-
meric state measured in the germanium detectoiis, the  tion [25,26. This method has previously been used to de-
absolute efficiency of the detector at the energy of the isoscribeK isomers in theA~ 180 region[27]. Single particle
meric transition. The in-flight loss correction is given by levels have been calculated using a nonaxial deformed
e Vet wheret is the time of flight, 7. is the effective life-  Woods-Saxon potentidlL], using theB,, B,, andy defor-
time of the isomeric state for fully stripped ions and is givenmations predicted for the various minima produced in the
by calculations.
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TABLE |. Summary of isomeric lifetimes and calculated isomeric raff®sobtained from this work.

Nucleus Mean lifetime  E, (keV) # I—I1f F (%) Transmitted ion rate (hr')
SGe (146+4) ns 734 ot 5 60.4+2.6 116 00G- 6800

S3se (1.37+0.03) us 534 ot 3- 54.5+2.0 9950+ 580

Se (27.4+0.7) us 260 o+, 3- 36.8+1.5 117 60@-580

Rb (4.40-0.01) us 71 453" 26.7+0.4 71 600 4200

BKr (155+15) ns 66 A 75+ 20 9300+ 550

1aKr (42+8) ns 456 0" 0.16+0.03° 46 200+ 2700

Sy (6.8+0.5) us 84 (2H—1~ 10.4+0.8 3800220

8Tc (1.6+0.3) us 595 (2’—-07)  36.3t19.5 4.3-0.3

Direct decay from isomeric state, except fdKr and %Tc.
®Not corrected for in-flight losses.

A Y4 nantly two quasiparticlergq,,® vrge, configuration. For two

The y-ray and time spectra corresponding to an isomeric©f the band heads, the decay c_asca_de connecting directly to
decay in theT,=1 nucleusdy are shown in Fig. 6. The the ground state cquld not be |dent_|f_|ed, though one of the
isomeric state is shown to decay via a single transition at 8#ands was linked via a single transition to one of the more
keV, shown in Fig. 6, with a lifetime 06.8=0.5) us. Ten- strongly populated ban'ds'. Thesg “roan_ng” band heads are
tative evidence for this isomer was previously reported bycandidates for decay via isomeric transitions.

Grzywaczet al. [30] following the fragmentation of 4'%sn  The recent work of Dong et al. [31] places the 84 keV
beam but a value for the decay lifetime could not be deduceffOMeric transition as decaying out of the 312 keV band head
in that work. A spin-parity assignment of 4for the ground ~ ©f band 4 suggested by the in-beam st{i8g]. At t+he same
state of®% has recently been reported by g et al. [31]. time they suggest a spin and parity assignment of& the
The same work also identified a much longer liveet6.78 ~ Pand head on the basis of our observatift&. The earlier

S isomeric state decaying via a 228.5 ke¥ray to the ~assignment of "=3 _ _[32] would imply anE2 multipolarity
ground state. The spin and parity of the long lived isomerfor the 84 keV tran;mc_m to the 1state at 228 keV observed
were assigned as 1since the lifetime prohibits all transi- N Ref. [31]. The lifetime would correspond to a reduced
tions with multipolarity less than 3 and an assignment of 7iransition probability for afe2 y ray of 1.38 W.u. However,
would make it yrast and therefore strongly populated in fu-this assignment would also imply that the 312 keV state
sion evaporation reactions. c_ould deca_ly by arM1 transition to the ground stafghe

A high spin study[32] using a fusion evaporation reaction Single particle estimates of the half-life of a 312 keM1
found a number of rotational bands $AY of which the most  transition of 1 W.u. is 7.24 10" **s) and no such transition

intensely populated is assigned at low spin to be a predomiS S€en in the spectrum shown in Fig. 6. M2 multipolarity
for the 84 keV decay is unlikely in view of the corresponding

M2 strength ofB(M2)=86 W.u. when compared to the
recommended upper limit of 1 W.{33]. The combination
of transition energy and decay lifetime of the observed 84

84
3

T=6810.5ps
bt

- £ keV transition precludes decays with multipolarity of more
201 8 than 2. The calculateB1 andM1 strengths for an 84 keV
R 10 transition correspond to 1.3410° 7 W.u. and 8.0% 10 °

0 5 T 1520 25 W.u., respectively, which may be compared to the recom-
time (us) mended upper limits of 10 mW.uEQ) and 0.5 W.u. 1)
[33].

Although anE1 assignment suggests a very retarded tran-
sition it is still a factor of 4 larger than that observed for an
E1 decay in"°Se[34] and is similar in strength to the iso-

meric, 4" —3" transition in "®Rb [22]. The retardedE1l
U0 s 700 o0 transition in "®Rb has been interpreted as stemming from
gamma-—ray energy (keV) different core particle structures. Accordingly the most likely

; ; +
FIG. 6. y ray and time spectra gated on fully stripp& ions. assignment for the 312 keV isomer appears tdbe2" .

A single gamma ray is observed at 84 keV. It is also observed in thdV€ also note thag the relatively small value for the measured

right). Both y-ray spectra were taken over a time range of (0.5t€nt with the nonyrast nature of the isomeric state suggested
<At<15) us after the prompt peak, and a background subtractioPy Doring et al. [31] (see Fig. 7.

using the long lifetime region of the TAC spectrum has been ap- The prolate deformed shell gap at nucleon number 38 has
plied. a stabilizing effect on the nuclei arourfY which maxi-
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FIG. 7. The low-lying level scheme fdi®Y showing the posi- neutrons protons
tion of the isomeric 312 keV state from the current work and the
longer lived, 228 keV state from the work of Biag et al.[31]. The FIG. 9. Calculated single particle levels calculated & with
energies are given in keV and the tentative spin assignments age positive-parity proton and negative-parity neutron configuration
given in parentheses. for a deformation of3,=0.385 andy=0°.

mizes the deformation for thl=Z=38 system’°Sr[2]. In @ favored state of spin and parity 4 The nonfavored cou-
order to estimate the magnitude of the deformation®, pI|ng, hovyever, produces afl'state.whlch Is a candidate
TRS calculations have been performed for both positive—Conf'guratIon for the longer lived isomgB1]. The next
parity proton(neutron and negative-parity neutrogproton available orbital for the odd neutronﬂéSl]%* which favors

configurations. Both indicate a large stable prolate deformag residual 2 state when coupled to thg422]3™ proton

tion, consistent with previous calculations on this nucleusprhital. This configuration may correspond to the isomeric
[31]. However, the minimum for the negative-parity neutron, state observed in the present work.

positive-parity proton configuration is significantly lower
therefore predicting a ground state deformation @
=0.385(see Fig. 8 Assuming an axially symmetric prolate ) )
shape, the single particle energy levels calculated for this The isomeric data observed for the nucleliisib reveal
configuration(Fig. 9) show that the valence proton and neu- gzelprlissencedog gee\&er‘;,fgelaly(;d-&anﬂ“?ns art] 47665: 115, 133,
; 54 3— N : , ,an e\Fig. 10. The lifetime has been mea-
:;c;l;xltli\?eclff%/stizg[‘tfs] 2Gaﬁgggggﬂészlljg\?vzzw?)rbéff’ sured to bg148+28) ns from the 175 keV transition using a

ling rules{35], this two-quasi-particle configuration leads to least squares fit with a Gaussian shape assumed for the
pling ru , this two-quasi-parti Igurall prompt componenii36] (Fig. 11).

No coincidence data were available in the current work

B. 4iNbsg

Yy v.nh due to the low counting rate and a high statistics study with
0.5 in-beam techniques is necessary to corroborate these data.
0.41 L
e o 35_ . LEPS
—_ \ - 0 25
[=] c
® 0.3 3 T
é s 8 L
£ L L -
o 2 st g FEE
n 0.2 %25‘ adl iy Anr'lw ’l'l.-n,rl |g 1
(8]

0.14 B

[ ]
T
= "~y X—rays

0.0 f ¥ 1 . 1 5
0.0 0.1 0.2 0.3 04 0.5 bl ol el oarl o 1o 1o [T 1 o
50 150 250 350 450 550
X = B,cos(y+30) gamma—ray energy (keV)
FIG. 8. TRS calculation for the ground state®8¥ for positive- FIG. 10. y-ray spectra in coincidence witffNb ions. The 47

parity proton and negative-parity neutron configuration. The mini-keV transition appears in the LEPS spectritap righy. Both
mum corresponds to deformation parametersBgt=0.385 and gamma ray spectra were collected over a time interval of<(&0
y=-—2.3. The spacing between contour lines-800 keV. =<800) ns after the prompt peak.
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15 ‘ ' TABLE Il. Calculated internal conversion coefficients for tran-
sitions in ii‘Nb taken from Ref[43]. |, is the y-ray intensity rela-
©=148(28) ns tive to the 114.7 keV as measured in the large detectors. The ten-
FWHM = 120(30) ns tative multipolarity assignments proposed on the basisy-ohy

intensity balances are given in parentheses. All isomeric ratios have

10r been corrected for in-flight losses assuming a lifetime of 148 ns.

:é: I ‘ E,(keV) a(M1) a(E2) a(E1) 1,2 F, (%) "
Il 47.4 1.85 165 1.00 1570300° 230+150 (E1)
5 Hriy 65.0 076 55 042 12090¢ 16+13 (M1)
oo 114.7 015 070 0.08 10015 8.5-2.0 (E1)
/ \ 133.3 0.10 041 0.05 769  8.4+2.1 (E2)
11 \ [T T 1 141.4 009 033 0.04 579  4.7+12 (E1)
o Ll N o I 1] 175.4 005 016 002 467  4.2+12 (E1)
° % e () 1000 205.9 0.03 0.08 002 4910 3.9:1.0 (E1)

FIG. 11. Lifetime curve obtained from the 175 keV transition :Normalized to the intensity of the 114.7 keV transition. ,
observed in®Nb. The prompt peakdashed linghas a FWHM of Corrected for internal conversion assuming multipolarity shown in

120+30 ns and the fit gives a lifetime of 1428 ns. parenthesis.
“Intensity taken from extrapolated LEPS efficiency.

One such experiment has recently been performed using a The B
thin target[37] and provided both a low-lying level scheme ¢.pinayet al. [40] and a lifetime of(12+3) s was extracted

and links to extended high spin bands. An isomeric state a{,; ihe ground state decay. The decay data revealed a 4
338 keV ("=57) has been inferred and transitions at 65, _ o+ _ 0ot yrast cascade if“zr and a tentative spin-parity
115, 133, 141, 175, and 206 keV have been observed. In th@ﬂssignment of 3 was made for the ground state $Nb by

vvprk, a transition'at 48 k.e.v is.inferred bl."t not observed. ASgiragioneet al. [41]. A more recent study42] of the decay
Fig. 10 shows, this transition is present in the current work f 8Nb obtained a ground state decay half-life(8f5+1.0)

The proposed level scheme below the isomeric state at 3 ' consistent with the previous value: i et al. [42] favor

keV is shown in Fig. 12 and shows that the isomeric state, o+ : t for th d state based on th lati
decays primarily via the 133 and 175 keV transitions. This assigniment forthe ground state basea on the popuiation

. . | "of states in84Zr, but could not exclude the*land 3" pos-
thin target experiment37] was, however, unable to provide sibilities P
a lifetime measurement for the isomer. The intensities in""\ 'topie 11 we present the individual isomeric ratios mea-

'{gble I clcl)rrobora'gg_thet or?ei_rmg ofltt_heIIeY[_eI SfCth[Eﬁ@i' sured for all transitions, with corrections for in flight losses
) as well as providing tentative multipolarities for the tran- assuming a lifetime of148+28) ns. The multipolarities have

S|tlzns(g|yen n 'Lable 2' . i ¢  thi been assigned on the basis of intensity balances and are also
previous in-beam fusion evaporation stUdg] of this .given in Table Il. We note that the individual isomeric ratios

TZ: 1 nuc_leus revealed two rotational bands but _their POSleasured for the 115 and 175 keV transitions are consistent
tions relative to the ground state were not determined. Ban ith them being in a cascade at the Rvel. A tentative

A in Ref. [38]. was assi_gned #Jo/2® W(T’%% configuration 4 onsition at an energy of 163 keV is indicated in theay
based on similarities with thege, band in®Zr [39). There  ghoctym in Fig. 10 which corresponds to a possible decay
were aI;o a number of transitions fpund that could not befrom the state fed directly by the 175 keV transition to the
placed in the decay scheme, including two at 114 and 14§round state.

keV which were thought possibly to feed isomeric states.™ e hoaqiility that the 47 keV transition decays directly

This previous work was insensitive to decays from iSomeriGy, ., an independent isomeric state arises when considering
states but suggests that the transitions at 114 and 141 keV g intensity relative to the other transition®15, 133, 141,

not direct decays from isomeric states since they were Obénd 175 keV, as viewed in the LEPS spectruitop right of

sgrv_ed n the thin tgrget, |.n—beam st.udy. As Fig. 12 ShOWSFig. 10. Its large intensity cannot be balanced with the oth-
this is consistent with the interpretation of the current data'ers, even if electron conversion is taken into account. A mea-
surement of the individual lifetime of the 47 keV transition
5) T =148(28) ns (338) proved to be unreliable due to low statistics. Therefore the
‘175 132 very large isomeric ratio has been deduced to (B80
+150%, assuming a lifetime 0f148+28) ns. The large
(163) uncertainty stems from the extrapolated value of the effi-
163 115 206
@) 48

*/EC decay off“Nb was originally studied by Kor-

ciency for the LEPS.
The multipolarity of the 65 keV transition has been ten-
tatively assigned as avl 1, although arE1 assignment can-
FIG. 12. Low-lying level scheme below the proposediSomer ~ not be ruled out. However, if the 65 keV level is assigned as
in 8Nb taken from Ref[37]. 37, one would expect to see &P transition from the iso-
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FIG. 13. TRS calculations fof*Nb in the following proton() and neutron(») parity configurationgclockwise from top left (7
+,v+) (B8,=0.297, B,=-0.012, y=28.9, (7—,v—) (B,=0.254, B,=—0.032, y=40.9, (w+,v—) (8,=0.283, B,=—0.015,
y==27.9, (7—,v+) (B,=0.299, B,= —0.013, y=—30.0. The spacing between contour lines#200 keV.

meric level at 338 keV, which is not observed. On this basiqjuadrupole deformation in each case is significagh (

we prefer arM 1 assignment, but we note that an unstretched=0.285 and 0.244with substantiaty deformation(y~30°).

E1 is not definitively ruled out. However, we note that other recent shape calculations pre-
Total routhian surface calculations for all positive anddict a very small quadrupole deformation ef=0.05[44]

negative parity configurations have been performecffbib  for the ground state of“Nb.

and are shown in Fig. 13. The minima calculated in each The single particle orbitals corresponding to the calcu-

case appear to be very close in energy, making it unclear dated deformations in each instance are shown in Fig. 14.

to which configuration corresponds to the ground state. Th&he positive parity ground state deduced fréM/EC decay

E (MeV) . E (MeV) . E (MeV) E (McV)
1227 —1pta] 0528 =——— 71413 1178 12™1431] PP — PP
. 1388 s 572 1422]
13,65 m—7/7[413] 0.309 — 72%413]
(1.70] — 12" [321] “134] — 7/‘2+[413]
0,950 m— 5/27[303]
B — 52 Y402
14.51 Nz /2 [422] 7240 214,15 e—5[2"[303]
14,97 m—127(321] N=42 1796 e 5222
11529 m— 7271413] 1458 e 57211422 _
2,810 m—T727413] Z=40
D738 e 3/27[431]
3148  —3/7"[321] . D807 —31-[301]
R — 3 g — o™ 15.8] e 3/21[431] )
16.29 3/27[321) 3.336 9/271404] P 2t 38 3 [312)
neutrons protons neutrons protons

FIG. 14. Single particle levels calculated for the valence pr@tenand neutron(v) in the following parity configurations—Ileft: #
—,v—) (y=41°) and right: ¢—,v+), (7+,v+), and(7+,v—) (y=—30°.
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FIG. 15. Proton single particle energy levels as a function of gamma ray energy (keV)

triaxiality for a fixed quadrupole deformation @,=0.3 ands, FIG. 16. Tentative transitions in tHé=Z nucleus®Tc at 585

=—0.015. The Nilsson labels have been used as a convenient Wa¥\d 850 keV. The associated lifetime(ls6=0.3) us and they-ray
of identifying specific orbitals. spectrum was taken over the following time raf@e8<r<4.2) us.

542f] is n‘zjt repr?dupe_d by ou.rtkc]:a(IjCl;Iation?. For the prtediCte]f{ified by Moharet al.[45], but no spectroscopic information

eformed axial minimum with deformation parameters Ofhag peen reported prior to the current work. It is the lightest
B2=0.254, B4=—0.032, andy=41 thellowest lying state  ,pserved technetium isotope and is the last predicted to be
would correspond to the favored coupling of the422]3*  proton bound in the mass evaluation of Audi and Wapstra
® 7[321]% ~ configuration. The Gallagher-Moszkowski cou- [46]. Indirect experimental evidence thﬁﬁ'g is unbound
pling rules[35] suggest a preferred 2with a 3~ unfavored ~ Nas beéen reported by Janetsal. [47]. The g™ -decay half-
coupling lying close by. Assuming a*2spin-parity for the life of ®°Tc has been measured by Longeiral. [48] to be
ground state of this nucleus, both of the configurations aré#7=12) ms and this has been used to infer a spin-parity
candidates for the intrinsic structure of the isomeric state a@Ssignment for the ground state of @corresponding to an
47 keV, with the yrast 3 assignment favored in view of the 1S0SpinT=1 configuration from the deduced loff value
large isomeric ratio. ) ) -

The right-hand side of Fig. 14 shows the predicted single Reé:eent spectrosg?plc studies of tNﬁci nu<+:Ie| “Ga
particle spectra for®*Nb with deformation parameters of [49], “As [50], and “Rb[51] have showri"=0" (T=1)
B>=0.298, B,= —0.125, andy=—29. We note for this de- ground state configurations that are crossed at low excitation
formation the lowest lying coupling is that of the Energiss by highgr Spi”T:r? config%r;t{i)orgs. ?imiladritiﬁs

- ; tween these exc ands and the
m[422]3 " ®v[303]3 . Although the favored coupling of ave been seen be .
these orbitals would result in a Ostate, the unfavored™s gro_und state bands of the correspondmgz+2 .'SObarS
. A : ; . which prompts a comparison 8fTc and its isobaric analog
configuration is a candidate for the structure of the isomericgg ,
state at 338 keV. o _ 86 :

The complexity of the low-lying single particle structure rThe 'tA—IS[%Z]Tz;dl Rsydstlerpét I\/Ilo[sr;?sAbeenitisvtudletr:iit by
of this odd-odd nucleus is apparent from the number of stateg osset al. d ha b uadolp b?.h d " pﬁ.sh ehpaf_ y
in close proximity beneath the 338 keV isomer. Figure 15yras_t cascade nhas been established in whic tJSe 'QSt two
shows the theoretical single particle levels as a functiof of exc"?‘?‘ states lie at 567 anld 1328 keV. The yrast
triaxiality which are symmetrical aboyt=0° and are similar tr_a_n5|t_|on8(€§r67 keV) is close in energy to the observed tran-
for both protons and neutrons. The level density around'tion In ~Tc at 995 keV. We also_ note that_ the 850 kW
nucleon number 42 is predicted to be rather high, possibl ray'observed in thf current qu.k IS a pand|date for the iso-
explaining the ambiguity as to the configuration of the%ggckar:/alpgaglw_’ 25%/ ra_:ls_';]trank')snmn Véh.'Ch ha§ anfenhergglng
ground state. The orbitals involved close to the Fermi surfac ev n —ivio .[ .]: e observed Intensity of the
are$[303], 2*[413], and~[301] for the valence neutron eV transition is significantly higher than that of the 850 keV
and2§+[422], 22‘[303], and2%+[413] for the valence proton, {ransition suggesting that these states are fed from a higher
This high level density could also explain the presence ofPIN Isomer W.'th a_fragmented decay path. o
three low-lying isomeric states in this nucleus formed by The isomeric ratio calculated for the 595 keV transition is

different couplings of the orbitals around the Fermi surface J'Ven In Taple | as 36:319.5% and implies that the iso-
meric state is yrast or near yrast and should be well popu-

C. ¢ lated in fusion evaporation reactions. The production of this
T 43143 isomer in aZ=43 nucleus highlights the fact that the reac-
Figure 16 shows the decay of the isomeric state observetion mechanism at these intermediate energies is not pure
in the T,=0 nucleusich. The extracted lifetime of this fragmentation and that pick up reactions can also occur.
decay is(1.6=0.3 us with discretey-rays of energies 595 Figure 17 shows TRS calculations f8fTc for the posi-
and 850 keV(Fig. 16) observed. This nucleus was first iden- tive parity configuration resulting from the positive-
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o o *To v' 1) state has been interpreted as being the excitedo@edomi-
nantly oblate band head predicted for this nuclgad.
04 04 A more recent studj55] of "*Kr, using a combination of
= = conversion-electron angkray spectroscopy, has found evi-
£ { 1o dence for an isomeric0—0; EO transition corresponding
= 2 ) = - to a state at 508 keV. A lifetime q20+7) ns was extracted
g L g from this later work, consistent, at therdevel, with the
o "(%\\\r o previous lifetime of(42+8) ns calculated using the maxi-
00 Ao «ﬁ'ﬁ%\ ' 0o mum likelihood method used for fitting the data away from
00 ot Xj‘:ﬁos(ﬁjo) 040800t XZ';WS(;EO) * 5 the prompt peak. When the current data are fitted using a

least squares fit with a Gaussian shape assumed for the
FIG. 17. Configuration constrained potential energy surface calprompt componerit36], a lifetime of (33+7) ns is obtained.
culations for®Tc. The minima are at 1.28 and 1.22 MeV for the The fit is shown on the right hand side in Fig. 18 along with
negative-parity (left) (8,=0.285, 8,=—0.019, y=—29.9 and g {it of the prompt component.
positive-parity(right) (8,=0.244, 8,= —0.010, y=—29.1) combi- The low isomeric ratio measured fo¥Kr reflects the
nations, respectively. The spacing between contour lines280 nonyrast nature of the isomeric state. The ratio could not be
kev. corrected for in-flight losses since the lifetime in flight is

: . . hindered due to the ion being fully strippét2].
(negativey parity orbitals for both valence nucleons. The

minima are close in energy and both infer a triaxially soft,
deformed shape for the nucleus wjgh~0.25. The Nilsson
orbitals predicted to lie close to the Fermi surface for both A previous in-beam studi56] of this T;=3 nucleus re-
protons and neutrons afé22]* and[303]%~ . The popu- vealed the presence of an isomeric state at 433.6 keV with
limits on the lifetime of between 140 ns and 600 ns. The
1isomeric state decays initially via a 65.8 keV transitioi-
served in the present work in the LEPS spectrum, see Fig.
19) and other previously identified transitions at 144, 224,
and 368 keV can also be seen in Fig. 19. A lifetimg 155
+15) ns has been extracted in the present work for the three
most intense transitions at energies of 144, 224, and 368
keV. These transitions are shown in the level scheme in Fig.
20. The previous spin assignments come directly from the
observation of the isomeric state, which was assigneld”as
=2" since a transition to the ground state was not observed
Figure 18 shows the delayegray transition from the [56]. Other spin assignments were made in RB€] on the
previously reported isomer if*Kr [12], no delayed transi- basis of DCO ratios. The ground state has been assighed
tions were observed in the LEPS spectrum. The isomeric=3~ from the logft value of thes decay to levels in"*Br

73
E. 36Kra7

lation of these orbitals would be expected to give rise ¢ 0
5% and 5 band head configurations. The ground state o
this nucleus has been assigned &s 0" from measurement
of the super allowed3 decay half life[48]. This together
with the candidate transitions for the" 4-2* and 2" —0"
decays(850 and 595 keV, respectivglargues in favor of a
I"=5" or 5~ assignment for the isomer. However, this can-
not be confirmed in the current work.

74
D. 36Krzg

10°
744 ]
9ol “*Kr 2 HW r=d2+8ns % P;xg;zin;];otllent
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FIG. 18. y-ray and time spectra for the isomer decay 1Kr [12]. The lifetime spectrum in the top right of theray spectrum has been
fitted using the maximum likelihood method, whereas the spectrum on the bottom right has been fitted using the least squares method which
takes into account the prompt componésttown top right The gamma ray spectrum was taken betw@05< <130 ns after the prompt
peak.
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e TABLE lIl. Relative y-ray intensities [,) corrected for detec-
g 3 . T=155£15ns tion efficiency, multipolarities, and internal conversion coefficients
2 3 E (@) for y decays associated withKr. The internal conversion co-
© efficients are taken from Ref43] using the multipolarity assign-
4 3 1o 11l ments in the current work.
ool 50 10 2 & 500 750 1000
P b3 time (ns) E, (keV) I, [T a®
c
3 . 40.8 2752 9+ _,1- 1.24
65.8 387 62° 2+ 1o 0.31
144.2 10&-6 (§— 5—)_>(§— 5—) 0.048
2 12 2 12
20 28 B 2236 1666 (35 0.049
A ol b 248.6 7+2 1o (3-8 0.033
50 150 250 350 450 2 2 2
gamma—ray energy (keV) 265.1 133
367.8 23112 %—_)(%—’g—) 0.009
FIG. 19. y rays following the decay of the isomer fiKr. Note 254 7- "3 0.007
2 2 :

9
the previously unreported transitions at 265 and 393 keV. The spec-
trum in the upper left corner is from the LEPS. The time spectrumfDeduced fron 1 (249+393) andE1 decay.
is gated by the intense transitions at 144, 224, and 368 keV. Both bpeduced frons | (224+368) andE1 decay.

ray spectra were taken betwe@=7<1) us after the prompt peak. °Assuming the assignment in the current work.

[57]. However, a recent work has assigned the ground statg5.8 kev transition would dominate. Reduced transition
to be 17=3" deduced from the3 decay to a previously probability arguments suggest that a multipolarityEs is
unobserved state iR*Br [58]. more likely for the 40.8 keV transition, changing the assign-
The transitions observed, or inferred, in the present worknent of the state at 392.8 keV 1d=%", which in turn
are listed in Table Ill together with multipolarity assign- alters the multipolarity of the 248.6 and 392.8 keV transi-
ments from this work and the previous wgB6]. Weisskopf tions to E2 and M1, respectively. The observation of the
single particle estimates suggest that the 65.8 keV transitioweak second decay branch of the isomer via the inferred 41
from the isomeric state is eith&1 or E2, although we note keV decay highlights the sensitivity of isomer studies such as
that theB(E2) value would be close to the recommendedthis and their importance in identifying the low-lying single
upper limit. On this basis, a1 multipolarity is favored and ~Particle configurations in these very proton rich systems.
the level at 368 keV is assignéd=2%" . Also presentin the The transition at 265.1 keV_ was pot.observed in the pre-
y-ray spectrum(Fig. 19 are two transitions at 265 and 393 Vious work aqd has a small intensity in the present qurk.
keV. The latter transition was observed in REg6] but no Although the lifetime measured from the 265 keV transition

transition linking it to the isomeric state was reported. suggests that it is fed by the main isomeric state, it cannot be

The lifetime measured for the 393 keV transition indicatesde“nmve'y assigned since no_transition linking it to the

that the isomeric state feeds this level decaying via a 4O.§round state s present in the spectrum.
keV transition. Assuming the same spin assignments as out-
lined in Ref.[56] an assignment df12 is suggested for the
40.8 keV transition. The transition would be highly con-  Low-lying isomeric states have been populated in the neu-
verted(e=41), which is consistent with the nonobservation tron deficient mass 80 nuclei following the fragmentation of
in the LEPS spectruniFig. 19. However, in view of the a %Mo beam. Isomeric states have been observed for the
intensity of the 393 keV transition it is unlikely that the 40.8 first time in theN=Z+2 nuclei 53 and ${Nb and theN

keV transition is anM 2 since it would be hindered and the =Z nucleus,&Tc. The precision of the lifetime of the pre-
viously reported isomeric state iffKr has been improved
and evidence of a second decay branch observed.

In the cases ofiay, %Nb, and &Tc, TRS calculations
have been performed in order to give an insight into the
single particle orbitals present at the Fermi surface which
may give rise to isomeric states. The results 0¥ repro-

duce previous calculationf31], suggesting am[422]3"

®v[301]5~ configuration for the ground state. The calcula-

tions performed for®Nb predict a triaxial shape for the
FIG. 20. The low-lying decay scheme depopulating $ieiso- ground state but are unclear with regard to the preferred

mer in "Kr, taken partly from Ref[56]. The 41 keV transition and Single particle configuration of the ground state.

a revised spin assignment for the 393 keV level are inferred from The data presented are an excellent example of how in-

the present work. termediate energy projectile fragmentation reactions can be a

VI. CONCLUSION

o/t 7=155(15) ns 434
30341

7/2- 368 7/2"
393

(3/2.5/2)

73Kr
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