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High-spin states in the ®*Nb nucleus
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High-spin states have been studied for the first time in%ihb nucleus with the reactiof’'Se°F,a3ny)
at 68 MeV. A cascade of transitions has been observed, based on thgrgind state and extending up to 6.5
MeV excitation and spin of about 19.

PACS numbgs): 21.10.Hw, 23.20.En, 23.20.Lv, 27.66.

[. INTRODUCTION particle«y coincidences were measured, the two Ge detectors
being positioned at-125° with respect to the beam direc-
Studies of high-spin states in nuclei near closed shellsion. In the other two;y-y and neutrony coincidences were
may give information on the core breaking mechanism. Fomeasured. In one, the two Ge detectors were kept in fixed
such nuclei, with few nucleons outside closed shell configupositions, at 90° and-45°, respectively. In the other run
ration, the maximum spin that can be built by aligning theone of the Ge detectors was kept in a fixed position, at
spins of the individual valence shell nucleoftke “termi-  —145°, while the other one was moved at the angles
nating” configuration is not so high. Consequently, states 15°, 35°, 45°, 55°, 75°, and 90°, respectively; this run
with higher spins, which can be obtained by promoting

nucleons from the “inert” core into the higher shells, are * *Tc Gn)
easily accessible through fusion-evaporation reactions in- o “Te @n)
duced by heavy ions. "

The purpose of the present work has been to study the v _No(adn)
structure of the odd-odd nuclel®Nb at high spins. With B ¢ Nofadn)
valence protons in thp,,, andgg, orbitals and neutrons in X "Mo (p3n)
theds;, andg,, orbitals, the maximum spin that can be built
for the positive parity case is 12; higher spins can be made |
by breaking the quasimagic cof&Sr.

Until now, no information existed on the high-spin states
of ®*Nb. Low-spin states have been studied in detail through., +
(n,y) [1-3] and (p,n) [4,5] reactions, as well as thel(p) I3 S S + ..............................

reaction 6] (see also the works cited in the ENSDF data files::
[7]). The present study is the first one in which high spin
states have been observed®iNb by means of a heavy-ion
fusion-evaporation reaction.

Neutron multiplicit
--
-
N
.’.

Il. EXPERIMENTAL TECHNIQUES

The ®Nb nucleus was populated and studied with the g | .. ..o o oiiiieiee i aaaann.. * ............
reaction ®Se(°F,a3ny) at an incident energy of 68 MeV.

The target was Se of thickness around 5 md/ amcuum
evaporated on a 2 mg/éAu foil, and having an enrich-
ment of 92% in®Se. The!®F beam, of 68 MeV, was deliv- 2 |
ered by the Bucharest FN tandem accelerator. Fheys
were measured with two intrinsic Ge detectors of 20% effi-
ciency placed 9 cm from the target. Neutrons were detectec
with a 1 liter NE213 scintillator detector placed in the for- 1 T T T
ward direction, shielded with 2.5 cm of lead and covering 0 500 1000 1500
+28°. Charged particles were detected and identified with a E, MeV]

AE-E telescope of Si dgtectors, having thlc_knesses of 0.15 FIG. 1. Neutron multiplicities of typical rays observed in the
and 0.5 mm, respectively, and an active surface ofs

e N . ) Se+ 1F reaction at 68 MeV. They were determined as the ratios
150 mnt, mounted at 45° in the forward direction, at 2.5 between the intensity of the respectiyeray in coincidence with

cm from the target. A 70um thick Al absorber prevented neytrons and in singles, respectively, which were then normalized
scattered"’F ions from entering th& E detector.y-y, N-y, o a value of 4.0 for four strong rays known to belong t8"Tc [8]

and charged-particlg-coincidences have been recorded on(the 4n channe). Different symbols belong to the nuclei indicated,
the hard disk of a PC and then analyzed offline. Three difas shown in the figure legend, which also specifies the channel by
ferent runs were made. In the first ong,y and charged- which that nucleus is populated in our reaction.
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1200 - ; ®Se + *F (68 MeV)
- y-rays coin. with a-particles
1000 - ¥ *Nb
# “Nb
800 ,t & “No FIG. 2. They-ray spectrum observed in coin-
" ® § cidence with thex particles, in the®?Se+ 1°F (68
5 500 - MeV) reaction. They rays from theggy, band of
8 9Nb [11], those from high-spin states i#*Nb
[13], as well as those assigned t\b in the
400 - present work are marked by different symbols, as
' indicated.
" L -
0 1 ) ' — )
500 0 1500
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served to measure, in addition{ey coincidences, the-ray
angular distributions both in the singles amdy coincidence

shows the neutron multiplicities of different other rays
populated in this reaction. One can see that Jorays of

modes, the fixed detector acting as a monitor. Energy and T¢ [9] (channel &), the average multiplicity is 5, for the

efficiency calibrations were made with'a@%Eu source.

ll. DATA ANALYSIS AND LEVEL SCHEME OF  ®Nb

A first indication that high-spin states i#fNb are popu-

950 and 1498 ke rays of *Nb [11] (channela4n), it is
close to 4.0, and for the 1117 key/ray of Mo [12] (chan-
nel p3n) it is close to 3. For the two strongegtrays tenta-
tively assigned t@Nb, 913 and 1259 keV, one can see that
the multiplicity determined in the same way is close to 3.0,

lated in this reaction was the observation of some unknowiindicating their origin in a channel with three evaporated

v rays in coincidence with the 78.7 key ray, which was
assigned to the transition from the known (5,6,7)
78.66818) keV excited state to the (6)ground state of this
nucleus[7]. The complete proof that thesg rays belong
indeed to®Nb was based on the neutrgnand the charged-
particle-y coincidences. Fromy-ray spectra in coincidence

neutrons. The samg rays werenotseen in coincidence with
protons, but were seen in coincidence with thearticles.
This is shown in Fig. 2, where it can be seen that they
spectrum coincident withy particles is dominated by the
transitions tentatively assigned #8Nb on the basis of their
coincidence with the 78.7 ke\ ray, and in addition by

with neutrons one could determine the neutron multiplicitytransitions known to belong t&°Nb [11] and to %Nb [13].

of the reaction channel. This is essentially the ratio betweehe combined results finally allow one to unambiguously
the intensity of ay ray in the spectrum coincident with the assign thesey rays to thea3n channel, and therefore to

neutrons, and the intensity of the sameay in the singles

transitions in%*Nb.

spectrum measured in the same time. We have normalized The level scheme of“Nb has then been constructed by

this ratio to 4.0 fory rays known to belong t&’Tc [8]
(populated in the same reaction via the ehannel. Figure 1

analyzing y-ray intensities as well as coincidence relation-
ships within a symmetrizeﬂyl-E72 matrix. As an example,

®Se + °F (68 MeV)

y-ray gate: 199 keV
400

913

78.7

167
1259

FIG. 3. Example of spectrum obtained by gat-
ing on ay ray in the symmetricy-y coincidence
matrix. Transitions not marked by their energy
are due to a contaminant line close to 199 keV.
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94N b Due to the relatively large errors in the intensities of the
rays (Table ) one cannot definitely decide the order of the
61966 transitions 167.4 and 858.0 keV, and 319.6 and 983.0 keV,
: respectively, therefore the positions of the 3308 and 1931
keV levels are only tentative.
6820 The channels most strongly populated in our reactions
were 5 (°%Tc) and 4 (°"Tc), in good agreement with the
5814.6 18) predictions of the code&AscADE [15] of having 55% and
14% of the fusion cross section, respectively. The observed
4808 ratios between the populations of the channels
4n (°Tc), a3n (*Nb), a4n (**Nb), and p3n (°’Mo)
sssisy  (17) are 1/0.2%52)/0.232)/0.24(2), in good agreement with the
calculations which predict 1/0.28/0.29/0.36, respectively.
The calculated cross section f8\b is 27 mb.
7815 Information on the multipolarity of they-ray transitions
in this scheme have been obtained from bethay angular
45503y  (15) distributions and directional correlation from oriented states
(DCO)j ratios. For the strongest transitions, of 913 and 1259
42902 keV, respectively, we could determine accurate angular dis-
tributions both in the singles and neutron-coincident mode.
10749 Their Legendre polynomial coefficients are given in Table I;

they are consistent with a quadrupole multipolarity for the
913 keV transition, and dipole multipolarity for the 1259
34754y (13) 14724 keV one, respectively. Starting frqm these two transition;,
"""""""" - ] DCO ratios[14] have been determined for the upper transi-
tions, from gates set on an asymmetric matrix, with the de-
tector at 45° on one axis and the detector at 90° on the other

1026.0 axis. In this geometry the DCO ratidRpco) for a dipole
8580 2878y (12) transition should be close to 0.5 when gating on a quadrupole
2684 transition and 1.0 when g_a_ting_ on a dipole trqnsition,
24494 y (1) *' whereas a quadrupole transition is seen with a ratio of 1.0

968 when gating on another quadrupole, and about 2.0 when gat-
o 22506y~ (10) 1008 ing on a dipole. Table | gives all these results, as well as the
2196 ’ multipolarities assigned to different transitions. Since in
19310 ¥ _ (9) fusion-evaporation reactions one usually populates mainly
the yrast sequence, it is reasonable to assume that the cas-
6095 y (1N cade built above the 78.7 keV state has increasing spin.
A key point in assigning absolute spin values for the
9850 newly assigned states are the spins of the lowest states. The
6182 ground state itself is not assigned with certainty, as its
adopted)™ is (6)" [7]. Even if the ground state were unam-
biguously characterized, another problem is the spin of the
78.7 keV level. From previous measurements of internal
conversion coefficients, one knows that the 78.7 keV transi-
869.3 9126 tion is of theM 1 type[2,7], thereforeJ™=(5,6,7)" for this
state. Our results for the angular distribution of this transi-
. tion, although not very precise, are also consistent with a
00 G 87 7 (6)* dipole multipolarity(Table |). This state was not observed in
the (p,ny) reaction studie$4,5], a fact which suggests a
FIG. 4. The level scheme of*Nb, as determined from the higher spin valuglarger than & Our results also support a
present experiment. The tentative spin values are based on the dsigh spin value for this state; since we observe-my cas-
sumption that the ground state and the 78.7 keV state have spigade above it in a heavy-ion fusion-evaporation reaction, it is
values of 6 and 7, respectively] (see also text and Table I for very [ikely that at least in its lower part, this cascade repre-
details. sents the yrast positive-parity sequence, therefore the 78.7
state most probably has the spis=7 (assuming that the
we show in Fig. 3 the spectrum obtained by gating on theground state had=6). Finally, different shell model calcu-
199 keV v ray. Since all the transitions were found in coin- lations (see below also predict a 6 ground state and a
cidence with the 78.7 ke ray, they were placed above the low-lying 7* state. In Fig. 4 we adopt therefore spins of 6
78.7 keV state. The resulted level scheme is shown in Fig. 4and 7 for the ground state and the 78.7 keV state, respec-

1259.3

9480 8)
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TABLE |. y-ray transitions in®*Nb from the 82Se(°F,«3n+v) reaction at 68 MeV. Legendre polynomial coefficients result from fits to
the y-ray angular distributions; the DCO ratios are determined from the asymmetric matrix with the two detectors placed at 45° and 90°,
respectively, by gating on dipole transitions, except for those marked with an asterisk, when the gate was on quadrupoles. Intensities are from
the 55° spectrum measured in coincidence with éhparticles; their errors result from the statistical uncertainties and the errors of the
efficiency curve.

E, I, a,/ag a,s/ag Rpco Multipolarity Assignment
(keV) (Rel. unitg E;(keV) E¢(keV) JN—= 37"
78.7 31.632) —-0.39(17)  —0.14(18) D 78.7 0.0 (7)—(6)*
167.6 6.613) 0.49(5) D 3475.4 3307.6 (13)(12)
198.8 52.239) 0.8410) D 2449 .4 2250.6 (11»(10)
319.6 9.011) 1.00(20) D 2250.6 1931.0 (10)(9)
368.8 8.010) 1.1750) D 2817.8 2449.4 (12)»(11)
482.8 13.419) 0.94(25) D 5814.6 5331.8 (18)(17)
618.2 27.633 1.05(47) Q) 1609.5 991.3 (11:(9)
682.0 7.626) 6496.6 5814.6 —(18)
781.5 15.221) 2.48) Q 5331.8 4550.3 (17 (15)
858.0 6.414) 3307.6 2449.4 (12)(11)
869.3 19.019 0.91(20) D 948.0 78.7 (8% (7)*
912.6  100.040) 0.30611) —0.036(10)  2.0e6) Q 991.3 78.7 (9% (7)*
983.0 9.018) 1.0(5) (D) 1931.0 948.0 (9)(8)
1026.0 44.086) 1.8731) Q 3475.4 24494 (13)»(112)
1074.9 31.630) 2.1955) Q 4550.3 3475.4 (15)(13)
1208.2 24.534) 0.41(17) D 2817.8 1609.5 (12»(11)
1259.3 53.840) —0.136(26) —0.075(34) 0.6213)* D 2250.6 991.3 (10%(9)
1472.4 12.83) 4290.2 2817.8 —(12)

tively, and propose spins for the upper levels relative to thesebserved may represent, at least in the lowest part, the posi-
values(cf. Table ), but we emphasize that this is only a tive parity yrast line.
tentative assignment. Also, although we have no direct indi-
cation on the parity of the structure built above the {(7)
state, from the fact that it feeds the positive parity 78.7 keV
state one can tentatively assign positive parity to the newly The structure of**Nb was considered so far only in con-
added states; this would mean that the observed quadrupatection with the lowest excitation energy states. Mainly the
and dipole transitions are of the2 andM1 (or E2/M1) multiplet resulting from amgq,® vds, configuration has
type, respectively. However, a change of parity somewherbeen discussed in the literature; it consists of six states with
along the sequence cannot be ruled (agte the discussion J™ between 2 and 7° which has been identified in the
below). states at 0.0 keV, (6), 40.9 keV, 3, 58.7 keV, (4), 78.7

To conclude this part, with the present measurements wkeV (assumed 7), 113.4 keV, (5), and a state at 334 keV
have observed excited statesNb up to an excitation en- (which might be the 2 membey [7]. This multiplet was
ergy of 6.5 MeV and a spin around 19; the main cascadevell described by shell-model calculations which considered

IV. DISCUSSION
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\>: 2 FIG. 5. Comparison of the
o o . L high-spin states i*Nb to those
| B . n . T
¢ () o) (10) © 7 known in its isotone®®Tc [9,10]
W ool e @) @ . - and its lighter isotope’Nb [13];
5 ) @ o some states if*Tc [18] are also
s @) S shown.
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88Sr as core, and alloweg;;,,go, proton excitations and blance of the lowest multipletgq;,® ds, in **Nb and *6Tc.
dsj, neutron excitationl6,17,4. A notable similarity of this  In Fig. 5 we compare the known high-spin states in these two
multiplet in the %9**Nb isotopes with the corresponding nuclei; for completeness we have added the similar informa-
one in their isotone§*%%¢ has also been notd8]. tion known in %2Nb and %Tc. One can first remark on a good
Apart from this, high-spin states in odd-odd nuclei in thesimilarity of the levels evidenced ifNb with certain high-
vicinity of this nucleus have rarely been discussed. Asspin levels known in°®Tc. Up to the state of spid=(9) at
pointed out in the introduction, considerifféSr as a closed- 991 keV, the ®Nb sequence is very similar to the positive
shell core, we have three protons in thg, andgq, shells  parity yrast sequence dfTc. Then, starting with the second
and three neutrons in tha, andg;, shells. The maximum J=(9) level at 1931 keV thé“Nb sequence up to spii3)
spin that can be constructed by aligning the spins of thés very similar to another sequen¢er “quasiband” struc-
individual valence particles in these orbitals is rather low;ture) in %Tc above a state of spin 8 at 1063 kédbserved
thus, for the @rs;09,2)°%(vds)® configuration this maxi- up to the state of spin 12 {i®], and recently extended above
mum spin is 9. Obviously, to explain higher spins, one has tahat in [10]—although shown here is only the state of spin
excite onegg, neutron over theN=50 shell gap. The ob- 13). The parity of this sequence itfTc was tentatively as-
served high-spin state sequencefib is rather irregular in signed as positive by Macht al. [9], but we note that al-
energy; this fact indeed suggests individual particle alignthough in that work some internal conversion coefficients
ments along it. Similar structures have been recently obhave been measured, there is no direct support for this parity
served in the Tc isotopes 94 and 96 and shell-model calcuassignment. As seen in Fig. 5, these structureib and
lations both in a limited basis and a truncated enlarged basi®Tc are rather similar, both in spin and excitation energies,
were performed in this caé8]. A reasonable description of to negativeparity structures irf?Nb [13] and ®*Tc [18]. This
the higher-spin states seems to require, however, a mudfiscussion is only qualitative, since the level sequences pre-
larger basis. Data such as those provided by the present megented in Fig. 5, although suggesting some common features,
surements are therefore appropriate for comparison withave nevertheless some differences in $hey decay char-
such calculations. acteristics. We thus emphasize again both the lack of system-
Qualitative conclusions can also be drawn by comparingtic information on the high-spin states of odd-odd nuclei in
the levels reported in this work with high-spin states knownthis mass region, and the need of more complatéhough
in neighboring isotopic and/or isotonic nuclei. Unfortunately, more difficuly measurements of the level characteristics.
not much is known in these nuclei, to extract systematic
trends. In the neighboring isotopes, several high-spin states ACKNOWLEDGMENTS
are known only in®>Nb [13], while in the neighboring iso-
tones ®2y and %Tc, only in ®Tc is there such information ~ We thank the Romanian National Agency for Science and
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