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High-spin states and shell structure of the odd-odd nucleus *°Nb
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The high-spin states of the odd-odd nucleus °Nb have been investigated with in-beam y-spectroscopic
techniques via the °Ge('°F, 5n)°’Nb reaction at a beam energy of 80 MeV. y-y coincidences were measured
using a y -ray detector array. Twenty new y rays have been assigned to “’Nb and the level scheme has been extended
up to an excitation energy of 8.095 MeV at spin 18%. The level structure of “*Nb at high spin states has been well
reproduced using semiempirical shell-model calculations in the model space 7 (1p1 2, 0 f5/2, 0g9,2)v(0g9,2). The
results show that the excitation of protons plays an important role in generating the high-spin states of **Nb.
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I. INTRODUCTION

Angular momentum in nuclei can be constructed in two
ways, i.e., intrinsic excitation and collective excitation. The
former is dominated by aligned angular momentum of the
valence nucleons, whereas the latter is formed by motion of
the nucleus as a whole. It is well known that near the proton
and/or neutron magic numbers, angular momentum of the
nucleus is generated mainly by intrinsic excitations.

A number of studies have revealed that the level structures
of nuclei in the N ~ 50, Z ~ 40 region can be well described
by the shell model [1-10]. For low-lying states, taking Sr
as the inert core and the valence nucleons occupying the
(P12, 89/2) configuration space, the results of shell-model
calculations are in good agreement with the observed levels
[3,7,10-12]. For the high-spin states, a larger configuration
space should be involved and even the excitation of the core has
to be taken into account. Therefore, systematic studies of high-
spin states in nuclei near the N ~ 50, Z ~ 40 region may pro-
vide important information on the core excitation mechanism.

The purpose of the present work is to establish the level
structure of the odd-odd nucleus °°Nb at high spin. The
low-lying states of “°Nb had been studied previously [4,6],
and the experimental results are consistent with shell-model
calculations in which the odd-odd nucleus *°Nb, with 41
protons and 49 neutrons, has two valence nucleons outside the
88Sr core, i.e., one proton particle and one neutron hole in gg/»
orbital, respectively. In this article, new experimental results
on the high-spin states of **Nb are presented and compared to
semiempirical shell-model calculations.

II. EXPERIMENTAL METHODS AND RESULTS

The high-spin states of ’Nb were populated via the fusion-
evaporation reaction °Ge('°F, 51)*°Nb at a beam energy of
80 MeV. The '°F beam was delivered by the HI-13 tandem
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accelerator of the China Institute of Atomic Energy (CIAE).
The target consisted of a 2.2 mg/cm? layer of "°Ge enriched
to 96% and evaporated on a 10 mg/cm? lead backing. The
beam energy was chosen to maximize the yield of “°Nb,
which should be about 28.5% of the total cross section as
predicted by the statistical evaporation code CASCADE [13].
y-y coincidence events were collected using a multidetector
array consisting of 14 HPGe detectors, each of which was
equipped with a BGO Compton suppression shield to enhance
the photopeaks relative to the Compton background. In the
detector array, four detectors were placed at 90°, five at about
48°, and five at about 132° with respect to the beam direction.
Each detector had an energy resolution of about 2 keV for
1332.5-keV y rays. The relative efficiency of the detector
array was calibrated using a '3?Eu standard radioactive source
mounted at the target position. A total of 68 x 10°y-y coinci-
dence events were collected in the experiment in event-by-
event mode. After careful energy calibration and gain matching
of each detector, the -y coincidence data were sorted offline
into conventional E, -E, matrices and then analyzed using the
RADWARE package [14] based on a Linux-PC system.

A. The level scheme of *°Nb

%Nb had previously been studied using - and *He-induced
reactions [15] and its level scheme was known up to the 12~
state at 2.487 MeV. The 813-keV y ray, the strongest of “’Nb,
is used as a characteristic y ray in the y -y coincidence analysis
for the identification of the new y rays of "Nb in present work.
The y rays assigned to “°Nb from the present experiment are
listed in Table I and some typical gated spectra are shown in
Fig. 1.

Cascades of y transitions were determined according to the
coincidence relationships and the relative intensities of the
y rays in the gated spectra. The level scheme based on
the present experiment is shown in Fig. 2. In addition to
the 813-keV y-ray, 996, 1067, and 607 keV y -rays reported in
Ref. [15] have been also observed, whereas other transitions
between low spin states, mostly between 81 and 97 states, were
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FIG. 1. Prompt y-y coincidence spectra of °°Nb gated on
(a) 755-keV, (b) 813-keV, (c) 2063-keV, and (d) 1904-keV transitions.
Some of the prominent y rays are labeled with their energies
in kilo-electron Volts. The y rays marked with an asterisk are
contaminations from °'Nb [16].

not seen in our experiment. About 20 new y rays between high-
spin states have been assigned to *°Nb and the level scheme
has been extended up to an excitation energy of 8.095 MeV.
As shown in our level scheme, the 97,117, and 12~
negative-parity states were well established in ¥ Y (e, 3n) and
907r(*He,p2n) reactions [15]. The 12~ state decays via a
607-keV M1 y ray to the 11~ state. The 11~ state was reported
as an isomer with a 440-ns lifetime [15] and is depopulated
by the 1067-keV M2 transition to the 9 state and by the
71-keV E2 transition to the 9~ state. The 71-keV y ray has not
been observed in the present experiment because of the high
threshold set in the electronics. Other y rays and their coinci-
dence relationships have been observed in the present reaction.
All of the positive-parity states above the 97 state are new.
Moreover, instead of the 1173-keV y ray reported in Ref. [15],
a 2063-keV 10" -to-8* transition was observed in the present
work. Note that the 2063-keV y ray should be also attributed
o °IND [16]. The coincidence relationship of the 755-keV
transition with the 813-, 1250-, and 2063-keV transitions, as
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FIG. 2. Level scheme of °*Nb proposed from 80-MeV "°F + 7°Ge
reaction, compared with the results of semiempirical shell model
(SESM) calculations, see text for details.

seen in Fig. 1, and the energy balance between these transitions
also support our assignments.

B. y-y directional correlations

Information on the multipole orders of y rays can be
deduced from the y-y directional correlation of the oriented
state (DCO method) [17]. To obtain the DCO ratios of the
y rays, the data were sorted off-line into an angle-related
E, -E,, matrix by placing the events recorded in the detectors at
90° on the x axis, whereas the events recorded in the detectors
at forward (48°) and backward (132°) angles were on the y
axis. Here the DCO ratio Rpco was defined as follows:

I(x,y) _ LIy (x), vs(M)]e(yy)
Iy, x) LIy, ve®le(y)’

where I, [y (x), y,())] is the intensity of y rays on the x axis
gated by y, on the y axis, I, [y (y), ¥,(x)] is the intensity of
y rays on the y axis gated by y, on the x axis, and &(y;) is the
ratio of the efficiency of y; at 90° to that at forward (48°) and
backward (132°) angles.

The 813.4- and 1067.5-keV y rays were known to be dipole
and quadrupole transitions, respectively, from previous exper-
iments. Starting from these two transitions, the values of the

Rpco =
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TABLE 1. y rays assigned to °Nb in the present experiment, together with their relative intensities, DCO ratios, proposed multipolarities,
the spins of the initial and final states, and the energies of the initial states.

E,(keV)* 1’ Roco® o J7 J7 E;* (keV)
813.4 100(10) 0.50(0.09) M1 9* 8" 813.4
996.3 26.8(5.2) 0.88(0.67) El 9- 9* 1809.7

1067.5 52.1(7.2) 1.48(0.37) M2 1~ 9* 1880.9

1249.9 8.9(3.7) 0.78(0.37) M1 (10 9* 2063.3

2063.3 56.3(7.5) 1.61(0.30) E2 (10%) 8~ 2063.3
606.7 8.1(2.8) 0.72(0.43) M1 12- 11~ 2487.8

1876.6 12.1(3.5) 1.97(1.60) E2 (11" ) 2690.0
626.7 6.3(2.5) 1.30(0.64) E2 (11%) (10%) 2690.0
755.5 65.2(8.1) 1.35(0.51) E2 (12%) (10%) 2818.8
496.0 60.7(7.8) 0.57(0.21) M1 (13%), (12%) 3314.8
678.2 4.5(2.1) 0.22(0.36) M1 (13%), (12%) 3497.0
587.1 5.0(2.5) 0.35(0.29) M1 (137) (127) 3074.9
597.5 8.5(2.9) 0.66(0.35) M1 (147) (137) 36724
660.9 37.6(8.2) 0.43(0.20) M1 (14%) (13%), 3975.7
571.0 14.9(3.8) 0.78(0.52) (E2)f (15%), (13%), 4068.0
446.4 12.8(4.2) 0.56(0.53) M1 (15%), (14%) 4422.1

1694.6 7.0(2.6) 2.23(1.40) E2 (17%) (15%) 5762.6
384.5 5.3(2.3) 0.35(0.25) M1 (18%) (17%) 6147.1

1904.3 3.3(1.8) 0.49(0.31) M1 (157) (147) 5576.7

1774.4 6.6(2.6) 1.66(0.62) E2 (177) (157) 7351.1
743.8 2.1(1.4) 0.71(0.44) M1 (187) (177) 8094.9

*The error of the y-ray energy is about 0.3 keV.

PRelative intensity derived from the total-projection spectrum and some of the gated spectra.
‘DCO ratio Rpco extracted from the spectrum gated on a quadrupole transition.

dTransition multipolarity deduced from the value of Rpco.
°Energy of the initial state.

'The transition multipolarity was assigned by the systemic comparison with neighbor isotones and the shell-model calculation.
&The 128.8-, 281.5-, and 537.5-keV y rays are too weak and are not listed in the table.

DCO ratios of some y rays have been then extracted from the
angle-related E, - E, matrix after careful background subtrac-
tions. The DCO ratios of y rays assigned to “*Nb in the present
work are listed in Table I, where all the values were deduced
from the spectra gated on nearby quadrupole transitions. The
reliability of these analyses has been checked by the prompt
y rays of °»°!Zr whose multipolarities are already known.
For the geometry of our detector array, if the gated y ray is
a quadrupole transition, a DCO ratio about 1.2 is expected
for AJ = 2 transitions and 0.5 for AJ = 1 transitions.

C. The assignment of spin and parity

The spins and parities of the levels in *°Nb are tentatively
assigned according to the DCO ratios. Because electric dipole
transitions are inhibited by a factor of 10* or more [18] in the
mass ~90 region, all the y rays with DCO ratio about 0.5 listed
in Table I have been tentatively assigned to be M1 transitions,
except for the 996-keV y ray that has been already assigned
to be an E1 transition in Y («, 3n) and °Zr(*He, p2n) studies
[15]. The reliability of such assignments has been checked by
systematic comparisons with neighboring isotones and by the
shell-model calculations discussed in next part.

The highest level reported in Ref. [15], whose spin-parity
was not given, is now assigned as 13~ according to the DCO
ratio of 587-keV y ray. Above the 13~ state, five new cascade

transitions, i.e., 597, 1904, 1774, 743, and 281 keV, were
observed for the first time. The coincidence spectrum gated on
the 1904-keV y ray is shown in Fig. 1(d). The spin values of
the new levels were determined from the DCO ratios of the
new transitions to be 147, 157, 17—, and 18—, whereas the
spin of the highest level was not given because the intensity
of 281-keV transition was too weak to be observed in our
experiment.

The level sequence above the 101 state resembles a
sequence in *>Tc. Based on this similarity and the DCO ratios
of the 756, 497-, 660-, and 446-keV y rays, and adopting the
suggestion that E'1 transitions are highly inhibited in the mass
~90 region [18], the levels at 2819, 3315, 3976, and 4422 keV
are assigned as 127, 13T, 14" 15T, respectively. The level that
deexcites by a 1877-keV y ray to the 9" state and a 626-keV
y ray to the 10" state was assigned as 11* from the DCO
ratios of the 626- and 1877-keV y rays.

II1. DISCUSSION: SEMIEMPIRICAL
SHELL-MODEL INTERPRETATION

The low-lying states of *°Nb have been well described
by shell-model calculations [15] using the n(g9/2)3v(g9 /2)
and 7 (p1,2)7 (g9 /2)2v(g9 /2) configurations. To understand the
high-spin states of “*Nb observed in the present work, we have
performed semiempirical shell-model (SESM) calculations
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[19], which allow a truncation of shell-model configuration
into simpler ones, where these simpler configurations cor-
respond to specific levels in neighboring nuclei. In our
calculation, °°Zr was chosen as the core, and the ground
state of “"Nb was considered as one go/proton particle
and one gg;; neutron hole outside the *Zr core, i.e., the
configuration 7 g9/, ® vgg_/lz. The calculations were restricted
in the model space 7 (1pi,2,0fs/2,089/2)v(0g9/2), and only
two-body interactions were taken into account. The single-
particle energies and the residual interaction strength of
particle-particle, particle-hole, hole-hole, and particle (hole)-
core were extracted from the neighboring nuclei *'Nb [16],
907r [71, ¥Nb [5], ¥Zr [20], 7Y [21], 8 Y [21], and ¥7Sr [22].
The calculated results are summarized in Table II.

As an example for negative-parity states, the 127 level is
proposed as a four-quasiparticle state, dominated by the con-
figuration 7 ( pf/lz gg 1) ® vg;/lz. Its energy can be decomposed
as follows:

E[goNb, 127, T892 ® U(pl_/lzgg_/lzds/z)]
= E('Nb, 17/27 wpihed ) + E(VZr, 9/2+, vgsh)

8 172 1721\
92 12 I

+ > (\/(2>< 17/2+ D2L+ 1)

1,=5.4

X A(I7, 7y 5v8s))

2
+ Z (\/(Zx 17/2+ 1)2L + 1) 94/12 91/22 17152 )

1=9,8

X A(I;, ngg/gvg;/lz)

2
I Z (\/(2x17/2+1)(213+1) 952 91/22 17I£2>

;=87
x A(I3, mgopv85)5) — S1 =2.382MeV,

where E is the corresponding level energy and A is
the two-body interaction between the two valence nucle-
ons and can be extracted from the neighboring nuclei as
follows:

- -1 —1 88 — -1 —1
A4, mpipvep) = E(UY. 47, wpypveg))
— E™Zr,9/2%, mgo))
—E(MY,1/27, vpy ) — 82,
_ o 88 _ -1 -
A5, 7tpipveen) = E(C Y, 57, p5v8))
— E™7Zr,9/2%, mgo)2)
89 — —1
—E(TY,1/27,vpi,) — 82,
_ 90 —
A9, wgo/2v890) = E("Nb, 9%, wgo/2v85)5)
— EC'Nb, 9/2%, wg9/2)
89 —
—E("Zr,9/2%, vgy)) — 83,
_ 90 —
A(8". 7wgo/2v855) = E("Nb, 8%, mgo/2vg5)5)
— EC’'Nb, 9/2%, 7 g9/2)
_ E(ggzr, 9/2%, vg;/lz) — 83,
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TABLE II. Dominant configurations proposed from the semiem-
pirical shell-model calculations for the high-spin states in *°Nb
observed in the present work, together with the calculated level
energies.

Jr E.p (keV) Configuration E.ac (keV)
Negative-parity states
11~ 1881 7 (P1)83,) ® v(gop) ™! 1834
12- 2488 7 (P1)h83,) ® v(gop)™! 2382
13- 3075 7 (P1)83,) ® v(gop) ™! 2902
14- 3672 7 (f52832) ® v(gop2)™ 3770
15~ 5577 7gop ®v( f5721 9287/2) —a
Positive-parity states
9+ 813 T892 ® Vgoh 834
10* 2063 (802 ® vgyp: 8%) ®2F 2083
1+ 2690 (802 ® vg5p:97) ®2F 2857
12+ 2819 83, ® Vo) 2850
13+ 3315 83, ® Vo) 3580
14+ 3976 783, ® Vo) 4216
15+ 4422 T8 ® Vo 4489
17+ 5761 T8, ® Vo) 5687
18+ 6145 7 (f52P1285,2) ® V&) 5900

“The energy of the state has not been extracted the absence of the
17/2~ state in neighbor nuclei 3°Zr [21], see text for details.

_ 90 —
A(TF, mg9jv85) = E(TNb, 77, g9 /2v85)5)
— EC'Nb, 9/27, g9/2)
— E(YZr,9/2%, vgyh) — $3.

The mass windows are as follows:

S1 = BC'Nb) + B(¥Zr) — B(®°Zr) — B(*°Nb),
52 = B®Y) + B®zr) — B®Y) — B®7Zr),
$3 = B(*°Zr) + B(®°Nb) — B’'Nb) — B(*°Zr),

and B(X) is the binding energy of the nucleus X. The
calculated energy of 2.382 MeV for the 12~ state is quite close
to that of the experimental value (2.488 MeV). Using the same
method, the configuration 7 (p; 583 ,) ® vgj,» is proposed for
the 11~ and 13~ states and 7 (f5721g§/2) ® v(gy)5) is suggested
for the 14~ state. The calculated results listed in Table II agree
well with the experimental observations. For the 157 state, a
possible configuration is 7 g9/ ® v( fsﬁ gc;/lz g7 /2). Because of
the absence of the 17/2~ state in 3°Zr, we could not extract the
two-body interaction between the neutrons to get a value for
this state. From the calculations for the negative-parity states,
it is noted that the angular momentum of the 13~ and 14~
states arises mainly from the excitation of one proton to the
8o, orbital either from the py, orbital or from the f5, orbital
inside the inner core, whereas the valence neutron hole resides
in the gg» orbital.
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For the positive-parity states, the 107and 11%tlevels are
proposed to result from the coupling of g9/, ® vg;/l2 with
the 2% quadrupole phonon state of *°Zr [7]. Under this
assumption, the energy of the 10" state can be decomposed as
follows:

90 _
E( Nb, 10T, [ﬂgg/z & Vg9/12]; 02 [9OZY]2+)
= EC'Nb, 13/2*, g0y ® 2 + E(V Zr, 13/2%, vg 5, ®2%)
—E("Zr,2%) + AB*. 802 ® vg5)y) —S1 = 2.083 MeV,

where the two-body interaction A8, 7gg/, ® vg9_/12) is the
same as defined previously.

The value of 2.083 MeV for the 10" state is very close
to the present experimental value of 2.063 MeV, as shown in
Fig. 2. This result again confirms the experimental assignment
of 10% level, followed by a 2063-keV y-ray transition to the
8T state. In fact, the shell-model calculations in Refs. [6] and
[18] predicted yrast 107" states lying at 2.123 and 2.025 MeV,
respectively. Our results support the assignment of the 10*
state given by previous shell-model calculations and a more
reliable level energy is given by our calculation. The energy
of the 11 state was calculated using the same method and is
listed in Table II.

For the states above the 117 state, the excitation of proton
particles from the inner core is suggested in the calculations.
The states of 12+, 13™, 147, and 151 were proposed to be four-
quasiparticle configurations rrgg 2 ® vgg_/lz, corresponding to
the excitation of a pair of protons from the inner core to the
8o,2 orbital. The calculated results of these states are listed in
Table II.

The configuration of the 17" state was supposed to be
a six-quasiparticle configuration, ngg 2 ® vgg/lz, the same as
its isotone *?Tc, and its level energy can be calculated as
follows:

E(gONb, 17+, 7783/2 ® vg;/lz)
= E["'Nb,25/2% 7 (g3,,)] + E("Zr, vgy}) — S1
+ A(9T, ngg/zvgg/lz) + A(8Y, ng9/2vg;/12)
+ A(7F, ﬂg9/2vg9_/12).

The three terms of interaction can be extracted as a whole from
the following equation:

92 _
E( Te, 17T, ngg/z ® vgg/lz)
93 91 -
= E[Tc,25/2%,7(85,,)] + E(" Mo, vgg ) — S4
+A(9%, mgo/v85)5) + A(8T wg02v85)))
+ A(7F, 7789/21)89_/12),
where S4 = B(®3Tc)+B(°*'Mo)— B(*>Mo)—B(**Tc).
The 187" state was suggested as a six-quasiparticle config-

uration, 7 ( ]‘5_/2l pl_/l2 gS’ ) ® vgg_/lz, which is analogous to the
27/2% level of °'Nb. The energy of this level was decomposed

PHYSICAL REVIEW C 72, 044322 (2005)

as follows:
E["Nb, 18", 7 (£33 p1/hg3) ® v8sh]
= E["'Nb, 27/2*, 7 (fs2P12852) ] + E("zr, v85/2)
— SU+ A(T7, 7 f5,v855) + A(5™, 7p hveg )
+A(9%, w8o/2v855) + A(8F, mgo2v85)h)
+A(T, m89/2v85)5) = 5.900 MeV.

Here the interactions A(9+,ng9/2vg;/12)

A(8+,ﬂg9/2vg;/12) and A(7+,ng9/2vg;/12) are the same
as defined before and

AT wfsdvegh) = E(UY T wfs dvgs )
— E(89Zr, 9/27F, vgg/lz)

two-body

~E(YY.5/27 nf5)) — S5,
A(S_, npf/lzvg;/lz) = E(SgY, 57, npf/lzvgg/lz)
~ E(Vz1,9/2*, vgy)})
~E(MY., 1727, mpyb) — 5.
with the mass window
$5 = B®zr) + B®Y) — BZr) — B*®Y).

For other even higher spin states, i.e., the levels above
the 187 state, six- or even more quasiparticle configurations,
including excitations across the N = 50 and/or Z = 50 shell
gaps should be involved. The decomposition calculations of
these levels were not successful because of the shortage of the
level information of neighboring nuclei.

IV. SUMMARY

The high-spin states of “’Nb have been studied via the
reaction °Ge('°F,5n)°’Nb at a beam energy of 80MeV.
Based on the measurements of y-ray intensities, DCO ratios,
and y-y coincidences, 20 new y transitions have been
assigned to °Nb and its level scheme has been extended
to high-spin states at an excitation energy of 8.095 MeV
and spin of 187/.The experimental results have been well
reproduced with semiempirical shell-model calculations using
aconfiguration space, w (1p1/2, 0 f5/2, 0g9/2)v(0g9/2), showing
that the excitation of protons plays an important role in the
generation of the high angular momentum in *°Nb. However,
to improve the calculated results for the higher spin levels, a
larger configuration space and greater particle excitation across
the N = 50 and/or Z = 50 shell gaps must be included in the
calculations.
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