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The level structure of the ®*Nb nucleus has been studied with the (¢, p) reaction in *>Nb using a tandem
Van de Graaff accelerator and a multichannel magnetic spectrograph at an incident beam energy of 12 MeV.
Proton spectra are obtained at 12 different angles from 5° to 87.5° at an interval of 7.5°. Measurements of
the proton distributions from the **Nb(z, p)*>Nb reaction were made for the ground and 54 excited states up
to the excitation energy of 3.669 MeV. Absolute differential cross sections for the levels have been measured.
The experimental angular distributions are compared with the theoretical distorted-wave Born approximation
calculations to determine L values and J* values. The level structure of **Nb is compared with previous results.
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I. INTRODUCTION

The region of neutron-rich isotopes around A = 100 is
of substantial interest because of the interplay between shell
effect and the pairing force. The nuclear properties of the
neutron-rich odd “Nb nucleus have been investigated with the
(*He,d), (d,*He), (, 2p), («, t) and (¢, ) reactions [1-5] and
from the decay of 957y [6]. The nuclei Sr, Zr, Mo, and Ru exist
in the transitional region because of the transition in shapes
from spherical to deformed [7—10]. This state of affairs should
be reflected on the niobium nuclei because of their position
near the center of the region of transition [5,11,12].

The study of the nuclear structure of these neutron-rich
nuclei is being augmented from both the theoretical and
experimental view points because they belong to a new region
of deformation [13,14]. The nuclei in this region significantly
change their shape from spherical to deformed as a function
of increasing neutron number. The theoretical suggestions
indicate that the tendency toward deformation in this region
may be dominated by a strong isoscalar residual interaction
between particles in the 1g9/, proton orbital and the 1g7/,
neutron orbital [15,16]. Thus, these nuclei demonstrate a
different characteristic feature from the adjacent nuclei. It
is possible to investigate these with the aid of two-nucleon
transfer reactions. These reactions exhibit a strong selectivity
based on the degree to which the transferred nucleons are
correlated in the final state [17]. The (¢, p) reaction is more
attractive than the other two-nucleon transfer reactions since
two neutrons must be captured with S = 0. This reaction is a
useful probe for examining the details of the nuclear structure
from shell-model and pairing-multipole viewpoints. Neutron-
rich nuclei not easily accessible through other reactions can be
formed with this reaction.

Bhatt and Ball [18] calculated the level structure of the
%Nb nucleus considering the residual interactions of protons
in the 1g9/> orbit and neutrons in the 2ds;, orbit outside the
semiclosed core of %°Zr. In addition, Vervier [19] included
particles in the 2p;,, orbit, but their calculations were not
beyond 2.00 MeV. Gloeckner [20] also calculated the level
structure up to an excitation energy of 1.657 MeV by taking
a 88Sr core with protons filling the (2p; 12, 189/2) levels and
neutrons the (2ds/,, 3s9,») levels.
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The review of the experimental and theoretical studies
reveals that the attention paid to odd A niobium isotopes
was much less than that given to the neighboring nuclei. In
particular, no attempt had been made to investigate the nuclear
properties of the > Nb nucleus using the (¢, p) reaction. The
angular distributions of the observed levels in the present
experiment have been measured for a wider range of angles
up to 87.5° and are analyzed by using the distorted-wave Born
approximation (DWBA) calculations.

II. EXPERIMENTAL PROCEDURE

A beam of tritons from the tandem Van de Graaff accelerator
at the Atomic Weapons Research Establishment (AWRE),
Aldermaston, was used to bombard the >Nb target, and the
reaction product protons were analyzed with a multichannel
magnetic spectrograph in an 11.15 kG magnetic field [21]. The
instrument permits the simultaneous recording of 24 energy
spectra in the angular range 5° to 175°. The integrated beam
current was 10000 pC. The triton beam was focused as a
rectangular spot 1.5 mm wide and 1.0 mm high on the target.
Protons were detected by means of Ilford K2 emulsion plates
50 pum thick mounted in the focal plane of each channel.

The Nb(t, p)*Nb experiment was carried out at an
incident triton beam energy of 12 MeV using a target
approximately 250 pg/cm? thick. The target obtained from
Oak Ridge National Laboratory was self-supporting and
isotopically 100% enriched. The energy resolution of this
reaction was ~15 keV (full width at half maximum). The
measurement was made at 12 angles between 5° to 87.5°.

Polythene absorbers 0.25 mm thick were placed in front of
the emulsion in the (7, p) experiment to stop particles other
than protons and to improve the quality of the proton tracks.
The emulsion plates were taken out from the spectrograph
after completing the exposure and then were developed using
the standard method [22]. The Q values were obtained from
the input plate position of proton groups at four different
angles (35°, 42.5°, 50°, and 65°) using a computer program.
The excitation energy of a particular group was measured by
subtracting the Q value of that group from the Q value of the
ground state. The excitation energy quoted for each level is the
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TABLE 1. Triton and proton optical-model parameters used in the DWBA calculations.

Particle \%4 o ay w

r a

Vi 1% Ty a

(MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (MeV (fm) (fm)
t 157.10 1.241 0.667 16.50 1.530 0.798 8.340 1.018 1588 0334
p 56.81 1.17 0.75 0.0 1.32 0.59 6.20 10.21 1.01 0.75

mean of the excitation energies at those angles. Absolute cross
sections for the elastic triton data were obtained by normalizing
the (¢, ) angular distributions to the cross sections predicted
by the optical-model calculation that produced the best fit to
the experimental data. The cross section for the ground-state
transition of the **Nb (¢, p)*’Nb reaction was measured in
a separate short exposure by recording the proton group in
the bottom half of the plate as the elastically scattered triton
group was being recorded on the top half of the plate of the
%Nb (¢, t)*>Nb exposure. The result was finally normalized to
the ground-state count of the **Nb (¢, p)*>Nb long exposure
to obtain the absolute differential cross section for different
levels in the > Nb nucleus.

III. DWBA ANALYSIS

Distorted-wave Born approximation (DWBA) calculations
were carried out using the computer code DWUCK4 [23]. The
optical model potential was of the form

Ur)=V(r) = VA +e) " +4iwd/dx'(1 4 &)
+ () mac)’r ™ (Voo + iWio)xd /dr(1 4 &%) ' -1,

where x = (r — rgA'3)/ag, x' = (r —rA'?)/a;, xs = (r —
ryAY3) /as, and o is spin of the incident particle. The Coulomb
potential V,.(r) is due to a uniformly charged spherical nucleus
of radius R, = r.A'/3 and charge Z. The Coulomb radius was
1.3 A'3 fm. V and W are the depths of the real and imaginary
potential wells, roA'/3 is the mean radius of the well, and a
is a measure of surface diffuseness. Optical-model parameters
summarized in Table I were obtained from the analysis of
elastic scattering of tritons [24] and protons [25].

The DWBA program was run for different L transitions
with 0< L <5 for the levels in the energy range 0.000—
3.669 MeV. The L value of each transition was determined on
the closeness of the DWBA fit to the experimental points. The
angular distributions corresponding to an L value transfer of 0
are forward peaked with a secondary maximum around 32.5°.
The angular distributions for L = 1, 2, 3, 4, and 5 transfers are
peaked at 12.5°, 20°, 30°, 37.5°, and 47.5°, respectively.

IV. RESULTS AND DISCUSSION

The energy level spectra for the > Nb nucleus have been
obtained from the >Nb (¢, p)>Nb reaction. Energies of the
55 levels (0.000-3.669 MeV) with their uncertainties are
presented in Table II. This table also contains values of
L transfers, J™, and previous results. A typical proton energy
spectrum measured at an angle of 50° to the incident beam
direction is shown in Fig. 1. The mean ground-state Q value

was found to be 7.897 £ 0.012 MeV. The angular distributions
are shown in Fig. 2, where smooth curves represent the
prediction of DWBA calculations. The angular momentum L
has been assigned by comparing the shape of the experimental
angular distribution with the calculated one. The agreements
between the measured angular distributions and theoretical
predictions are satisfactory, and the L values and parities of 50
levels have been assigned unambiguously.

The initial spin and parity of the target nucleus **Nb are
known to be 9/2%. In the (¢, p) reaction, the L value of
the transferred particles plays a vital role in determining the
spin and parity of the state of the residual nucleus as the
two identical particles must be in a spin of antisymmetric
state (S = 0). The L = 0 transfer can populate only a 9/2*
state in ®Nb. In principle, L = 1,2, 3, and 4 transfers can
populate states with J™ = (7/2 — 11/2)~, (5/2 — 13/2)%,
(3/2 — 15/2) and (1/2 — 17/2)%, respectively.

The following levels in the excitation energy region up to
3.669 MeV are observed to exhibit an angular distribution
characteristic of L = 0 transfer: 1.088, 1.268, 1.337, 1.565,
1.658, 1.903, 1.958, 2.018, 2.637, 2.765, 2.947, 3.111, 3.149,
3.196, 3.307, and 3.358 MeV. Since the ground state of SBNb
is 9/2%, these L = 0 transitions uniquely identify the above
levels as 9/2.

0.805 MeV level. The 0.805 MeV level populated in the
present work is assigned J7 =(5/2 — 13/2)". The J”™ value
of the level at 799.5 keV was reported as 3/2~ in NDS [26],
which does not agree with the observed values.

1.088 and 1.268 MeV levels. These levels are assigned the
definite J” value of 9/2%. The level at 1088 keV from the
9Mo(d, a)”Nb reaction was reported in NDS [26] without
any spin assignment. The level at 1273.8 keV reported in NDS
[26] was assigned 5/27, which is not in agreement with the
present value.

1.518 MeV level. The level at 1514 keV reported in NDS
[26] was not assigned a spin value. This level is assigned
J™ = (5/2 — 13/2)* in the present work.

1.658 and 1.903 MeV levels. The transitions to these levels
exhibit angular distributions with L = 0 shapes, and they
are assigned the definite spin value of 9/2%. The levels at
1662.8 and 1903.10 keV from the (¢, o) reaction reported in
NDS [26] were assigned J* = (5/27) and J* = 3/2*, 5/2%,
respectively.

2.052 and 2.165 MeV levels. The predictions of L =3
transfer fit the angular distributions of 2.052 and 2.165 MeV
levels. Flynn et al. [5] identified these levels, but their
assignments J* = 3/2%, 5/2" are not in agreement with our
values J* = (3/2 — 15/2)".

2.305, 2.362, and 2.390 MeV levels. In the present experi-
ment, we observed these levels, and their angular distributions
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TABLE II. Results of the *Nb(¢, p)*Nb reaction and Previous results.

Group no. Present experiment Previous results [26]
Energy (MeV) L JT Energy (keV) JT
0 0.000 0 9/2* 0 9/2*
1 0.260 £ 0.005 235.68 1/2-
724.202 712+
730.6 (5/2)*"
2 0.767 £ 0.007 2 (572 = 13/2)* 756.732 7/2+
3 0.805 £ 0.005 2 (5/2 — 13/2)* 799.5 3/2~
4 0.877 £ 0.007 2 (5/2 — 13/2)*
5 1.009 + 0.010 1011.8 (5/2)~
6 1.088 £ 0.011 0 9/2* 1088
7 1.149 £ 0.011 2 (5/2 — 13/2)*
8 1.216 £ 0.007 1 (7/2 — 11/2)~ 1219.6 3/2-
9 1.268 £ 0.007 0 9/2+ 1273.8 512~
10 1.337 £ 0.009 0 9/2*
1364.8
11 1.394 £ 0.009
1430.12 3/2%)
12 1.464 £ 0.005
13 1.518 £ 0.008 2 (5/2 — 13/2)* 1514
14 1.565 £ 0.008 0 9/2*
1589.8 3/2-
1590.8 3/2+,5/2F
15 1.616 =+ 0.008 4 (172 > 17/2)* 1623.12 32+, 5/2F
1645.8 1/27,3/2~
16 1.658 £ 0.008 0 9/2* 1662.8 (5/2)~
1710.10 (7/2%)
17 1.730 £ 0.007 2 (572 = 13/2)*
18 1.767 + 0.004 1 (7/2 — 11/2)~
1813.6 5/2*
19 1.847 £ 0.002 2 (572 = 13/2)*
20 1.903 £ 0.015 0 9/2* 1903.10 3/2+,5/2F
21 1.958 £ 0.009 0 9/2* 1972.8 -
22 2.018 £0.016 0 9/2*
23 2.052 £ 0.006 3 (3/2 - 15/2) 2058.10 32+, 5/2F
24 2.100 £ 0.009
2135.14 32+, 5/2F
25 2.165 £ 0.011 3 (3/2 - 15/2) 2172.8 3/2+,5/2F
26 2.200 £ 0.005 2 (5/2 — 13/2)*
27 2275 +£0.014 4 (172 - 17/2)*
28 2.305 £ 0.014 2 (5/2 — 13/2)* 2302.8 512~
2328.12 1/27,3/2~
29 2.362 £ 0.004 2 (572 - 13/2)* 2373.8 (1/2%)
30 2.390 £ 0.007 2 (5/2 — 13/2)* 2383.8 172~
2414.8 (3/2%)
31 2.435 £ 0.006 2 (5/2 — 13/2)+ 2431.8 3/2%,5/2%)
32 2.486 £ 0.007 3 (3/2 - 15/2)" 2481.12 527,72
33 2.536 + 0.004 2 (5/2 = 13/2)* 2540.20
34 2.586 £ 0.002 4 (1/2 - 17/2)* 2599.8 512~
35 2.637 £ 0.004 0 9/2* 2632.8 3/21)
2670.8 (5/27)
36 2.706 £ 0.002 2 (5/2 — 13/2)*
2724.8 512~
37 2.765 £ 0.004 0 9/2* 2768.8 3/2-
2786.15 5/27,7/27
38 2.817 £ 0.006 3 (3/2 - 15/2) 2815.8
39 2.888 £ 0.006 2 (5/2 = 13/2)* 2896.8
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TABLE II. (Continued.)

Group no. Present experiment Previous results [26]
Energy (MeV) L J* Energy (keV) J*
40 2.947 £+ 0.006 0 9/2* 2977.10 3/2%, 5/2F
3039.8
41 2.993 £+ 0.005 4 (172 - 17/2)*
42 3.045 £+ 0.007 3 (3/2 = 15/2)~
43 3.111 £ 0.010 0 9/2* 3110.20
44 3.149 £ 0.003 0 9/2*
45 3.196 £ 0.015 0 9/2*
46 3.233 +0.009 4 (1/2 — 17/2)*
47 3.307 £ 0.007 0 9/2*
48 3.358 + 0.006 0 9/2*
49 3.408 £ 0.008 4 (1/2 - 17/2)*
50 3.481 £+ 0.007 4 (172 - 17/2)* 3510.20
51 3.545 +£0.003 4 (1/2 — 17/2)*
52 3.585 +0.008 2 (5/2 > 13/2)*
53 3.625 £ 0.005 4 (172 - 17/2)*
54 3.669 £ 0.009 2 (5/2 — 13/2)*
- oo 0=
x 4
= N
0 ]
€ ]
E 4
0 A
N 200
o —
Pl i
= ]
& N
2] d
z
3 2
5 ]
x 4100 —
o =
& 4
w -
@ ]
W -
m
= ]
D -
z 0 J
2538 2638 2738 2838 2938 3038
POSITION ALONG THE PLATE
300

NUMBER OF PROTONS PER 0.25mm STRIP

FIG.

40

200

100

— S -
2230 2330
POSITION ALONG THE PLATE

1. Energy spectrum of protons emitted at 50° from the bombardment of “>Nb with the 12 MeV triton.
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FIG. 2. (Color online) Angular distributions for the transitions to the > Nb levels whose excitation energy (MeV) and L transfer value are
indicated. Experimental cross sections are shown as points with error bars. Solid lines are results of DWBA calculations.

are reproduced by L =2 transfers, J* = (5/2 — 13/2)*.
Flynn et al. [5] assigned 5/2~ to alevel at 2302.8 keV and 1/2~
to a level at 2383.8 keV, Zisman et al. [4] assigned doubtful
1/2* to a level at 2373.8 keV.

2.586 MeV level. This level is assigned J* = (1/2 —
17/2)*. The level at 2599.8 keV with spin 5/2~ from the (¢, o)
reaction was reported in NDS [26], which does not agree with
the observed values.

2.637 and 2.765 MeV levels. These levels are assigned
definite spin and parity values of 9/2" due to L = 0 transfer.
Flynn ef al. [5] assigned doubtful 3/27 to a level at 2632.8 keV
and 3/27 to a level at 2768.8 ke V.

2.817,2.888, and 3.111 MeV levels. The levels at 2815.8,
2896.8, and 3110.20 keV were reported from the (¢, «) and
(®He,d) reactions in NDS [26] and the J™ values were not
assigned to these levels. Our measured angular distributions for
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FIG. 2. (Continued.)

the levels at 2.817,2.888, and 3.111 MeV are well reproduced emulsion disturbances. The levels at 1364.8 and 3510.2 keV
by the L = 3, 2, and O transfers, respectively.

The angular distributions of the levels at 0.260, 1.009, predicted, are not observed in the present work. These might
1.394, 1.464, and 2.100 MeV could not be shown because be unnatural parity states because an unnatural parity state
sufficient data could not be obtained at different angles due to cannot be excited in the (¢, p) reaction [27]. The large number

reported in NDS [26], whose spin values have not been
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FIG. 2. (Continued.)

of states in the final nucleus are described by a single
L transfer. This feature might be due to a particle vibration
weak coupling structure, where the transfer in the odd-mass
nucleus is characteristic of the transfer to the corresponding
vibration in the even-even core [28].

The experimental level scheme obtained in the present in-
vestigation is shown in Fig. 3 together with the theoretical level

schemes of “Nb calculated by assuming proton occupation of
the pi,» and gos, orbitals with a 83r closed core [19,20].
As seen in this figure, the experimental levels are not well
reproduced by the calculations. There is general agreement on
the spin of the ground state. The levels at 0.767, 0.805, and
0.877 MeV are assigned J* = (5/2 — 13/2)* values in the
present work. Gloeckner [20] predicted the levels at 0.756,
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FIG. 5. Systematic lowering of 9/2 7 states in odd Nb isotopes.
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(62 FIG. 4. Low-lying level schemes in odd Nb isotopes.
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7/2"
172

92"

range. The level at 1.088 MeV is assigned 9/2% in this
work. Gloeckner [20] predicted the 9/2% value to a level at
1.100 MeV. The prediction of the 17/2" assignment to a level
at 1.606 MeV agrees with our observed J* = (1/2 — 17/2)*
at 1.616 MeV. The even-even Zr and Mo nuclei form a smooth
progression from symmetric rotor to vibrational structure
if one considers the ground-state band in '2Zr and '“Mo
together with the first excited 0™bands in the progressively
lighter Zr and Mo nuclei, respectively [27,29]. Coexistence of
spherical and deformed properties plays a vital role in these
isotopes. Strong mixing between these coexisting states might
be expected to occur at low excitation energies, leading to large
perturbation in the level density, level energies, and decay
properties. A similar picture could also be valid in the Nb
nuclei as they lie with the Zr, Mo nuclei in the same region.
In Fig. 4, we show the level scheme obtained in the present
experiment with the level schemes of °*°7°Nbnuclei in the
low-lying region [4,5]. It is seen that compression in the energy
levels occurs suddenly in *’Nb, which may be an indication
of a tendency toward deformation. It is worth examining the
systematics of the low-lying 9/2%states among the four odd
Nb isotopes. This is shown in Fig. 5, where the states of
these spins are plotted with the neutron number. The 9/2%
states show the systematic trend toward lowering energies as
a function of increasing neutron number. This characteristic
feature indicates that > Nb exists in the transitional region. The
shape transition from spherical to deformed occurs gradually
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as Z increases [10]. The Mo isotopes show rapid transition
in shapes as a function of increasing neutron number [8,30].
The tendency of deformation was even more noticeable in the
Tc isotopes [31]. It is useful to compare the structure of *>Nb
with the structure of its isotone %TCM.

V. COMPARISON WITH THE LEVEL
STRUCTURE OF ¥ Tcs4

An attempt has been made in Fig. 6 to compare the
level scheme of the odd-mass j;Nbssobtained in the present
investigation with that of its isotone Zch54.The data on " Tc
have been taken from Kajrys et al. [32]. Both nuclei have the
same ground-state spin and parity, 9/2". The 9/2% spin of the
ground state in > Nb is explained by the shell model which
predicts that the 13 protons outside the 28 protons magic shell
fill up the 2])3/2, 1f5/2, 2p1/2, and 1g9/2 shells. Hence, the
ground state of *>Nb shows a proton configuration (2p;,2)%,
(1go /2)1. If more protons are added, the shell model predicts
that protons start filling the 1g9/> shell up to its capability.
A similar situation exists in *’Tc, where the ground-state
configuration is 2p? ,, 1g3 ,. There are two excited states in
both nuclei at 1.903 and 1.958 MeV, which display spins of

9/2*. The energy levels in *’Tc are closely spaced, and the
first and second excited 9/27 states lie at much lower energy
levels than those in > Nb. In addition, the first negative parity
state occurs at a much higher energy in *Nb than it does in
97Tc. The observed level scheme of *>Nb seems to exhibit the
tendency of deviation of shapes from sphericity.

VI. CONCLUSION

The level structure of “Nb has been studied up to
3.669 MeV with the **Nb(z, p)*Nb reaction. A number of
new energy levels have been found, and spin assignments
were made for many of them. These results clearly indicate
the effectiveness of the (¢, p) reaction in populating the states.
The systematics in energy of 9/2" states in Fig. 5 indicates
that the > Nb nucleus may belong to the transitional region
that exists near A = 100. The experimental levels are not well
reproduced by the theoretical investigations. The attention
given to the odd niobium nuclei either theoretically or
experimentally is much less than that given to the nuclei in
the region near A = 100. It is desirable to perform more work
on niobium nuclei with as many techniques as possible.
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