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Abstract: The level structure of 87Nb has been studied through .8-decay of s'Mo activity produced by
the 58Ni(32S, 2pn) reaction and through in-beam y-ray measurements in the 58Ni(32S, 3py)87Nb
reaction . In the ß-decay study, the decay scheme of8'

	

o is constructed firstly from y-ray energies,
intensities of y-rays and conversion electrons, and yy-, ßy- and y(ce)-coincidence relations. Spins
and parities of the low-lying states of 87Nb and 87Zr were also investigated. In the in-beam study,
intensities, coincidence relations and angular distributions of -y-rays were measured in coincidence
with charged particles evaporated from the compound nuclei. Then high-spin states of J' .< (232 +)

in 87Nb were established in this study. Systematic behavior in the level structures ofN = 46isotones,
and the comparison between those of 85Y and 87Nb, are discussed .

RADIOACTIVITY 87Mo [from 58Ni(32S, n2p)]; 87,87mM [from s8Ni(32S, 3p), E =
105 MeV]; measured E,� I,� T,/2, I(ce) . 87Nb deduced levels, J, ir. Enriched target, Si(Au)

detector, intrinsic and GAMMA-X Ge detectors, plastic scintillator.
NUCLEAR REACTIONS 58Ni( 32S, 3p), E =103 MeV; measured E,� I,� I,,(®), (xpya)y-,
and (2p+3p) yy-coin. 87Nb deduced levels, J, 7r, S. Enriched target, Ge, S: detectors.

. Introduction

interesting features of the neutron deficientRecent studies have reveal-.d many
nuclei in A= 80- 90 mass region . Nuclei of N = 50 and 48 appear to be spherical,
while N = 42 nuclei appear to be well deformed. Previously studied N = 46 and 44
nuclei, which lie between these extremes, have shown both vibrational and rotational
characters . Behavior of the yrast line of N = 46 nuclei exhibits characters of shape
transitions . Thus it is of interest to study the level structure of 81Nb which is one
of N=46 nuclei.

Decay schemes'-3 ) of an isomeric pair (2- and 2+) in 87Nb have been proposed .
However, the spins and parities of this isomeric pair have not been established and
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it is undefinable which state of the pair is a ground state. Only two gamma rays
'263 and 397 keV) following the dec,-ly of 17MO produced by the s8Ni(32S, 2pn)
reaction have been reported by Korschinek et al. 2), Della Negra et al. 3) and Hagberg
et A 4) . The half-life (15 =1: 2 s) and QEC value (6.38i: 0.31 MeV) of the .8+ decay of
s' o have been also reported in these works. But decay scheme of 87Mo from
,8-decay measurement and level scheme of 87Nb from in-beam experiment have not
been reported yet .

In the present work, the low-spin states in 87Nb were investigated through the
-decay of 87MO which is produced by the 53Ni(32S, 2pn) reaction at 105 MeV.
oreover, the high-spin states of 87Nb, which is produced by the 5'Ni(32S, 3p)

reaction at 103 MeV, were studied by in-beam spectroscopy .
In this paper, the new level scheme of 87Nb is reported and discussed about

systematic change of nuclear structure in this region and comparison of the band
structures of 87Nb and 85Y [ref. $)1 .

2.1 . BETA-GAMMA STUDY

e radioactive isotopes of 87Mo and 87Nb were produced by the
58Ni(32S, 2pn)s7 o and 53Ni(32S, 3p)87Nb reactions, respectively . The 105 MeV 32S
beam wzs supplied by Kyushu University tandem electrostatic accelerator. Targets
of 1 .4 and 1 .7 mg/cm 2 thickness were prepared by electroplating enriched S8Ni
material (99.76%) on 2 mg/cm` gold foils .
A rotating disk isotope-transport system 6) was used to observe decay of the

isotopes . e system consists of an aluminum vacuum chamber, a stepping motor
and a 0.1 mm thick aluminum rotating disk, which is 22 cm in diameter. The target
was mounted at 2.5 mm in front of the disk . The reaction products are implanted
in gold foils attached to the disk. Then the activities are transported to a counting
position within 0.15 s by 90° rotation of the disk . Gamma, 13- and X-rays, and
internal conversion electrons were measured at the counting position . Operation of
the system was controlled by a microcomputer .
Gamma rays from the activities implanted in the disk were deteued through the

aluminum window of 0.3 mm thickness by an intrinsic Ge detector of 1 .9 keV
resolution (F ) at 1 .33 eV and 16.7% relative efficiency . The detector was
placed at 5.5 mm from the disk . Energy and efficiency calibrations were carried out
with standard sources of 6°Co, 57Co, '37Cs and 22Na.

Internal conversion electrons were measured by an 1 .2 mm thick Si(Au) detector
of 2.0 keV resolution (F M) for 59.54 keV y-ray. This detector was placed at
10 mm in front of the rotating disk and operated in the vacuum chamber. In order
to determine the internal conversion coefficients of various transitions in 87 Nb and
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87Zr, the y-rays and the internal conversion electrons were measured simultaneously.
The efficiency ofthe Si(Au) detector was calibrated by measuring internal conversion
electrons from '. 137CS source.

In yy-coincidence measurement, the intrinsic Ge detector and a GAMMA-X Ge
detector were placed on each side of the disk at the same distance of 12 mm. The
GAMMA-X Ge detector has 1.9 keV resolution (FWHM) at 1.33 MeV and 18%
relative efficiency . To measure low-energy radiations, a 0.03 mm thick aluminum
foil was used for the vacuum-chamber window . Energy signals from the detectors
and time-interval signals from a time-to-amplitude converter were recorded with
detected times of coincident events in 4-dimensional list mode. About 1 .46 million
events were accumulated and subsequently analyzed off line .

In ßßy-coincidence measurement, the intrinsic Ge detector was replaced by a
52 mmx60 mm plastic scintillation detector. Energy loss ofpositrons in the window
was less than the experimental uncertainty, and was thus neglected in the analysis .

2.2. IN-BEAM STUDY

The levels in g'Nb were populated in the 58Ni(32S, 3py)g'Nb reaction at the
bombarding energy of 103 MeV. A target of 10 mg/cm2 was made by electroplating
58Ni material enriched to 99.76% on a gold foil of 20 mg/cm2. Although y-ray
spectrum from the 58Ni +32S reaction is complex, gamma rays from 87Nb were
identified by (charged particles) y-coincidence technique which makes it possible
to determine the charged-particle multiplicity.
An array of charged-particle detectors, named Si Ball 7) was used for the particle-

y-coincidence measurements . Si Ball consists of 11 ion-implanted Si detectors . Each
Si detector has a pentagonal shape and is divided into two parts . The Si Ball can
thus be operated as an 11 or an 11 x 2 detector array. The Si detectors (170 pm
thickness) were arranged on a dodecahedron and the target was mounted at the
center ofthe dodecahedrf:)n . This arrangement of the individual detectors constitutes
the Si Ball which works as a very efficient multiplicity filter for protons and alpha
particles . A drawing of the Si Ball is shown in fig. 1 .

In the present measurement, 17 (out of 22) detector elements of Si Ball were
used : six detectors in front side of the target in two-segment mode and the rest in
one-segment . Each of the 17 detectors had nearly the same counting rate . The total
efficiency of Si Ball was estimated to be 68% and 38% for evaporated protons and
alpha particles, respectively. Loss of efficiency is mainly due to attenuation in the
target, target backing and target holder.
The thickness of the target and gold backing were chosen to stop projectiles and

reaction products but pass the protons and the alpha particles from the fusion
reaction . The GAMMA-X Ge detector was placed at 90° to the beam direction and
at a distance of 9 cm from the target. Data were accumulated in list mode and
subsequently analyzed off line .



214

Fig . 1 .

istributions ofthe y-rays were
ure spectra of /-rays from "
protons. Another

'for the 1 .33
c -_:n fr

r
I

(charge
e

3.1 . THE

e cross-sectional view of the Si

liza
er t

etect

OJECTILE

e
eV y-ray and 201/o relative e

the target and moved at 10'. 30', 45"S 60* and 90* to the beam direction.
e detector mentioned before was kept at 2700 to the beam direction

on.
obtain cascade relations of the y-rays from the excited states of 87Nb,
isle) yy-coincidence experiment were carried out using two GtrMMA-
rs and Si Ball.

ECAY STUDY OF 87MO

I

	

in W al. /W

TARGET

PENTAGONAL Si DETECTOR

10 (cm)
1

all system which is used to measure the charged-particle
multiplicity.

assured to determine the multipolarities .
it was necessary to gate with three
detector with 1.95 AV resolution

ciency was placed at a distance

IN

SIGNAL
OUTPUT

3.1.1 . Assignment of y-rays. Gamma rays following the decay of 87MO produced
through the $" i(32S, 2pn) reaction were measured in singles and fly-coincidence.

e y-ray spectrum projected from 8y-coincidence matrix is shown in fig . 2 . The
coincidence matrix results from many cycles of 10 s irradiation and 40 s counting .

e 201.0 and 471 .0 AV y-rays shown in fig . 2 have been previously assigned to
the .8-decay of 87M [refs . 1-3 ' g)] . The 436.0 AV -y-ray was assigned to the ß-decay
of 42mSC, which was produced b 32S+ 12C (carbon is a contaminant in the target) .
my two y-rays of263.0 and 396.8 AVhave been assigned previously to the ,8 -decayof 87MO [refs . 2,3)] .

From analyses ofdecay curves ofthese

	

rays, thehalf-life of87MO was determined
to be 14.5 _:E 0.3 s, which agrees with previous results [ 15 ±: 2 s, see refs . 2-4)]. A half-life
of 1319 AV y-ray was determined to be 14.2 + 1 .0 s. From this value, it seems that
the -y-ray is fed by decay of 8'

	

o. Since intensity was very weak, the half-life of
3310 AV y-ray was not determined.
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CHANNEL NUMBER

Fig. 2. Projecicu Jpccilll~ ill y fayi uutaiatcu xivnt p Y-witn.�tcuvc t"c4bu cïIca Iii wa"a .ta aaxt~itic,
were produced by 58Ni+ 32S (105 MeV) reaction. The irradiation and measurement times were 10 and

40 s, respectively. Peaks are labelled by their energies in keV

Presently, the observed intensity ratio of K,,, 1 (68.80 keV) and

	

a2 (66.99 keV)
X-rays of Au, which is the catcher material of the rotating disk, was not consistent
with the established value 9). This inconsistency may be due to the presence of the
67.0 keV y-ray overlapped with the I{r2 X-=sy . The presence of the 67.0 keV y-ray
was shown in yy-coincidence measurement.
3.1.2. -y-y- and ßy-coincidence measurements. In the yy-coincidence measurement,

the irradiation and counting times were 10 and 30 s, respectively. A coincidence
spectrum gated by the 263.0 keV y-ray is shown in fig . 3 . The 67.0 and 133.9 keV
-y-rays appear in the spectrum, thus they are assigned to the 87 o decay. However,
no -y-rays were observed in coincidence with the 396.8 keV y-ray.
The end-point energy of positrons following the decay of 87MO was deduced from

the analysis of a positron spectrum measured in coincidence with the 263.0 keV
-y-ray. Beta-energy calibrations were carried out using the 83Zr, 83Y and 82Y sour-
ces 1° ) . The end-point energy of the positrons in coincidence with the 263.0 keV
-/-ray was determined to be 5.3 f0.3 eV, which deduced a QEC value of 6.6 :E
0.3 MeV for 87Mo. This QEC value is in agreement with the previous result, QEC =
6.38 :0.31 MeV [ref 3)), within the experimental uncertainty .

To ob`: .ir. absolute intensities of the y-rays following the decay of g'

	

o, intensity
ratios of the y-rays to the annihilation radiations were measured.

	

e irradiation
and measurement times of 30 and 400 s, respectively, were selected and the activities
were covered by aluminum stopper with 14 mm thickness to stop all positrons 11 ).
Thus the y-ray intensities via the decay of 87MO were determined . Energies, relative
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Fig. 3. Gamma-ray spectrum obtained in coincidence with the 263.0 keV y-rays . The background has
been subtracted.

sities and half-lives of the y-rays following the decay of 87Mo are summarized
e 1, together with values from previous works 2,3) .

3.1.3. Measuremcast of internal conversion "wns. Singles spectra of internal
conversion electrons are shown in fig. 4. The K-conversion coefficients of the 135.0

201 .0 keV transitions following the decay of 87Nb and the 263.0 keV transition
ing the decay of 87MO were determined to be 2.02=0.12, 0.049t0.005 and

0.016--±:0.003, respectively . Comparison between the experimental and theoretical
values is shown in fig. 5. From this comparison multipolarities of the 135.0, 201 .0
and 263.0 keV y-rays were determined to be E3, MI+E2 and M1, respectively.

ese results an summarized in table 2.

Gamma rays from the decay of87MO

CHANNEL NUMBER

TABLE I

Energy
(keV)

Present

relative
intensity

work

T1/2
(S)

Negra,

relative
intensity

et aL

TI/2
(S)

Korshineck et A

relative
intensity TI/2

(S)

67.0(3) 0.7(6)
133.9 (i) 6(3) 14.2(10) -
263.0(1) 100(1) 14.3(3) i00 15(2) 14.1(2)
334.0(4) 4(3) - -
396.8(1) 37(5) 14.7(5) 38 15(2) 12.4(5)
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Fig. 4. Singles spectra of internal conversion electrons following the decay of 87Nb (a) aid 87Mo (b) .

The irradiation and measurement times were selected 200 s for the 8'Nb case and 10 s for th! 8'?~Io case .



Fig. 5 . Comparison between experimental and theoretical values of K-conversion coefficient for
Z = 40 (a) and for Z = 41 (b).

3 .2 . IN-

102

EAM STUDY OF 87Nb

3.x.1 . Assignment ofy-rays. Gamma-rayspectra from the 58Ni(32S, xpy) reaction,
gated by 1, 2, 3, and 4 protons are shown in fig. 6. Most of y-rays, in these spectra
were firstly observed. The figure demonstrates clearly the channel selectivity of the
particle-y-coincidence technique.

amma rays from the 3pn and 4p, as well as 3p cnannel could be present in the
3p-gated spectrum . But the y-rays from the 3pn and 4p reaction channels do not
contaminate the 3p-gated spectrum because of the small cross section. From intensity

E,y(keV)

	

E-f(keV)

TABLE 2

Conversion coefficients for 8'Zr and 8'Nb

Energy
(keV)

Conversion

K-shell

coefficient

L +M shell

KI(L+M)
ratio

Mixing
ratio Multipolarity

87ZIr 135.0(1) 2.02 (12) 0.71(6) 3 .02(3) E3
2ù1 .0 (5) 4.9 (5) x 10-2 7.3 (7) x 10-3 7.07 (36) 0.72 (10) M1 +E2

87Nb 263.0 (4) 1 .6 (3) X 10-2 mi
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Fig. 6. Gamma-ray spectra following the 58Ni+3: S(103 MeV) reaction in coincidence with 1, 2, 3, and
4 proton(s). [open circle : 87Nb(3p) closed circle : 86Zr(4p)].
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?'ABLE 3
Summary of gamma-ray energies, relative intensities and angular distributions for 8'Nb

E~ (leeV)

	

Intensity (°~)

	

A2	A 4	Assignment

b7.2

505.3
521.6

14.3 (8)
3.8 (5)

-0.52 (3)
-0.50 (5)

0.10 (5)
0.03 (5) 2s+ ~z+

558.7 l .fl (7) _ _

582.4 6.2 (24) - _
673.1 20 .1 (7) 0.45 (6) -0.15 (7)
675.0 2.8 (5) _ _
728.3 17 .1 (8) -0.64 (9) 0.17 (11) 23+~ 21+
752.9 48.6 (15) 0.41 (2) -0.17 (3) 2i+-~ 2+
763.0 18 .7 (6) 0.35 (8) -0.10 (10) 11- 7-z ~i
779.8 100.0 (11) 0.37 (1) -0.12 (2) Z+~2+
783.8 10 .5 (8) ~.?8 (4) -0.12 (5) 11+ 7+i ~i
805.b 21 .5 (12) - -
807.3 11 .0 (11) _ _ ( ) -~ i
833.9 16 .9 (8) ~ 36 (3) -0.13 (4) -
854.3 1 .2 (5) - - (i

27+
)~

2s+
i

878.2 12 .7 (24) _ _ _~2g

880.0 5.7 (14) _ _ 25+~ 21+
902.1 6.9 (11) 0.30 (2) -0.05 (3) (2+)~ 2+
910.9 17.7 (32) 0.37 (7) -0.04 (10) 25_~ 21_
951.5 75 .1 (15) 0.37 (4) -0.10 (5) 2+_-~ 2+
954.3 11.0 (6) 0.19 (5) 0.03 (6) 25+ 21+i ~i
958.0 6.6 (5) - -
1122.E 8.8 (6) 0.25 (9) 0.0E (6) 2+~ Z+
1144.5 10.0 (6) - -
1168 .3 4.1 (5) _ _ (2

15+
)~

13+
2

1248 .1 4.5 (6) - _ (3;+) ~ (~9+)

1376.1 7.0 (7) _ _

134.9
168.5
226.0
230.5
262.7
290.5

9.4 (2)
4.0 (2)

11.3 (4)
2.7 (3)

23.1(6)
2.2 (3)

-0.27
0.37

-0.26
-

-0.19
-

(1)
(3)
( i )

(3)

0.02 (2)
-0.02 (4)
-0.03 (2)

-
-0.05 (4)

_

ls-
2
17-~

2

22+ ~ 23+

2+ ~2+
(2i+) _~ (i~+)

?93.4 4.0 {3) _ _
3 2.5 (3) _ _ ~(z )
313.1 4.7 (3) _ _
333:6 23.0 (6) 0.11 (6) -0.03 (8)
39b.4 1 .8 (4) _ _
434.8 6.6 (4) _ _ 11- 9-

z ~i
.9 2.7 (3) _ _

457:6 12.9 (4) - _ 2-~2+
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Fig . 7 . Summed (charged particle) yy-coincidence spectra in the 18Ni(32S, 31'y)87Nb reaction at the
beam energy of 1031V1eV. Peaks are labelled by their energies in keV .



r
x
elo
t
3.2.1

e coi ci
ative-
s, res. .

	

ectively.

f
r,
ta

ios [ y( )/ y (2 ), Iy(p)/ y(3p)], where y(xp) is the y-ray intensity in an
ate

	

spectrum, it was found that the most o y-rays in the 3p-gated spectrum
o 8'

	

.

	

e energies and relative intensities of -y-rays assigned to 87Nb were
e
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To improve the statistical accuracy, spectra gated by 'Y-rays in a same cascade
were summed. The results obtained by summing spectra gated by 226.0, 728.3, 752.9,
779.8 and 951 .5 keV y-rays an by the 783.8, 902.1 and 457.6 keV y-rays are shown
in fig . 7a, b. Fig 7c shows the spectrum gated by the 334.0 keV 'Y-ray.
3.2.3. Angular distribution . Results of angular-distribution measurements were

fitted to the function defined by

4.1 . THE DECAY SCHEME OF 87MO

B.J. Min et aL / "Nb

(8)=Ao(1 +A2Q2P2(cos 0)+A4Q4P4(cos ®)) ,

223

where P2 and P,1 are the Legendre polynomials, and Ccr and Q4 are attenuation
coefficients associated with finite solid angle ofthe detector. Fig. 8 shows the resulting
fits, and the values of A2 and A4 for the y-rays assigned to 87 are summarized
in table 3.

4. Construction o

	

eve sc

To study the decay properties of 87

	

o, assignment of the spins and parities to
the low-lying states in 87Nb are important. However, J' assignment of these states
are not definite as yet, because J' ofthe low-lying states of 87Zr are also not clarified.
In the present work, the conversion electrons for low-lying transitions in 117Zr were
measured and new informations are obtained. Thus, we discuss low-lying states in
87Zr, firstly.
4.1.1 . The J' of low-lying states in "'Zr. The decay schemes of 87m,s'Nb have

been previou-.'1 " reported 1-3) and low-lying parts of the schemes are shown in the
upper part of fig. 9 . But spin., and parities of low-lying states in 87Zr have not been
established . The ground state of 87Zr has been proposed 1) to be J' = 2+ or 2+. In
the present experiment, multipolarities of the 135.0 and 201 .0 keV y-rays were
determined to be E3 and

	

1 +E2, respntively.
From the multipolarities ofthe transitions, several candidates ofspins and parities,

for the 336.0, 201 .0 keV and ground state, can be considered : (2-, 2+ , z+), (2-, 2+,j
i+

)ß
(3- _9-:- _5+) , 1- i+ 9+
2

	

2

	

2

	

2

	

2 ), (2
3-s

2
9+s

2
9+) and (2

5- 1l+ 9+)
"2

	

2

	

(

	

9

	

" 2 , 2
The upper limit of the intensity ratio of the not-observed 336.0 keV y-ray to the

135.0 keV y-ray is estimated to be 4 x 10-2 from the singles gamma-ray spectrum .
This value leads to a partial half-life larger than 1 .4 x 103 s for the 336.0 keVtransition .
Then, it is considered that E3 or 2 nature for 336 keV transition are not favoured
because the half-lives by the Weisskopf estimate for E3 and M2 transitions are
5.4 x 10-3 and 3.7 x 10-7 s, respectively, which both give a too large transition
strength . Besides, the half-life by the Weisskopf estimate with correction for internal
conversion process for M4 transition is 3 .4 x 105 s .
Taking into account that the 336 keV transition is a cross-over transition of E3

and M1 + E2 cascade, possible spin difference between ground and 336 keV states
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Fig. 9. The proposed lecay schemes for 87Nb and 87MO .
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would b e at least 4h. Thus J' of (1-, 2+, 2+ ) candidate is assigned to the 336.0,
201 .0 keV and ground states, respectively, in 87Zr (see fig . 9a) .
On the other hand, syste atical change of low-lying level structure in the N =47

isotones is shown in fig. 10 [ref. 9)] . In the nuclei of g'Sr, 8 Zr and °'Mo, positions
of the low-lying states (2-, 2+ and 2}) change gradually in the same order of J': e
present assignments of J' are natural in a viewpoint of the systematics, and are
consistent with previous propositions 1,12)

.

4.1.2. J' assignment of low-lying states in '9'

	

and 8'

	

o. It has been proposed
that the low-lying states of 87Nb consist ofan isomeric pair of2- state with a half-life
of 3.9 min and 2+ state with a half-life of 2.6 min [ref. 3), . However, it has not been
known which one is the ground state . To clarify that, we studied the ß-decay of
87Mo by investigating which state (one of the isomeric pair) is populated by the
263.0 keV y-ray following the decay of g'

	

o.
If the 263.0 keV y-ray populates the 2+ state of 87

	

b, the 471 .0 keV level (i1 87Zr)
is fed not only from .8-decay of this 2+ state but also from 263.0 keV transition
following the .8-decay of g'Mn (see fig. 9) . If the assumption is proper, the decay
curve ofthe 471 .0 keV y-ray would have a growth portion, which should be associated
with the initial yield of 87

	

o. Therefore we made an analysis of the growth portion
of the 4-11 .0 keV y-ray. The result showed that the 263.0 keV transition populates
the 2+ state of 87Nb. But it has not been determined yet whether the ground state
of 87Nb is a 2+ or a 2- state, and that will be described below_
From the above mentioned result, the decay scheme of g'Mo (decays to the 2+

and its related states of 87Nb), as shown in fig . 9b, was firstly constructed . Since
log ft value for a ß-branch to the 267.0 keV (2+) state in 87M is 5.1, assignment of
J 7r = 2+, 2+ or 2+ for the ground state of g'Mo is possible . Assignment of 2+ to the
267.0 keV level is probable, and it is proven by analysis of the in-beam data. The
400.8 keV level was tentatively assigned to be Jir =2+, 2+ or 2+. Since the 334.0 keV
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4.2 . T E LEVEL SCHEME OF 87Nb

(33/2') 5837.3

1/2-

I Mn aA /W

level was strongly fed in in-beam measurements, an assignment of J' to this level
an discussed in the following section.

ased on the results of present experiments, decay scheme of the excited levels
b is proposed, as shown in fig. 11, and consists of three bands corresponding

to the three groups in the yy-coincidence results.

s7N

M

-
cli

C6

CA
C;

603.9

5587.0

5004.6 29/2-

3215.5 21/2 -

2409.9 17/2 -
2275.0 15/2

Fib . 11 . Proposed level scheme of 87NN The position of the 2' isomeric state at 3.7 keV has been2

confirmed in association with the decay study of 87MO.



4.2.1 . Low-lying levels. From the in-beam yy-coincidence measurement, it was
found that the 262.7 keV -y-ray is strongly in coincidence with 67.2 keV 'Y-ray but
not with 333.6 keV y-ray. The 333.6 keV y-ray is not in coincidence with the 67.2
and 262.7 keV y-rays. Moreover, these three y-rays are in coincidence with the
505.3 keV y-ray. The energy difference betwen the 333.6 keV y-ray and the ener
sum of the 67.2 and 262.7 keV -y-rays is 3.7 keV.

	

e energy sum of the 779.8 and
1168.3 keV y-rays cascade and of the 262.7, 783.8 and 902.1 keV y-rays cascade
have the same value and these y-rays are also in coincidence with the 457.6 keV
y-ray . Considering the above result, the low-lying pan of the level scheme can be
constructed as shown in fig. 11. This result does not contradict with the level scheme
(fig . 9b) of 87Nb obtained from the g'1VIo decay, and it is concluded that the 2-
ground state of 87Nb is 3.7 keV lower than the 2+ state.
4.2.2. J' assignment. ®n the basis ofthe multipolarities ofthe deexcitation y-rays,

spins and parities of the excited states of 87Nb were assigned.

	

e assume, in this
section, dipole and quadrupole to be of 1Vî1 and

	

2 nature, respectively.
The positiveparity band In the yrast band, the 779.8, 951.5 and 752.9 keV transi-

tions are pure E2 transitions, so the transitions are assigned to 2 ~ 2+,

	

+-+

	

+ and
y+-2+, respectively. The

	

MI transitions of 728.3 and 226.0 keV are assigned to
23+

-~
21+ and 2s+

->
23+9 respectively. These assignments are supported by the E2

character ofthe cross-over transition of954.3 keV. The level at 4586.7 keV is assigned
to be J' = (29+), when the trend of the angular distribution Of Lithe 1144.5 keV -y-ray
is considered . The 5837.3 keV level can be speculated to be (2+) because of the
systematical behavior of transition energy in this band.

Spins ofthe positive-parity yrare levels at 266.4, 1050.2 and 1952.3 keV are assigned
to 2+, 2+ and (15+), respectively, because the transitions of 783.8 and 902.1 keV are
pure E2.
The 262.7 keV transition was refitted to the expression of eq. (1) with a free

parameter of mixing ratio S for each choice of initial spin J;, using the formalism
of Yamazaki 13) . In the formalism, AA=4) in eq. (1) is expressed by the following

k
ax

	

kaxform: Ak =aklA, where A

	

is a known function of J;, J; and S, and ak is an
attenuation coefficient of alignment. The values of a2 for the

	

+ state is deduced
to be 0.62 from analysis of the 783.8 keV transition . Therefore, a2 = 0.62 was used
for the 262.7 keV transition . The a4 coefficient was calculated by assuming a gaussian
distribution of the magnetic substate 13), and turned out to be 0.24. At the X2

minimum, the transition has a small quadrupole admixture (S = 0.12) .
The negative-parity band. The transitions of 833.9, 763.0, 673.1 and 910.9 keV have

the pure E2 characteristics, anal the 505 .3 and 134.9 keV transitions show an angular
distribution of 1 type . Because of the small energy difference between the 805.6
and 807.3 keV y-rays, their multipolarities of the y-rays were not assigned exactly.
However, they have a tendency of the E2 characteristic.

	

e characteristic of the
333.6 keV transition was decided to be E2, next spin and parity of this level was
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ence, "n this band, the spins and parities of the states up to

5004.6 keV are assigned as shown in fig . 11 .
eter i e

	

to be 2

5 .1 .

	

E LOW-LYING STATES

	

F 8'Nb POPULATED BY P-DECAY ®F 87mo

t has been known that the low-lying states o odd isotopes of

	

consist of i_

and 2+ isomers . Non-uniform change of relative positions of these two states arised

from change in nuclear structure from spherical to deformed shape. In the 91Nb

and "9

	

b nuclei 1,15) , J= of ground and first excited states are 2+ and 2-, respectively,

but the ordering ofthe J = is reversed in 87

	

, asconfirmed by the present experiment.

n the other hand, the ground-state spin o 87MO is ambiguous (2, 2 or 2) in the

reset experiment. However, spins and parities of the ground states of

	

=45

isotones, i.e . from s'

	

to 8- r, have been known to be 2+ without any exception 16 ' 17) .

e log,ft verses for the 8-transition from the ground state of 87MO to the first

excited state of 8'

	

is 5.4. Accordingly, we proposed J' = 2+ for the ground state

of 8®

	

o. Moreover, the log ,ft value, of 6.9 for the 334.0 keV level in 87Nb supports

this 2+ assignment to the ground state of g'

	

o.

e

5.2 . THE HIGH-SPIN STATES ®F 87Nb

B.J. Min et al / 87Nb

e limited information on

	

isotopes makes it difficult to discuss systematic

behavior o nuclear structure of the isotopes. We present a discussion of the level

structure of s'

	

mainly based on the in-beam experiment and the structure of 87Nb

is compared to that of "5Y.

	

e yrast band in these nuclei is very similar, but the

negative-parity band is rot .
e positive signature, a = +-1 yrast sequence of the positive-parity band was

observed from the 2+ band head to the (32+) state in the present study. This sequence

can be identified with the favored (f) signature sector of the decoupled proton g9/2
band that has been observed systematically in the neighboring nuclei 5,18) . As shown

in fig . 12, a backbending at

	

w=0.45

	

eV characterizes this band in 87Nb. The

studies on 83,85

	

[refs. 18,5)] have clarified that this band is comparatively rotation-like

before the backbending, whereas the collectivity becomes less after it .
_1

	

2+ _11+ _1_23+ _23+In the unfavoured (u) signature sector (a =_ 2), six states, 2 , 2

	

9
(5+),
2

	

2 (1), 2 (2)
'and (2+ ) have been observed. A 2+-"+-(1-5+) sequence among there may be regarded

as the signature-partner sequence ofthe favored single-quasiparticle (1qp) sequence,
2+- 3+_17+ . The signature splitting

	

e' between these sequences can be calculated
after transforming the observed energies of2+-2+-2+ and 2+-2+-('!--5+) into a rotating
frame of reference by means of the standard technique 19) .

	

e resulting value is
= 0.69

	

eV at taw = 0.

	

eV.

	

e large magnitude of ®e', as well as the small
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9/2 + band
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Fig. 12 . Kinematical moment of inertia IM/ .h 2 ofthe yrast bands in 87Nb (present work) and g5Y[ref. 5 )].

B(E2) values for the core nucleus 86Zr [ref 2°)], indicates that the quadrupole
deformation is not well developed in 87Nb. Therefore, large amplitude fluctuations
around small ß should be taken into account in describing the structure of the 99/2

lqp band in 87Nb.
Further evidence of the softness can be extracted from the sign of the E2/M1

mixing ratio S associated with the ®I =1 transitions between signature partners . It
has been shown in ref. 21) that the coupling with the small-amplitude gamma
vibrations changes the sign of S (If-+ (I - 1)L) [_-S( I -1)� If)] given by the
cranking model when the odd quasiparticle was decoupled from the deformed core.
We expect that the coupling with large-amplitude quadrupole vibrations brings
erects stronger than that of the small-amplitude modes. In fact, positive values of
S(2+-+ 2+ ) were observed systematically in 87Nb (present work) and g3 'g5y [refs . ' 8,5 )] :
it is contrary to the cranking model prediction for ß > 0 and ®e'> hw [refs. 22,20]

because gi - gk is positive for lrg9/2 , and then we can regard the observed sign of
S (z+ -* 2+ ) as evidence for the softness. Note that here we assume small but positive
O 's for 87Nb and g5Y (referring to the 83y case 18)) .

The ground state is assigned to be J' = 2-, but the negative-parity high-spin states
show a complex structure, which is not exhibited in g5Y. Cascades feeding the 2-
ground state and 266 keV 2- single-particle state 23 ) have not been observed in g5Y.
But cascades feeding the 2- ground state and 333 .6 keV z® state have been observed



0
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. I

	

particular, the 333.6 keV level has a half-life of ^-30 ns which is almost

same order of the

	

eisskopf single-particle estimate for E2 transition. This result
oints behavior of single particle in the lower part of negative-parity states.

an

e

Co c si

resent work on low-lying states of a'

	

fed by "

	

o has established 4 new
states and deduced logft values and definite, or very appropriate, spin-parity
assignments . High-spin states of 87

	

were investigated and twenty-seven new states
and J' assignments for many of them were established from the in-beam measure-
ment. t was shown that the 87

	

nucleus has the interplay between collective- and
independent-particle excitations .
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