
osh,

PHYSICAL REVIEW C 67, 014325 ~2003!
Possible coexistence of principal and tilted axis rotation in103Ag
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The high spin states of103Ag have been populated through the76Ge(35Cl,a4ng)103Ag reaction using
132-MeV 35Cl beam. The presence of a positive parity ground state band and two negative parity bands
decaying predominantly byM1 transitions in103Ag has been confirmed. In addition, seven new crossoverE2
transitions have been observed in the negative parity bands. The experimentalB(M1)/B(E2) ratios are
compared with the values obtained from the Do¨nau geometric formula for the negative parity bands based on
single particle configurations assigned from signature arguments. These ratios are also compared to those
obtained from the hybrid version of tilted axis cranking. A systematic study of odd-Ag isotopes seems to
indicate that the signature symmetry is retained in103Ag due to the shallow tilted minimum.
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I. INTRODUCTION

In recent years, several bands decaying predominantl
M1 transitions@1# have been reported in 47<Z<50 andN
.50 mass range withB(M1)/B(E2) ratio varying between
10 and 50 (mN /e b)2. The theoretical explanation for thi
observation has been provided by the tilted axis crank
~TAC! @2,3# model. This model predicts a nonprincipal ax
rotation in nuclei with small deformation where
deformation-coupled quasiproton~quasineutron! couples to a
high-j rotation-coupled quasineutron~quasiproton! and the
angular momentum is generated by gradual alignmen
spins of the quasiparticles in the direction of the total angu
momentum. It is to be noted that the signature symmetr
violated due to nonprincipal axis rotation and a regular
crease in theM1 transition energies is predicted by th
model.

However, similar bands in102,104Cd have been reported t
exhibit staggering inM1 transition energies@4,5# which is in
contrast to a regular increase as observed in otherM1 bands
@1,6#. Such energy staggering is generally associated w
signature splitting which can only be accommodated in
framework of principal axis cranking. In the previous stu
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of 103Ag by Treherneet al. @7#, two negative parityM1
bands were reported—one of them exhibits a regular incre
in M1 transition energy with increasing spin while the oth
band shows an energy staggering. Furthermore, the stat
same spins in these two bands are separated by;100 keV
only. In the present work,103Ag has been revisited with the
objective to investigate the structures of these two nega
parity bands.

II. EXPERIMENT

103Ag was produced at high angular momentum throu
76Ge(35Cl,a4ng)103Ag reaction using 132-MeV35Cl beam
from the 14-UD Pelletron at TIFR. The target was prepa
by evaporating;700 mg/cm2 of 99.8% enriched76Ge on a
10 mg/cm2 thick Au foil. g rays were detected by an arra
consisting of eight Compton suppressed Clover detectors@8#.
Each Clover detector, in the addback mode, has 35% m
photopeak efficiency around 1 MeV compared to that of fo
standard 110 cm3 HPGe crystal. Detectors were placed
60°, 90°, 120°, 150°, 215°, 255°, 285°, and 325° w
respect to the beam direction. The directional correlation
entation~DCO! ratios of theg rays were obtained from the
following definition:
RDCO5
I g~observed at 150°, 215°, and 325°, gate on 90°, 255°, and 285°!

I g~observed at 90°, 255°, and 285°, gate on 150°, 215°, and 325°!
. ~1!
trix
spec-
the
Altogether 2003106 threefold coincidences were co
lected. TwoEg-Eg matrices were formed by unfolding eac
threefold coincidence event into three twofold events wit
 a

time gate of 100 ns. The conventional symmetrized ma
was used to generate the background subtracted gated
tra, while the asymmetric matrix was used for extracting
©2003 The American Physical Society25-1
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DCO ratios. These matrices were analyzed usingESCL8R,
SLICE, andGF3 programs ofRADWARE @9#.

III. RESULTS

The partial level scheme for103Ag is shown in Fig. 1,
which was constructed from the symmetrizedEg-Eg matrix.
Care was taken to avoid contaminations from other str
reaction channels present in the35Cl176Ge reaction. The
intensities and the DCO ratios of theg rays were extracted
from the spectra generated with gates on the 235-, 337-,
823-keV transitions. The values obtained are listed in Ta
I. The positive parity ground state~GS! band has been foun
to be in good agreement with the level scheme given
Treherneet al. @7#. The parities of bands 1 and 2 were det
mined in the previous work through the linear polarizati
measurement@7#. Besides the reconfirmation ofM1 transi-
tions reported earlier, four new crossoverE2 transitions with
energies 774, 949, 1033, and 1088 keV have been ident
in band 1. These transitions are shown in the 337- and 8
keV gated spectra~Fig. 2!. The spectra with gates onM1
transitions in band 2 show a 502-keVg transition, which has
been tentatively placed above the 29/22 level. In addition,
three weak crossoverE2 transitions have also been identifie
in band 2. In a significant modification of the earlier lev
scheme, the positions of 362- and 415-keV transitions h
been interchanged in band 2. This was suggested from
observation that the intensity of the 362-keVg ray is com-
parable to that of the 415-keVg ray in the 823-keV (13/21

FIG. 1. Partial level scheme of103Ag. Theg transition energies
are in keV.
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to 9/21) gate. But the 362-keV gatedg spectrum shows a
362-keV g peak presumably due to the 362-keV transiti
deexciting the 23/22 state in band 2. This transition wa
reported by Treherneet al. @7#. Thus, the intensity of each o
the 362-keV transition is smaller than the intensity of t
415-keVg ray and justifies the proposed interchange~Table
I!. This was further supported by the observation of the n
crossoverE2 transitions with energies of 725 and 878 ke
as shown in spectra with 235- and 823-keV gates~Fig. 2!. It
should be further noted that the intensities of the 362-k
and the 415-keVg rays are comparable even in the 235-ke
gated spectrum~Fig. 2!, which excludes the second 362-ke
(23/21 to 21/21) transition. In addition, the 975-keV trans
tion ~band 2! deexciting the 21/22 level ~which is fed by the
second 362-keV transition! has an intensity of 3.560.3. This
is much smaller compared to 6.860.6, which is the self-
gated intensity of the 362-keV transition. Both of these o
servations support the possibility of a third 362-keV tran
tion which is in coincidence with the 235- and 362-keVg
rays. Therefore, a third 362-keV transition has been ten
tively placed between the 31/22 level of band 1 and 29/22

level of band 2. However, no other interband transitions h
been found between bands 1 and 2.

IV. DISCUSSIONS

The band structure in103Ag is governed by theg9/2 proton
orbital andd5/2, g7/2, andh11/2 neutron orbitals. The positive
parity ground state band in103Ag has been reasonably we
understood within the framework of the particle rotor mod
with variable moment of inertia@7,10#. In this model, the
p(g9/2)

21 hole is coupled to an axial rotor core of104Cd. A
negative parity band with large band head spin, on the o
hand, can originate only from the excitation of one neutr
to h11/2 orbital, from d5/2 or g7/2 orbitals since it is quite
improbable to excite the last proton to theh11/2 orbital across
the largeN550 shell gap. This is shown in Fig. 3 where th
single particle orbitals for this mass range have been plo
as a function of quadrupole deformation (e2). It is also ob-
served from this figure that theV53/2 of d5/2 andV51/2 of
g7/2 orbitals cross each other at arounde250.13. Therefore,
at this deformation, the last pair of the 56 neutrons in103Ag
can occupy either of these two orbitals. In a previous cal
lation, Crowellet al. @11# reported a quadrupole deformatio
of 0.14 for the above-mentioned configuration in103Ag.
Thus, if bands 1 and 2 originate due to neutron excitat
from V53/2 of d5/2 andV51/2 of g7/2, then the band head
energies are expected to be very close to each other. In
dition, as the high-j configurations of the twoM1 bands are
same~viz., pg9/2^ nh11/2), the gross behaviors of bands
and 2, are expected to be similar.

Even though the similarity in configurations has been e
phasized above, a closer look shows very distinct proper
for both the negative parity bands. This is shown in Figs
and 5 where theB(M1)/B(E2) ratios and the level energ
differencesE(I )2E(I 21) are plotted as a function of angu
lar momentum. It is evident from Fig. 4 that both the ban
have large values ofB(M1)/B(E2) ratios but the values fo
band 1 are twice as large as those of band 2 at all spins.
5-2
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TABLE I. Relative intensities, DCO ratios, andg energiesEg for transitions deexciting energy levelsEi

in 103Ag. Unless otherwise mentioned, the values in columns 5 and 6 are obtained from gates on th
235-keV dipole~D! transition and 823-keV pure quadrupole~Q! transition, respectively.

Eg Ei I i
p→I f

p Relative intensity RDCO~D! RDCO~Q!

~keV! ~keV!

160 3599 23/22→21/22 28.0~1.2! 0.54~0.09!a

217 3339 21/22→19/22 6.0~0.4!
235 3357 21/22→19/22 19.0~0.7! 0.56~0.09!a

241 3599 23/22→21/22 5.5~0.5!
253 3122 19/22→17/22 7.9~0.6! 1.06~0.16!
260 851 13/21→11/21 63.0~2.1! 0.92~0.12!
291 2830 21/21→19/22 8.0~0.5!
309 3667 23/22→21/22 23.0~1.0! 1.00~0.10!
317 3439 21/22→19/22 9.2~0.5!
331 1830 17/21→15/21 36.0~1.2! 0.96~0.14! 0.67~0.08!
337 3936 25/22→23/22 44.0~1.6! 0.65~0.07!a

362 3667 23/22→21/22 3.5~0.3!
362 4444 27/22→25/22 13.7~1.0! 0.93~0.11!
362 5322 31/22→29/22 3.3~0.5!
415 4082 25/22→23/22 19.5~1.0! 0.93~0.14!
419 4793 29/22→27/22 27.0~0.7! 0.68~0.10!
437 4373 27/22→25/22 35.0~0.7! 0.70~0.11!a

490 2820 21/21→19/21 15.0~0.8! 0.60~0.10!a

501 3321 23/21→21/21 12.0~0.7! 0.75~0.13!
503 5825 33/22→31/22 10.5~0.5! 0.71~0.12!
509 2330 19/21→17/21 47.0~1.3!
516 4960 29/22→27/22 10.4~0.5! 0.95~0.16!
530 5323 31/22→29/22 19.0~0.8! 0.67~0.10!
541 3862 25/21→23/21 11.8~1.0! 0.60~0.10!
563 591 11/21→9/21 87.0~3.4! 1.07~0.14!
585 6411 35/22→33/22 8.0~0.5!
634 4496 27/21→25/21 10.6~0.7!
640 1491 15/21→13/21 67.0~2.0! 0.89~0.15!
707 2529 19/22→17/21 19.5~0.9! 0.64~0.11!
725 4082 25/22→21/22 4.6~0.3!
774 4373 27/22→23/22 3.0~0.2!
778 4444 27/22→23/22 6.3~0.4!
779 3599 23/22→21/21 15.0~1.2! 1.08~0.16!
823 851 13/21→9/21 104.0~4.1! 1.52~0.21! 1.00~0.11!a

840 2230 19/21→15/21 15.4~1.0!
857 4793 29/22→25/22 5.0~0.3!
878 4960 29/22→25/22 6.3~0.4!
900 1491 15/21→11/21 15.0~1.0!
910 3439 21/22→19/22 7.5~0.6!
949 5323 31/22→27/22 3.2~0.3!
971 1822 17/21→13/21 77.0~3.0! 1.56~0.24! 1.07~0.12!
975 3304 21/22→19/21 3.5~0.3!
991 3321 23/21→19/21 15.8~0.8!
998 2820 21/21→17/21 26.0~1.1!
1033 5825 33/22→29/22 3.3~0.2!
1042 3862 25/21→21/21 5.0~0.7!
1088 6411 35/22→31/22 3.6~0.3!
1109 3439 21/22→19/21 14.0~0.8!
1300 3122 19/22→17/21 20.0~0.9! 0.91~0.12! 0.58~0.10!
014325-3
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TABLE I. ~Continued.!

Eg Ei I i
p→I f

p Relative intensity RDCO~D! RDCO~Q!

~keV! ~keV!

1379 2869 17/22→15/21 8.8~0.6!
1400 3222 19/22→17/21 10.3~0.7!

aRDCO from gate on 971-keV transition.
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also observed from Fig. 5 that both the bands exhibit a s
gering in theM1 transition energies, but the phase of sta
gering is opposite. It should be recalled that the stagge
appeared due to an interchange in positions of 415- and
keV transitions in band 2. This observation has been use
assign specific configurations to bands 1 and 2 as discu
below.

The favored signature for a single particle configuration
defined by@12#

a f51/2(
i

~21! j i21/2, ~2!

where the summation runs over all unpaired neutrons
protons. Thus, the favored signature for thepg9/2^ nd5/2
^ nh11/2 configuration isa f51/2 and that forpg9/2^ ng7/2
^ nh11/2 configuration is21/2. This explains the observatio
that the phase of staggering is opposite in the two ban
Therefore, from the signature argument, the configuration
band 1 can be suggested to bepg9/2^ nd5/2^ nh11/2, while
that for band 2 to bepg9/2^ ng7/2^ nh11/2. It may be noted
that thea f51/2 negative parity band in101Ag had also been
assigned@13# the configuration ofpg9/2^ nd5/2^ nh11/2 by
01432
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comparing the experimental level energies and electrom
netic transitions with the calculated values from the intera
ing boson fermion plus broken pair model.

As pointed out earlier, similar M1 bands
@B(M1)/B(E2);30(mN /e b)2# with staggering inM1 tran-
sition energy, have been observed in this mass region.
configurations for these bands can also be assigned thro
similar signature arguments. For example, the positive pa
band 2 of 104Cd @4# was proposed to originate frompg9/2

22

^ nh11/2
2 configuration for which the favored signature isa f

50. It is indeed observed from the level scheme that e
spin states are lower in energy.

In order to further establish the configurations for band
and 2, theB(M1) transition rates were estimated with th
geometric formula by Do¨nau @14#. This model assumes
fixed K value and the alignments are perpendicular to
symmetry axis.B(M1) values for bands with no signatur
splitting are given by

B~M1!5
3

8p

K2

I 2
@~g(1)2gR!~AI 22k22 i x

(1)!

2~g(2)2gR!i x
(2)#2, ~3!
n
-
of

,

FIG. 2. g-g coincidence spectra with
823-, 235-, and 337-keV gates i
76Ge(35Cl,a4ng)103Ag reaction. The counts be
yond 650 keV have been scaled up by a factor
3. The contaminantg transitions from 107In
and 106Cd have been marked by # and &
respectively.
5-4
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where the superscripts~1! and ~2! refer to the deformation-
aligned and rotation-aligned configurations, respectiv
@15#. The rotational alignedg factor (g(2)) is calculated from

g(2)K (2)5gV1
V11gV2

V2 ~4!

and

K (2)5V11V2 , ~5!

FIG. 3. The single particle levels in a deformed Woods-Sax
potential for103Ag as a function of quadrupole deformatione2 @16#.
The V53/2 of d5/2 and V51/2 of g7/2 levels have been high
lighted.

FIG. 4. ObservedB(M1)/B(E2) values as a function of angula
momentum in the two negative parity bands of103Ag. The dotted
and dot-dashed lines represent the calculated values from the
metric formula by Do¨nau and Frauendrof~DF! for pg9/2^ ng7/2

^ nh11/2 ~band 2! andpg9/2^ nd5/2^ nh11/2 ~band 1! configurations,
respectively. The solid line represents the calculated values from
TAC calculations atu570°.
01432
y

whereV1 and V2 are 1
2 and 3

2 for band 1 and1
2 and 1

2 for
band 2, respectively. Theg(2) values, in the present cas
were estimated by assumingg(nh11/2)520.21, g(nd5/2)
520.33, andg(ng7/2)50.21 @16#. The rotationalg factor
(gR) was assumed to beZ/A.

The effect of signature splitting is incorporated in th
model by multiplying the unfavored signature sequence
(12De/v) whereDe is the difference in the values of th
experimental Routhians for the two signature sequences@17#.
In the case of bands 1 and 2, the value ofDe is very close to
zero because the observed signature splitting is very sm
Thus, the correction due to signature splitting has been
glected for the calculation of theB(M1) rates in bands
1 and 2.

The B(E2) values are given by

B~E2,I→I 22!

5
5

16p

3~ I 2K !~ I 2K21!~ I 1K !~ I 1K21!

~2I 22!~2I 21!I ~2I 11!
Q0

2 ,

~6!

whereI is the initial spin andK is the projection of angular
momentum on the symmetry axis@15#.

Various parameters used to calculate theB(M1) rates for
both the configurations mentioned above are listed in Ta
II. The value ofi x

(1) was extracted from the alignment valu
of the GS band. The reference parameters for the alig
angular momentum were assumed to beI057.0\2/MeV and
I1515.0\4/MeV3 @15#. The values ofi x

(2) were estimated by
subtractingi x

(1) from the alignment values of bands 1 and
The B(M1)/B(E2) values were calculated forQ0

51.5 e b corresponding toe2;0.13. The values obtained fo
bands 1 and 2 are shown in Fig. 4 by the dot-dashed
dotted lines, respectively. It is observed from this figure t
the calculated ratios are higher than the experimental val

n

eo-

he

FIG. 5. Observed energy differencesE(I )2E(I 21) as a func-
tion of angular momentum~I! in two negative parity bands o
103Ag.
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TABLE II. Parameters used in the calculation ofB(M1) transition rates.

Band K DAL configuration i x
(1)(\) g(1) RAL configuration i x

(2)(\) g(2)

1 9
2

p@413#
7
2

1 1.5 11.27 Sn@550#
1

2
2

^ n@422#
3

2
1D 6.5 20.39

2
9
2

p@413#
7
2

1 1.5 11.27 Sn@550#
1

2
2

^ n@420#
1

2
1D 6.5 0
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However, the calculated values for band 1 are clearly lar
than those for band 2, which is in agreement with the exp
mental observation. This is primarily due to the fact th
g(2)520.39 for band 1, while it is zero for band 2. The
calculations are reasonably insensitive to values ofi x

(2) . If
the value ofi x

(2) for band 2 is changed from 6.5\ to 8\, then
the B(M1) values change by 10%. Therefore, the oppo
phase of the staggering inM1 transition energies and th
larger values ofB(M1)/B(E2) ratios for band 1 are wel
understood by assumingpg9/2^ nd5/2^ nh11/2 configuration
for band 1 andpg9/2^ ng7/2^ nh11/2 configuration for band
2.

In order to explore this situation further, th
B(M1)/B(E2) ratios were also calculated within the fram
work of the hybrid version of the TAC@18#. In this model,
the spherical part of the single particle energies is taken f
the spherical Woods-Saxon potential and combined with
deformed part of the anisotropic harmonic oscillator pot
tial. This approximation has the advantage of using a reali
flat bottom potential. In addition, the coupling between t
oscillator shells is taken into account in a simple way.
accordance with the previous discussion, thepg9/2
^ n(g7/2d5/2)

1
^ nh11/2 configuration has been chosen for o

FIG. 6. Level energiesE vs the total angular momentumI for
103Ag. Rectangles and circles are the experimental data for ban
and 2, respectively. The solid line represents the calculated va
which have been normalized atI 521/2\. The experimental fre-
quency is extracted from the measuredg energies using the relatio
\v(I )5Eg5E(I )2E(I 21).
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calculations. It is to be noted that the two configuratio
viz., pg9/2^ nd5/2^ nh11/2 andpg9/2^ ng7/2^ nh11/2, cannot
be treated separately in the present model, asV is not a good
quantum number in the TAC whereas parity remains c
served. The gap parameterD was chosen as 80% of th
odd-even mass differenceDoe for protons and neutrons. Th
Doe was calculated using the expressions given in Ref.@19#
with the binding energies taken from the atomic mass ta
@20#. The chemical potential (l) was properly chosen to re
produce the correct particle number. The equilibrium
angle (u0) was calculated by using the condition that t
expectation values of the total angular momentum and an
lar velocity are parallel@21#. That is

tan~u0!5
v1

v3
5

J1

J3
, ~7!

whereJ1 andJ3 are the components of total angular mome
tum I along the 1 axis and 3 axis, respectively. Its value w
found to be 70° for103Ag at \v50.3 MeV. The equilibrium
values for the deformation parametere2 andg were obtained
by minimizing total Routhian with respect to the deformati

1
es

FIG. 7. The total quasiparticle Routhians at\v50.3 MeV for
~a! 103Ag, ~b! 105Ag, and ~c! 107Ag as a function of tilt angle for
pg9/2^ n(g7/2d5/2)

1
^ nh11/2 configuration.
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FIG. 8. The observed negativ
parity high spin bands in103Ag,
105Ag @22#, and 107Ag @23#, and
their main feedout transitions.
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parameters (e2 ,g) @21# at \v50.3 MeV and the values
were found to be 0.13 and 28°, respectively.

The results of the TAC calculations are shown in Fig
where the experimental and calculated level energies h
been plotted as a function of total angular momentum. T
calculated values were normalized to the experimental va
at I 521/2\. It is observed from Fig. 6 that the calculation
are able to reproduce the experimental slope reasonably
This supports the choice of configuration and deformat
values associated with the negative parity bands in103Ag.

The calculated values ofB(M1)/B(E2) ratios for Q0
51.5 e b are shown in Fig. 4 by the solid line. It is seen fro
the figure that the magnitude of theB(M1)/B(E2) ratios has
been better reproduced by the TAC calculations as comp
to the geometrical model. It is also to be noted that the c
culated values lie between the observed values for ban
and 2. This is probably due to the fact that the TAC calcu
tion was performed for the configurationpg9/2
^ n(g7/2d5/2)

1
^ nh11/2, which has admixtures from the tw

specific configurations for these bands, namely,pg9/2
^ nd5/2^ nh11/2 and pg9/2^ ng7/2^ nh11/2. It, therefore,
looks that the signature symmetry is required to explain
observed staggering, whereas the tilted axis rotation
needed to explain the experimentalB(M1)/B(E2) ratios for
the negative parity bands in103Ag. These observations ar
understood by noting that the tilted minimum for103Ag is
quite broad and shallow as seen from the plot of total qu
particle Routhians as a function of the tilt angle (u) for
\v50.3 in Fig. 7~a!. This curve shows an energy differenc
of only 90 keV at 70° and 89°, thereby suggesting the p
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sibility of a coexistence of the tilted and principal axis rot
tion with u590°.

In order to check this conjecture, the behavior of t
negative parity bands in105Ag @22# and 107Ag @23# have also
been investigated. Figure 8 shows that the negative pa
bands in105Ag and 107Ag exhibit a regular increase inM1
transition energies with increasing spin uptoI 531/2\,
which is in contrast to the observed staggering in103Ag. The
calculated equilibrium tilt angle and the corresponding def
mation parameters at\v50.3 MeV for pg9/2^ n(g7/2d5/2)

1

^ nh11/2 configuration for103,105,107Ag are listed in Table III.
The calculations were performed following the prescripti
given in Ref.@21#. It is seen from the table that all the thre
nuclei are predicted to be triaxial with increasing quadrup
deformation (e2) from 103Ag to 107Ag. The increase ine2 is
due to the increased occupation of theh11/2 orbital by the
neutrons with increase in neutron number. The tilted mini
for 105,107Ag show an increase both in tilt angle and depth
the minima in the plots for total quasiparticle Routhians
the tilt angle~Fig. 7!. Thus, the energy difference of tota

TABLE III. Deformation parameters and values of the equili
rium tilt for 103,105,107Ag.

Nucleus e2 g u0 (e)u589°2(e)u5u0
~keV!

103Ag 0.13 28° 70° 90
105Ag 0.19 24° 63° 180
107Ag 0.24 20° 52° 320
5-7
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quasiparticle Routhian atu0 and 89° increases substantial
from 103Ag to 107Ag as shown in Table III. It, therefore
suggests that a small tilt angle and the shallow minim
allow a coexistence of principal and tilted axis rotation
103Ag, whereas larger tilt angle and deeper minima lead o
to tilted axis rotation in105,107Ag.

V. CONCLUSIONS

The present experimental data have established the p
ence of nearly degenerate negative parity bands in103Ag,
which exhibit staggering inM1 transition energies with op
posite phases. The experimentally observed signature s
ting has been used to assign the configurations~viz., pg9/2
^ nd5/2^ nh11/2 andpg9/2^ ng7/2^ nh11/2) to bands 1 and 2
respectively. TheB(M1)/B(E2) ratios obtained from the
geometrical model of Do¨nau and Frauendorf show highe
values for band 1 compared to band 2 in agreement with
experimental observations. The calculated values are, h
A

01432
ly

es-

lit-

e
w-

ever, larger than the experimental values for both the ba
On the other hand,B(M1)/B(E2) values calculated using
the TAC show better agreement and they lie between
experimental ratios for the two bands. This is indeed to
expected since the TAC calculations assume admixture
both the configurations. The signature symmetry for both
bands is, however, retained due to the fact that the ti
minimum for 103Ag is shallow.
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