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High spin states in ' Pr and ' 'Pr have been investigated using in-beam y-ray spectroscopy tech-
niques. The yrast band of ' Pr based on the h, , z i— [541] proton configuration was observed from —"

up to z' . The band based on the same configuration and two positive-parity side bands based on the

gizmo
—+[413] proton configuration, were observed in ' 'Pr. The delayed yrast band crossing of ' Pr at

fi~, =0.37 MeV is interpreted as being due to the alignment of the second and third h protons. The»/2
band crossing at fico, =0.26 MeV, with a gain in alignment of about Sfi, based on the g, &z

—', +[413]
configuration in '"Pr was attributed to the alignment of two h»/~ protons. The systematics of the pro-
ton alignments in a series of Pr isotopes is discussed.

PACS number(s): 23.20.Lv, 21.10.Re, 27.60.+j

I. INTRODUCTION

Light rare-earth nuclei in the mass 3 = 130 region are
predicted to be soft with respect to y deformation. Nu-
clear shape changes may occur when quasiparticles align
[1]. The Fermi level of the protons in ' ' 'Pr lies near
the bottom of the h»&2 shell, while that of the neutrons
lies in the middle of the h»&z shell. Thus, it has been
suggested that the alignment of a pair of h»&2 protons
would result in a drive to a collectively rotating prolate
shape (y about O', Lund convention [2]), whereas the
alignment of a pair of h»&2 neutrons would have an op-
posite effect, resulting in a drive toward a collectively ro-
tating oblate shape (y about —60'). In the even Ce iso-
topes [3—5], a band crossing caused by the alignment of a
pair of h»&z protons has been observed to occur at the
same rotational frequency in both the yrast band and two
sidebands. For the odd-proton nuclei Pr, the yrast band
is based on a decoupled h»&2 proton. As a result, the
band crossing of this h»&z proton pair is blocked. But in
nonyrast sidebands, the h»&z proton pair alignment can
still occur if other proton (or neutron) configurations are
included. The crossing frequencies for the sidebands are
of particular interest because of the inhuence that the
odd-proton nuclei might have on the nuclear shape and
on the proton pairing gap. Comparing the alignment
crossing frequency in odd-proton nuclei with even-even
neighboring nuclei may provide valuable information on
the reduction of the proton pairing gap. The band cross-
ings of h i i &2 proton pairs in the yrast and sidebands have
been observed in ' ' Pr nuclei [6,7]. In order to contin-
ue the systematic study of these band crossing features,
the band structure of the odd-proton nuclei ' ' 'Pr was
investigated in detail in the present work.

The high spin structure of the nucleus ' 'Pr has been
studied by Godfrey et al. [8] using the Mo( C1,4n) re-

action. These authors have established the yrast states
from ( —", ) to (~4' ) and a sideband consisting of a cas-
cade of six y-ray transitions, which feeds into the yrast
state at ( —", ). For the ' Pr nucleus, no level scheme has
been reported before this work.

II. EXPERIMENTAL PROCEDURE

The odd-proton nuclei ' ' 'Pr have been studied using
in-beam y-ray spectroscopy techniques. High spin states
in these nuclei were populated following the

Ag( Si, 2p2n)' 'Pr and ' Ag( Si, 2p4n)' Pr reac-
tions at a beam energy of 128 MeV. In order to identify
the different species produced at this beam energy, cross
bombardment using the " Sn( F,4n)' 'Pr reaction at a
beam energy 93 MeV has also been done. The Si and
' F beams were provided by the Tandem HI-13 accelera-
tor of the China Institute of Atomic Energy, Beijing. For
both reactions, y single spectra and y-y coincidence
spectra were measured. The y-ray angular distribution
measurement was performed only with the Si induced re-
action. One HPGe detector was positioned successively
at each of five angles with respect to the beam axis: 15,
35, 55', 70', and 90. The distance between the detector
and target was approximately 20 cm. A second HPGe
detector located at —90 served as a monitor. The ' Ag
target (with 99% enrichment) of 2.0 mg/cm thickness
rolled onto a 10 mg/cm natural lead backing was used
for the Si induced reaction and a 3.0 mg/cm " Sn target
(with enrichment 98%) rolled onto a 15 mg/cm natural
lead backing was used for the ' F induced reaction. The
excitation function for the various ' Ag( Si,x) reactions
was measured at beam energies of 124, 128, and 138
MeV. ' Eu and Co sources were used for energy and
efficiency calibrations. The experimental facility and the
associated electronics which include a BGO Compton-
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suppressed HPGe detector array have been described in
detail elsewhere [9]. In this experiment, an array of five
BGO-suppressed Ge detectors was used in the y-y coin-
cidence measurement. The energy resolution of the
detectors varied from 1.9 to 2.1 keV for the 1.332 MeV y
rays of Co. The data were analyzed ofF-line on a VAX-
11/780 computer by establishing two-dimensional
4k X4k coincidence matrices. Background subtracted
gated spectra were generated from the matrices in order
to construct the level scheme of ' ' 'Pr. The total num-
ber of y-y coincidence events was about 4X 10".

III. RESULTS

The level schemes of ' 'Pr and ' Pr obtained from the
present study are presented in Figs. 1(a) and 1(b). The or-
dering of y rays is determined on the basis of coincidence
relationships and of y-ray intensities. Some of the transi-
tions could only be seen when several gated spectra
within the same band were added. Some examples of gat-
ed background subtracted y-y coincidence spectra in

Pr and ' 'Pr are shown in Fig. 2. The CASCADE calcu-
lations of the cross sections for the reaction ' Ag( Si,x)
at a beam energy of 128 MeV indicate that relative popu-
lations for the various channels are as follows: ' 'Pr,
35%%u'

' Pr, 3.1% "Pr and ' Nd, 15% each; ' " Ce,
10% and 12.5%, respectively; and other nuclei about
10%. As a large number of transitions from different re-
actions will appear in the y-ray spectra, many y-ray tran-

sitions in ' Pr or ' 'Pr are contaminated by other transi-
tions. In order to identify some weak y rays in ' Pr or
' 'Pr, it was necessary to discriminate against the y rays
from other nuclei in both the ' Ag( Si,x) and the" Sn( ' F,x ) reactions rather carefully.

Information on transition multipolarities was obtained
from the measurement of y-ray angular distributions.
The formula

W'(0) = Ao+ A~P~(0)+ A~P4(8)

= Ao[ 1 + A22P2(I9)+ A44P4(g)]

(where 222 = 22/20, 244 = 34/30) was fitted to the ob-
served y-ray intensity function W(8). Here, 0 is the an-
gle of the detector measured with respect to the beam
axis, 3o, 32, and A4 are adjustable parameters, while P2
and P4 are Legendre polynomials. For some y-ray tran-
sitions in ' ' 'Pr, the extracted values of 322, 244 to-
gether with their energies, intensities, spin, and parity as-
signments are listed in Table I. These intensity values
have been corrected for the e%ciency of the Ge detectors
and normalized to the —", —", transitions at the bot-
tom of the yrast bands in the two nuclei ' Pr and ' 'Pr,
respectively. The spin and parity assignments of the
lower members in the yrast bands of ' 'Pr and ' Pr have
been made on the basis of the angular distribution data,
with the help of the systematics on Pr isotopes in the
framework of the Nilsson schemes. The spin assignments
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FIG. 2. Coincidence spectra: (a) The sum of spectra gated on the 256, 467, and 626 keV transitions in yrast band of ' 'Pr. (b) The
sum of spectra gated on the 237, 414, 559, and 672 keV transitions in yrast band of ' Pr. (c), (d), (e), (f), and (g) The spectra gated on
the 626, 378, 540, 423, and 531 keV transition individually. All energies are given in keV. 0, contamination from the ' Pr P++ EC
(electron capture) decay transitions. +, contamination from ' Ag Coulomb excitation transitions. 4, contamination from "La
p++ EC decay transitions. X, contamination from ' Pr transitions. +, contatnination from ' Ce transitions.
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TABLE I. y energy, relative intensities, coefficients of angular distribution, spin, and parity of levels

assigned to " "'Pr.

Isotope E~ (keV) Intensity I~ 322 Multipolarity

131p 163
256
467
469
626
742
826

1074
378
618

1039
423
540

14.8(3.0)
100(2.5)

88.8(3.5)

17.8{3.5)

79.9(4.4)

27.6(3.8)

1 1.8(1.8)

8.9(1.3)
12.9(1.0)
16.0(2.6)
6.8(1.0)
11.4(1.8)
10.7(2.0)

0.04(3)
0.28(3)
0.29(2)
0.35(5)
0.41(3)
0.09(10)

—0.12(3)
—0.24(3)

—0.09(4)
—0.15(4)
—0.13(5)
—0.09(3)
—0.15(7)
—0.17(5)
—0.09(5)

0.01(4)

Ml
E2
E2
E2
E2
E2
E1
E1

7
2
15—
219—
2

27
2
23
2

27
2

23 +
2
19 +
2

5—
211—
2
15—
2

23
219—
2

23
2

23
2
19—
2

129p 237
414
559
672
754

67.8(2.2)

100(2)
79.7(2.8)

36.5(1.2)
15.9(9)

0.51(10)
0.45(7)
0.34(7)

—0.18(14)
—0.09(10)
—0.06{10)

E2
E2
E2

15—
2
19—
2

23
2

11—
2
15—
2
19 +
2

for the highest members in the bands are made under the
assumption that the rotational band structures continue
to high spin. The tentative spins and parities are shown
in brackets. The relative intensities of the transitions in
' 'Pr and ' Pr were obtained from y single spectra and
from the angular distribution data.

The level schemes of ' 'Pr and ' Pr are mainly derived
from the y-y coincidences. The coincidence spectrum
obtained from the sum of spectra gated on the 256, 467,
and 626 keV transitions in the yrast band of ' 'Pr is
shown in Fig. 2(a). The coincidence spectrum obtained
from the sum of spectra gated on the 237, 414, 559, and
672 keV transitions in the yrast band of ' Pr is presented
in Fig. 2(b). The coincidence spectrum gated on the sin-
gle 626 keV transition is given in Fig. 2(c). The 256, 467,
626, 742, 807, 832, 872, 938, and 1015 keV y transitions
in the yrast band of ' 'Pr are observed in the spectra.
The weaker transitions at 378, 469, 618, 771, 423, 540,
and 687 keV in the sidebands which decay through 826,
1074 and 616, 1039 keV transitions to the yrast band, are
also seen in these figures.

Two positive-parity rotational bands are observed in
' 'Pr with (n.,a)=(+,+—,') and shown to decay to the
same level of the ground state band. The coincidence
spectra gated on the 378, 540, 423, and 531 keV transi-
tions are shown in Figs. 2(d), 2(e), 2(f), and 2(g), respec-
tively. The 378 keV transition is in coincidence with the
163, 197, 231, 360, 428, 469, 618, 710, 771, and 906 keV
transitions placed within the (+,+—,') band structure. It
is, however, also in coincidence with the 256 and 467 keV
y rays in the yrast band through a 1074 keV linking tran-
sition. The 423 keV transition is similarly in coincidence
with the 163, 197, 231, 300, 360, 531, 638, 501, 540, 687,
and 840 keV transitions in the (+,+—,') band structure.

It is also linked through the 616 keV transition to the
256, 467, and 626 keV y rays in the yrast band. The 540
keV transition has the same coincidence relation as the
423 keV y ray, but is linked via both the 1039 and the
616 keV transitions to the yrast band.

The y transition intensities in the unfavored (+,+ —, )
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FIG. 3. The low energy part of the coincidence spectra: {a)
gated on the 237 keV transition, (b) gated on the 256 keV transi-
tion. All energies are given in keV.
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FIG. 4 (a) Excitation functions calculated
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band are weaker than those in the favored (+, —
—,
'

) band.
From the systematics in odd Pr nuclei, the yrast bands

of ' 'Pr and ' Pr are based on the signature a= —
—,
'

component of the h»zz —,
' [541] configuration. The in-

tense transitions of 256, 467, 626, and 742 keV are inter-
preted as forming a cascade of stretched E2 transitions in
the low spin part of the yrast negative-parity band of
' 'Pr. With Z =59 and assuming a prolate deformation
c.=0.20—0.25 for ' 'Pr, the available Nilsson orbitals are
—,'+[411],—', +[413],and the —', [541] intruder. The obvi-
ous choice for the tentative assignment of the I =

—,
'

ground state is then the —,'+[413] state based on a g7/Q

proton, and the two positive-parity bands are the two
bands with opposite signature (+, + ) and (+,—) based
on this state.

There was little knowledge on the ' Pr nucleus prior
to the present work. It is a by-product of our experi-
ment. There are three reasons to assign the band given in
Fig. 1(b) to ' Pr: (1) The y-y coincidence spectra gated
on the 237 and 256 keV y transitions (shown in Fig. 3) re-
spectively show a similar E x-ray spectrum, which means
that these y transitions belong to Pr isotopes. Four Pr
isotopes from ' Pr to ' Pr can be produced in

Ag( Si,x) reaction. The main y-ray transitions in
Pr [10], ' 'Pr, and ' Pr [11]are known and none of the

y rays of Fig. 1(b) has been reported in these nuclei. (2)
We have measured the experimental excitation function
for the ' Ag( Si,x) reactions and compared the exhibit-
ed trends for the ' Ce, ' Nd, '~'Pr, and '~ Pr nuclei
(shown in Fig. 4) with the CASCADE calculations. The
curve trend of the proposed ' Pr transition agrees with
the prediction from the CASCADE calculation. (3) The
level structure of the yrast band fits very well in the sys-
tematics of Pr isotopes.

IV. DISCUSSION

co = [E(I+ 1) E(I —1)]I—[I„(I+1) I,(I —1)],— (3)

the Routhian (the excitation energy in the rotating frame)
e'(co) is given by the formula

1211
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373 ~

0
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can be seen, the spacings in the yrast bands of the Pr iso-
topes follow closely those of the cores. This is suggestive
of a rotationally aligned particle, in this case an h»&z
proton, coupled to the appropriate Ce core. The decrease
in level spacing with decreasing neutron number indi-
cates that the deformation of the nucleus is increasing,
while the nucleus is further away from the N =82 shell
closure. As a consequence, the energy of the —", state
drops and approaches the ground state.

In order to elaborate on the detailed structure of the
bands, the experimentally observed quantities are trans-
formed to the rotating frame following the methods of
Bengtsson and Frauendorf [12]. The angular momentum
alignment i„ is given by the formula

i„=I„(~) I „r(~), —

In odd-proton Pr nuclei, the yrast band is based on the
state . The level energy in the —", yrast state of ' 'Pr

is 65 keV higher than the —', + ground state (Fig. 1). The
systematics of the low spin part of these bands in several
Pr isotopes is shown in Fig. 5. The dots represent the
level spacing in the even-even Ce cores which have one
proton less than the corresponding odd Pr isotopes. As

)29p» 131Pr 133p~ 135p 137p

FIG. 5. The systematics of AI=2 bands built on the —",

states in the odd mass ' ' Pr isotopes. The energy of the —"

states is set to zero and used as a reference. The filled circles
represent the ground state band in the corresponding " 'Ce
core.
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e'(co) =E'(co) E—,',r(co) . (4)

and I „f is a reference based on a frequency-dependent
moment of inertia, i.e.,

I, „f(co)=coJ„r=co(JO+co J, ), (6)

where Jo and JI are the Harris parameters. The results
of i and e' as a function of Ace for ' ' 'Pr are presented
in Fig. 6. The values J0= 17.0 MeV ' A, JI =25. 8

MeV A for ' 'Pr and J0=188 MeV 'A, JI =237
MeV A for ' Pr were obtained from a fit to the yrast
band in ' Ce [4] and ' Ce [13] above the first backbend,
where the nuclear shape is expected to be more stable
than in the ground state band.

In order to compare the experimental results with
theoretical predictions, cranking shell model (CSM) cal-
culations have been performed for ' 'Pr and ' Pr, as
shown in Fig. 7. The deformation parameters used in the
calculations are F2=0.24, c4=0.0, and y =0.0 for ' 'Pr,

/8 ' Pr
/P — lslPr

/2 + 151pr

/p + 1$lpr

0.10 0.20 0.30 0.40 0.50 0.60

~ ~ (MeV)

0.5

0.0
(b)

—1.0

—1.5

Here, I is the total angular momentum component on
the rotational axis given by

[(I+ i )2 g 2]1/2

and c.2=0.26, c4=0.0, and y =0.0 for ' Pr. The quadru-
pole deformations have been extracted from the 2+ exci-
tation energies in ' Ce and ' Ce, respectively [4,13,14].
The pairing gaps were set to 5 = 1.10 MeV for ' 'Pr and
6 =1.05 MeV for ' Pr. These values were deduced
from the odd-even mass differences. The proton Fermi
energies A, of ' 'Pr and ' Pr have been chosen to repro-
duce the particle numbers Z =59 and N =72 and 70, re-
spectively. In Fig. 7, the lowest energy single quasipro-
ton states of negative parity are labeled by 3, B, C, and
D, and those of positive parity are labeled by E, I, . . . .
The yrast band of ' 'Pr and ' Pr has a near constant
alignment i =4.5A and 5.0A, respectively, for Ace(0. 35
MeV (Fig. 6). This is consistent with a band based on the
decoupled h»/2 proton as shown by the slope of level 3
(Fig. 7). In the yrast band of ' 'Pr and ' Pr, the h»&2
proton blocks the first proton alignment, and, as a result,
no backbend is observed in this band at low spin. The
observed crossing frequency Ace, =0.39 MeV for ' 'Pr
and 0.37 MeV for ' Pr is only present in the negative-
parity band, showing that this band crossing is most
probably due to the second and third h»/2 proton band
crossing (BC) alignment. A similar upbend has been ob-
served in the decoupled h»&2 proton bands in ' Pr [6]
and ' Pr [7]. The systematic comparison between exper-
imental data and theoretical calculations of the BC cross-
ing frequency A'coBc in a series of Pr isotopes is given in
Table II.

As shown in Table II, the theoretical values of AcuBc
are larger than the experimental results, especially in the
lower Pr nuclei. It can be shown that the pairing force in
these nuclei should be reduced in the three quasiparticle
band. For ' Pr and ' 'Pr, if ta~aLp is reduced by about
20%%uo, the theoretical value will coincide with the experi-
mental results. On the other hand, the experimental
values of AcoBc decrease with decreasing Pr isotopes,
which may reAect the varying occupation probability of
different orbitals as deformation is increasing. This
might result in a lower quasiparticle energy for the h»/2
orbital.

The alignment i and Routhian e' in the sidebands of
' 'Pr (Fig. 6) indicate that these two positive-parity bands
have almost identical behavior as would be expected from
two bands of opposite signature based on the same
configuration. At low spin, they have small alignment
i =1.5A and small signature splitting. These properties
are typical for a strongly coupled particle like the g7/2
—', + [413] proton. These bands exhibit a crossing at

—2.0

—2.5

Q. 1 0.20 0.30 0.40 0.50

TABLE II. Comparison of measured AcoBc with the theoreti-
cal values in a series of Pr isotopes.

Ace&c (MeV)

~ ~ (MeV)

FICx. 6. The experimental alignment i (a) and Routhians e'
(b) plotted versus the rotational frequency Ace for the bands in' 'Pr. (X—yrast band of ' 'Pr. E—yrast band of ' Pr,
Q —a= —

—,
' side band of "'Pr, —~=+ —,

' side band of "'Pr).

Isotope

129p

131p

133p

135p

Exp.

0.37
0.39
0.43
0.46

Theory

0.44
0.45
0.46
0.47
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Ace, =0.25 MeV above which the alignment stays rather
constant at i =9.5A. The sharp backbend, the crossing
frequency, and the gain in alignment hi =8.0A are simi-
lar to those that have been observed in the Ce [4,5] iso-
topes. The crossing is then interpreted as the alignment
of a h i i&2 proton pair. The observed crossing frequency
is somewhat lower than that of the CSM calculation
%~~~=0.28. The observed values of AcoAB in the two
positive-parity bands are much lower than that of the

Ce core nucleus [4] where the first crossing is observed
at %co~&=0.32 MeV. One reason for this difference in

frequency comes from the reduction in the proton pairing
strength caused by the odd proton in the ' 'Pr nucleus.
Another possible reason for this diA'erence in frequency
could come from the possibility that the band of ' Ce is

y soft and changes its shape easily. The ground state
band can then gain in energy by adopting a triaxial shape
and in this way increase the crossing frequency. The case
is very similar to that seen in the ' Ce core nucleus [5].
The systematic experimental values and the theoretical
calculations of firo~ii in a series of Pr [6,7] and Ce [4,5]
isotopes are given in Table III.

As mentioned in the Introduction, nuclei in this region
are y soft. Changes in the signature splitting are known
to be strongly dependent on the y deformation. Figure 8

shows that the calculated quasiparticle energies vary with
di6'erent triaxial deformation for a fixed rotational fre-
quency Ace, =0.25 MeV. The Fermi level for protons in

Isotope

131p

133p

135p

130C

132C

Exp.

0.26
0.27
0.32
0.32
0.34

Theory

0.28
0.29
0.31
0.32
0.34

' 'Pr lies near the bottom of the h&&&2 shell. The h&&&2

proton orbitals 2 and B have their minima at y= —10'
and y)0', respectively. When A and B are occupied,
they tend to drive the nuclear shape towards y ~ 0 . The
positive-parity orbitals E and F are rather Oat; therefore,
the driving forces for the y deformation are small in this
case. In the bands seen here the observed signature split-
ting has essentially disappeared after the backbending in
the —,

' [413]band. This shows that y tends toward about
O'. The only other way the experimental signature split-
ting could be very small would be at y = —70', but with
such a deformation the neutrons would not align at
sufficiently low frequency to account for the first back-
bend. The systematics of signature splitting after the
backbend in the —,'+[413] band of some Pr isotopes is as
follows: ' 'Pr, almost no signature splitting, while small

TABLE III. Comparison of measured AcuAB with the theoret-
ical values in a series of Pr and Ce isotopes.

AcoAq (MeV)

0.25—

0 2 san 5/2L413)

%vs i/2(550)
0.15—

0.10—
II

3

~~D I
D

0.05—

0.00—

—0.05—
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0.20—

0.15—

ll 0. i0—
CI
3
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A 3

r
F

Q

A+ AB

(a)

(b)

FIG. 7. Cranked shell model calculations of
the quasiparticle energies for protons (a) ' 'Pr
and (b) ' Pr. The Nilsson configurations are
shown at Ace=0. 0. The various parity (~) and
signature (o. ) combinations are

( —,+2),
dashed; (+, +

2 ), solid; (+,—
—,
' ), dotted.
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signature splitting is present in ' Pr and signature split-
ting and inversion occurs in ' Pr.

V. CONCLUSIONS

In summary, the ' ' 'Pr nuclei have been studied to
high spin. The yrast band of ' Pr based on a decoupled

FIG. 8. Theoretical Routhians e' for the protons plotted
versus y at fixed Ace=0. 25 MeV in ' 'Pr. The Routhian assign-
ments 3, B, C, D, E, and F are the same as in Fig. 7.

h»&2 proton was found to have a band crossing at
A~, =0.37 MeV, which is 0.07 MeV lower than that cal-
culated by CSM. The difference between the experimen-
tal and theoretical crossing frequencies may indicate re-
duced pairing in this three quasiparticle band. Two
positive-parity sidebands of ' 'Pr based on the g7/2
—,'+[413] proton configuration were also observed. The
band crossing at Ace, =0.26 MeV with a gain in align-
ment about 8A was attributed to the alignment of two
h»&2 protons. The crossing frequency is about 20%
lower than that observed in the ' Ce core nucleus. This
could be due either to the ' Ce core being y soft in its
ground state band or to a reduction of the proton pairing
strength in ' 'Pr. The experimental observation that
there is almost no signature splitting after the backbend
in g7&2 —, [413] band implies that the y deformation
moves toward 0' at the highest spin.
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