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Transition strengths and the role of the f7/2 orbital in 71As
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High-spin states in 71As were studied using the 54Fe(23Na,α2p) reaction at 80 MeV. Prompt γ -γ coincidences
were measured using the Florida State University Compton-suppressed Ge array consisting of three clover
detectors and seven single-crystal detectors. The existing high-spin level scheme has been verified, and 21 new
transitions have been added based on an investigation of weak γ -ray coincidence relations and relative γ -ray
intensities. Lifetimes of 16 excited states were measured using the Doppler-shift attenuation method applied to
the experimental line shapes of decays in all of the known rotational bands. The B(E2) strengths inferred from
the lifetimes indicate that moderate to high collective behavior persists to the highest observed spins in the lowest
positive- and negative-parity bands, in qualitative agreement with projected shell-model calculations. The band
suggested to be based on the πf7/2 orbital shows a similar degree of collectivity within the same spin range, with
B(E2) values in good agreement with those predicted by the projected shell model assuming a constant prolate
deformation of ε2 = +0.27. The experimental Qt values in this band are somewhat smaller than predicted by
cranked Woods-Saxon calculations.
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I. INTRODUCTION

Nuclei in the mass A ≈ 70 region are well known to exhibit
structural properties that vary sensitively with the number of
protons (Z) and the number of neutrons (N ). The valence
space for both protons and neutrons in this region resides
in the vicinity of large shell gaps in the Nilsson single-
particle energy spectrum at different deformations and particle
numbers [1], resulting in strong shape competitions and rapid
shape changes with Z, N , and spin. These nuclei thus provide
an excellent laboratory for studying the interplay between
single-particle and collective degrees of freedom, especially
when lifetime measurements are available to infer the degree
of collectivity within structures based on different intrinsic
configurations.

Previous studies of 71As have revealed a richness of
structure that has become a hallmark of nuclei in this region.
In particular, a rather complex network of both collective
and noncollective states has been observed and related to
an associated evolution of competing shapes [2,3]. Despite
this complexity, existing lifetime measurements [2] have
made it possible to characterize the degree of collectivity
and deformation of several excited states, and to more
clearly interpret them in light of the predictions of a variety
of theoretical approaches, including particle-rotor [4] and
cranked Woods-Saxon [2] calculations. For example, lifetime
measurements in the yrast positive-parity band of 71As have
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helped illuminate the deformation-driving properties of the
g9/2 orbital and how the quasiparticle occupation of this orbital
relates to the evolution of shape with spin [2,5,6].

Although the level schemes of the light odd-mass nuclei in
this region show several similarities, one feature of the 71As
decay scheme that appears to be unique among its neighbors
is the existence of a negative-parity band that is suggested
to be based on the [303] 7

2
−

prolate-deformed Nilsson config-
uration stemming from the πf7/2 spherical orbital [3]. This
interpretation was supported by the observation of relatively
large B(M1)/B(E2) ratios between 4 and 6µ2

N/(eb)2 within
this band, which agreed with the theoretical expectation if the
states were based on an f7/2, K = 7

2 proton orbital with gs =
0.65g(free)

s , and assuming an average transition quadrupole
moment Qt = 3.1 eb (corresponding to a prolate deformation
of ε2 = +0.37) [3]. Thus far, however, the lifetimes of states
in this band have not been measured to provide a means to
test this prediction. The participation of the f7/2 orbital in the
structure of 71As is intriguing, as it has already been shown
to play a crucial role in the development of both superde-
formed and strongly coupled, smoothly terminating bands
in 62Zn [7,8]. An extensive search was performed recently
for a similar f7/2 band in 69As, but no clear candidate was
found [9].

The present investigation was thus undertaken to measure
as many lifetimes as possible in 71As using the Doppler-shift
attenuation method (DSAM) in order to quantify the degree
of collectivity in the proposed π [303] 7

2
−

structure, as well as
to enhance the knowledge of the collective behavior in the
yrast positive- and negative-parity bands at higher spin. An
additional goal of this work was to carefully investigate weak
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γ -ray coincidence relationships in an attempt to verify the
band head of the π [303] 7

2
−

structure and to look for transitions
that link this structure to the low-spin levels known from the
EC + β+ decay of 71Se [10].

II. EXPERIMENTAL AND ANALYSIS TECHNIQUES

High-spin states in 71As were populated following the
54Fe(23Na,α2p) fusion-evaporation reaction at a beam energy
of 80 MeV using the John D. Fox superconducting accelerator
at Florida State University (FSU). In order to measure lifetimes
using the DSAM, a thick 14 mg/cm2 54Fe target was used to
stop all recoiling nuclei. Prompt γ -ray coincidences, recorded
within a time window of ∼100 ns, were detected using
the FSU array of ten Compton-suppressed Ge detectors,
consisting of three clover detectors placed at 90◦ relative to
the beam direction, and single-crystal detectors placed at 35◦
(two detectors), 90◦ (two), and 145◦ (three). Approximately
4.6 × 108 total coincidence pairs were collected and sorted
into a variety of γ -γ coincidence matrices with a dispersion
of 0.7 keV/channel. Both the sorting and analysis of the
γ -ray spectra were performed using GNUSCOPE, a γ -spectrum
analysis software package developed at FSU [11,12].

The γ -ray coincidence relations that were used to both
verify and enhance the existing level scheme were investigated
mostly from background-subtracted spectra projected from
matrices consisting of coincidences among the 90◦ detectors
in order to minimize Doppler shifting. Doppler-shifted line
shapes measured at 35◦ (145◦), necessary for the DSAM
lifetime analysis, were obtained from background-subtracted
spectra projected from matrices consisting of coincidence
events between 35◦ (145◦) detectors and 90◦ detectors.
Individual gates were set at 90◦ so that they encompassed the
total extent of the chosen peak in the spectrum. Approximately
6.4 × 107 (9.2 × 107) coincidence pairs were collected in the
35◦ (145◦) versus 90◦ detectors matrix.

The choice to analyze 35◦ and 145◦ spectra measured from
coincidences with only the 90◦ detectors took advantage of
the enhanced detection efficiency at 90◦ in the FSU array, and
seemed to provide the best balance between sufficient statistics
and line-shape purity, even allowing for Doppler broadening as
necessary when gating. Alternative approaches to the analysis
involve selective gating on portions of the line shape of a
feeding [13] or depopulating [14,15] transition. However, these
novel approaches would likely not have been beneficial in
this case, given the observed difficulty to consistently obtain
clean line shapes with sufficient statistics for a reliable lifetime
measurement.

Mean lifetimes of excited states were then measured by
applying the DSAM to the experimental line shapes of
coincident γ rays detected at 35◦ and 145◦. Theoretical line
shapes were calculated using the simulation code FITS [16].
The nuclear and electronic stopping powers were obtained
from the SRIM-2008 software [17].

By varying the lifetime of the parent state of interest, a set
of theoretical line shapes was produced and compared with
the measured Doppler-shifted spectrum at 35◦ and 145◦ to
find the best fit. The lifetime which generated a curve that had

the lowest χ2 when compared to the experimental spectrum
was taken as the lifetime of that state. The uncertainty in the
individual lifetimes measured at both angles was determined
by finding the lifetime value above and below the best-fit value
which increased the minimum χ2 value by one unit. The
accepted lifetime values were determined from a weighted
average (based on the measured uncertainty) of the individual
lifetimes measured at both angles (see Table I). In some
cases, this weighted average included contributions from a
line-shape analysis of both an M1/E2 and a stretched E2
transition from the same initial state. The uncertainties in
the accepted lifetimes were deduced from either the standard
deviation of the set of individual lifetimes or the smallest
uncertainty in the individual lifetime fits, whichever was
larger.

Effective lifetimes, which do not include feeding correc-
tions, were first determined from each line shape with adequate
statistics. One effective lifetime representative of each state
was determined from the weighted average (based on the
individual uncertainties) of the results obtained from each of
the two detector angles for which they could be measured. All
line shapes were then refit with feeding corrections, with the
exception of those from the highest fitted transition in each
band, where only the upper-limit effective lifetime could be
obtained. The feeding corrections used the effective lifetime of
the state (or possibly multiple states) immediately above and
one side-feeding state to feed the state of interest. The γ -ray
intensities used in the feeding corrections, along with the γ -ray
energies, were taken from Ref. [2] ([3]) for the positive-parity
(negative-parity) states.

Whenever possible, mean lifetimes were determined from
spectra gated from above (GFA) the transitions of interest,
eliminating the effects of side feeding. However, limited
statistics often required the analysis of line shapes obtained
from spectra gated from below (GFB) the transition of interest.
In these situations, the side-feeding times were assumed to
follow a very similar model as was used in the most recent
DSAM lifetime analysis for 71As [2], since the lifetimes we
obtained from a GFA analysis in general showed excellent
agreement with the previous results which incorporated this
side-feeding model for all measured lifetimes (see Sec. III B).
This may be a consequence of the fact that the same compound
nucleus (77Rb) was produced at a similar maximum excitation
energy as that of the reaction used in Ref. [2]. In this work,
a side-feeding time of 0.04 ps was assumed for the 29

2
−

state,
the highest-lying one for which a mean lifetime could be
extracted, and was assumed to increase by 0.03 ps per MeV
of deexcitation. This choice is consistent with the assumptions
used in other recent studies of nuclei in the mass 70–80 region
(see, for example, Ref. [18]), which have been motivated by
a rigorous theoretical study of side-feeding times in this mass
region [19], as well as the measured results from 82Sr [20]
and 83Y [21]. Of course, one should keep in mind that shorter
(longer) side-feeding times used in the feeding corrections
would result in longer (shorter) mean lifetimes. In many cases,
however, the resulting mean lifetimes measured in this work
were rather insensitive to the side-feeding time as long as the
side-feeding intensity was small. In fact, an attempt to directly
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TABLE I. Initial-state spins, γ -ray transition energies, mean lifetimes, electric quadrupole transition strengths B(E2), magnetic dipole
transition strengths B(M1), and transition quadrupole moments |Qt | in 71As. The level energies, transition energies, and spin assignments
associated with previously known positive-parity (negative-parity) states were taken from Ref. [2] (Ref. [3]). Individual mean lifetimes deduced
from a DSAM analysis of line shapes measured at the indicated angles from transitions with energy Eγ are given in the same row. The
accepted mean lifetimes (τacc) represent the weighted average (based on the uncertainties) of the measurements at 35◦ and 145◦ where results
are available.

Iπ
i Eγ τprev

a τ35◦ b τ145◦ b τacc B(E2) B(M1) |Qt |
(keV) (ps) (ps) (ps) (ps) (W.u.)c (µ2

N )d (eb)

Band 1
13
2

+
714.0 6.2(20)e 6.2(20)e 41+19

−10 1.82+39
−24

17
2

+
974.9 0.69(22) 0.76+73

−28
f 0.76+73

−28
f 70+41

−34 2.13+55
−61

21
2

+
1100.1 0.42(18) 0.42+16

−12
f 0.42+16

−12
f 69+28

−19 2.02+37
−30

25
2

+
1232.8 0.30(10) 0.33(5) 0.30+4

−3 0.31+4
−3 53(6) 1.72+9

−10

( 29
2

+
) 1338.4 0.14+7

−5 0.10(4) 0.12(4) 91+45
−23 2.21+50

−30

( 33
2

+
) 1447.4 <0.33g >22 >1.08

Band 3
15
2

−
810.2 >2 >2 >2 <35 <1.58
451.0 <0.15

19
2

−
996.0 1.08+182

−50 1.08+182
−50 35+31

−22 1.48+54
−58

626.4 0.04+4
−3

( 23
2

−
) 1156.9 <1.50g >15 >0.93

Band 4
13
2

−
671.8 >2 >2f >2f <47 <1.96

1075.4 <12 <0.98
17
2

−
820.6 1.86(33) >2f >2f >2f <59 <1.96
369.6 <0.03

21
2

−
943.4 0.85(23) 0.66+32

−17
f 0.66+32

−17
f 95+33

−31 2.36+38
−42

25
2

−
1137.5 0.33(12) 0.37+10

−8 0.26+7
−6 0.31(8) 79+28

−16 2.10+34
−23

29
2

−
1301.4 < 0.18 0.32+10

−9 0.29(9) 0.30(9) 42+18
−10 1.50+29

−18
33
2

−
1442.0 <0.32g >23 >1.11

Band 6
15
2

−
846.0 0.86+117

−35 0.50+37
−20 0.73+37

−20 40+15
−14 1.98+34

−37

442.6 0.92+38
−22 0.66+25

−22
19
2

−
969.9 0.76(28) 36+21

−10 1.61+42
−23

494.2 0.96+22
−15 0.56+22

−15 0.31+18
−8

( 23
2

−
) 1126.0 <0.54g >39 >1.58

584.6 >0.09
Band 7

13
2

−
758.1 >2f >2f <20 <1.62
403.5 1.40+222

−59
f >2f <0.34

17
2

−
918.1 0.40(19) 52+47

−17 2.06+78
−36

475.9 0.57+18
−13 0.30+11

−10 0.94+85
−30

21
2

−
1035.9 <0.83g >22 >1.20
541.6 >0.24

aFrom Ref. [2] unless otherwise noted.
bDetermined from spectra gated from below (GFB) the listed transition, unless otherwise noted.
c1 W.u. = 17.46 e2 fm4.
dAssumes a dipole-quadrupole mixing ratio δ = 0.
eFrom Ref. [6].
fDetermined from spectra gated from above (GFA) the listed transition.
gEffective lifetime.

measure side-feeding times in 71As through a comparison
of GFA and GFB line-shape fits usually resulted in very
large uncertainties, indicating an insensitivity of the observed

GFB line shapes to the side-feeding time. Spin changes were
measured for some of the newly observed transitions in 71As
based on directional correlation of oriented nuclei (DCO)
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ratios, defined according to

RDCO = Iγ (at 35◦, 145◦; gated by γG at 90◦)

Iγ (at 90◦; gated by γG at 35◦, 145◦)
. (1)

In order to increase the statistics of the DCO ratio
measurement, the analysis was performed using a matrix
constructed to exploit the angular symmetry of the FSU Ge
array, in which both 35◦ and 145◦ detector events were sorted
against only the 90◦ detector events. Based on the geometry
of the array, if the gate γG represents one or more stretched
electric quadrupole (E2) transitions, then the DCO ratios for
stretched E2 transitions as well as for 	I = 0 transitions are
expected to be approximately unity, while 	I = 1 transitions
yield ratios of about 0.5 if the mixing ratio is small [16]. DCO
ratios for the new transitions were measured by gating on
known stretched E2 decays [2,3]. All such measurable ratios
are shown in Table II and reflect weighted averages (based on
the measurement uncertainty) of the results obtained from two
or more E2 gates.

III. RESULTS

A. 71As level scheme

A partial level scheme of 71As, relevant to the present work,
is shown in Fig. 1. The most recent published level schemes
[2,3] have been verified based on γ -γ coincidence relations,
relative γ -ray intensities, and effective lifetime measurements.
In addition to the band structures known from previous work,
almost all of the non-yrast levels reported in Ref. [2] have
been confirmed as well (but are not included in Fig. 1).
The exception is the 1728.6-keV state, which the coincidence
relations suggest does not exist. The 599.3-keV γ ray shown
depopulating this state in Ref. [2] was instead determined to be
a transition between the 2416.1- and 1816.7-keV levels based
on the mutual coincidences observed between this transition
and those at 687.4 and 821.2 keV, which would not be possible
in the previous construction (see Fig. 5 in Ref. [2]).

Additionally, 21 new transitions have been assigned to 71As
based on a careful study of weak coincidence relationships.
Some of these transitions, such as those at 858.8, 927.6, and
1492.2 keV, now clearly link some of the negative-parity
high-spin states to low-lying states at 870.3 and 924.6 keV
that were first established by a β-decay experiment [10] (see
Fig. 1). Interestingly, three other new transitions of energy
329.9, 642.4, and 1467.8 keV imply a new state at 1467.8 keV
that could be interpreted as the band head of the unfavored
signature of the yrast negative-parity states (band 3 in Fig. 1).
The measured DCO ratios of the 329.9- and 642.4-keV
decays (see Table II) are consistent with 	I = 1 and 	I = 2
transitions, respectively, supporting a 7

2
−

assignment for this
state. The DCO ratio of 0.96(17) for the 1467.8-keV decay
most likely implies a highly mixed transition. Figure 2 shows
a portion of the background-corrected coincidence spectrum
obtained by gating on the 996.0-keV transition, indicating the
presence of the new 642.4- and 1467.8-keV lines.

Another goal of the search through weak coincidence
relationships was to extend and enhance the high-spin portion
of the 71As level scheme as much as possible. In particular,

TABLE II. Parent level energies, spin-parity assignments, γ -ray
energies, DCO ratios (RDCO), and multipolarities (σL) associated
with the new transitions assigned to 71As in this work.

Ex (keV) Iπ
i I π

f Eγ (keV) RDCO σL

1467.8 7
2

− 5
2

−
1467.8(4) 0.96(17) M1/E2

1729.0 7
2

− 5
2

−
858.8(6) M1/E2

1798.4 9
2

− 7
2

−
329.9(3) 0.56(25) M1/E2

5
2

−
927.6(2) 0.99(9) E2

2111.0 11
2

− 7
2

−
642.4(2) 1.09(32) E2

2417.0 11
2

− 7
2

−
687.7(2) E2

7
2

−
1492.2(5) E2

2470.3 13
2

− 13
2

+
756.1(2) E1

3845.4 ( 15
2

−
) 17

2

−
554.8(4) 0.41(7) (M1/E2)

15
2

−
924.0(6) 0.82(41) (M1/E2)

4571.4 21
2

(−) 19
2

−
653.6(3) 0.40(18) M1/E2

4926.8 ( 19
2

−
) 21

2

−
693.1(4) (M1/E2)

( 15
2

−
) 1081.1(4) (E2)

5074.1 ( 23
2

−
) 21

2

−
839.8(7) (M1/E2)

5583.4 ( 25
2

−
) ( 23

2

−
) 509.4(6) (M1/E2)

21
2

(−)
1011.3(4) (E2)

21
2

−
1211.0(6) (E2)

6174.0 ( 23
2

−
) ( 19

2

−
) 1247.2(11) (E2)

6781.2 ( 29
2

−
) ( 25

2

−
) 1197.8(5) 0.95(35) E2

7807.8 ( 33
2

+
) ( 29

2

+
) 1447.4(10) (E2)

7829.9 ( 29
2

−
) 1048.7(7)

a focused search was performed to extend the yrast positive-
parity band (band 1 in Fig. 1) to as high a spin as possible
since the first band crossing has yet to be observed there [2].
Although a 1447.4-keV transition was added at the top of this
band, extending the sequence to a ( 33

2
+

) state at 7807.8 keV,
this addition still does not provide clear evidence for the
first quasineutron alignment (see Sec. IV A). However, two
weakly populated high-spin structures (bands 2 and 5 in
Fig. 1) have been added as side bands associated with the
yrast negative-parity sequences (bands 3 and 4 in Fig. 1). The
spin assignment of 21

2
(−)

for the new state at 4571.4 keV
was based on the measured DCO ratio of the 653.6-keV
transition (see Table II), while the tentative assignments of
other new states associated with band 2 assume E2 character
for the intraband decays. The suggested spin assignments for
the states in band 5 are primarily based on the measured
DCO ratios for the two observed decays of the 3845.4-keV
state, which indicate 	I = 1 (	I = 0 or 2) character for
the 554.8-keV (924.0-keV) transition and a resulting spin
of either I = 15

2 or 19
2 for the 3845.4-keV state. However,

a spin of 19
2 is unlikely since the 3845.4-keV state is populated

considerably less strongly than either of the other spin 19
2 states

shown in Fig. 1, thus favoring a spin of 15
2 . Negative parity is

favored for both bands 2 and 5 since only linking transitions
to known negative-parity states were observed. The observed
coincidences between the 996.0-keV transition in band 3
and the 653.6-, 1011.3-, 1048.7-, 1197.8-, and 1211.0-keV
transitions associated with band 2 are shown in Fig. 2.
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FIG. 1. Partial level scheme of 71As relevant to the present work. Transitions introduced in this work are indicated with asterisks. The
energies and decay intensities of all other transitions originating from positive-parity (negative-parity) states were taken from Ref. [2] ([3]).
The arbitrary labels above each decay sequence are included to facilitate the discussion in the text.

B. Lifetime measurements

Lifetimes of 16 excited states were measured using the
DSAM and are given in Table I. Mean lifetimes τ are given
for each detector angle along with the accepted lifetime τacc of
each state which represents the weighted average of the results
at each angle. Some of the values in the table indicate upper or
lower limits on τ . Upper limits indicate effective lifetimes for
which feeding corrections are either unavailable or unreliable
due to limited statistics. Lower limits of 2 ps were placed on τ

if the fits to the line shapes of the associated parent-state decays
resulted in a χ2 value that did not converge to a minimum below
τ = 2 ps when invoking feeding corrections. If a reliable line
shape for a given transition could not be obtained at either 35◦
or 145◦, a lifetime result at that angle is not included in the
table. Results obtained from a previous DSAM analysis [2]
are also included in Table I for comparison (τprev).

Two new lifetimes were measured in the yrast positive-
parity band (band 1 in Fig. 1), including an upper-limit
effective lifetime for the new ( 33

2
+

) state. As a check for

possible systematic error and to develop a consistent model
for side feeding (see Sec. II), the lifetimes of three other
states reported in Ref. [2] were remeasured and found to be in
excellent agreement (see Table I). In particular, the lifetimes of
the 17

2
+

and 21
2

+
states were both determined from spectra that

resulted from summing gates on the higher-lying 1232.8- and
1338.4-keV transitions. This not only eliminated the effects of
unknown side feeding, but it also eliminated the need to correct
for direct feeding from the 974.7-keV decay of a relatively
long-lived 21

2
(−)

state [2] (not shown in Fig. 1). Figure 3 shows
three representative fits to the line shapes of transitions in this
band measured at 35◦.

Lifetime measurements were extended up to the 33
2

−
state

in the signature α = + 1
2 sequence of the yrast negative-parity

states (band 4 in Fig. 1), where an effective lifetime has been
measured. Of the lifetimes previously measured for this band
[2], only the result for the 29

2
−

state, < 0.18 ps, disagrees with
our measurement within the range of experimental uncertainty
(see Table I). The upper limit had been deduced from a single

044316-5



R. A. KAYE et al. PHYSICAL REVIEW C 83, 044316 (2011)

0

200

400

600

C
ou

nt
s

600 800 1000 1200 1400

Energy (keV)

64
2*

65
4*

+
68

G
e

71
4

73
B

r

81
0

92
5

92
8*

10
00

10
11

*
10

49
*

10
75 11

11
11

57
11

86
11

98
*

12
07

12
11

*

13
95

14
68

*

Gate 996 keV

FIG. 2. A portion of the background-corrected coincidence spec-
trum obtained by gating on the 996.0-keV transition as measured
by the 90◦ detectors. Peak energies labeled with asterisks indicate
transitions assigned to 71As in this work.

measurement in the forward direction only. In the current
work, two separate values have been obtained from a line-
shape analysis of the 1301.4-keV transition at both forward
and backward directions with somewhat improved statistics
compared to the previous measurement. Thus, the weighted
average of the current results has been taken as the accepted
lifetime for this state. Figure 4 shows the GFA fit to the line
shape of the 943.4-keV transition ( 21

2
− → 17

2
−

) in this band
measured at 145◦. In addition, three lifetime measurements
were performed in the unfavored α = − 1

2 sequence (band 3 in
Fig. 1) for the first time, although only an upper (lower) limit
could be established for the ( 23

2
−

) ( 15
2

−
) state.

Lifetimes were measured in bands 6 and 7 (see Fig. 1)
for the first time. Effective lifetime limits were placed on the
highest observed states, and a lower limit of 2 ps was placed
on the lifetime of the 13

2
−

state from a GFA analysis, which
indicated no observable Doppler shift for either the 403.5- or
the 758.1-keV decays from this state. In general, the stronger
M1 decays within this band provided more reliable line shapes
than the weaker E2 decays from the same state, even though
their smaller transition energies resulted in Doppler-shifted
components that were closer in energy to the unshifted ones.
Fits to the 35◦ line shapes of the 442.6- and 475.9-keV M1
transitions between bands 6 and 7 are shown in Fig. 4.

Reduced electric quadrupole transition strengths B(E2)
were determined for relevant E2 transitions from the accepted
lifetime of the associated parent state, and were used to cal-
culate transition quadrupole moments |Qt | from the rotational
model according to

Q2
t = 16π

5
〈IK20|I − 2K〉−2B(E2, I → I − 2). (2)

A spin projection quantum number of K = 5
2 ( 7

2 ) was used
to determine the |Qt | values for bands 1, 3, and 4 (6 and 7).

The Qt values provide a measure of the quadrupole
deformation β2. For the purpose of discussion, some β2 values
have been calculated when it was appropriate to approximate
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FIG. 3. Representative fits to the 35◦ line shapes of transitions
belonging to band 1 in 71As. Spectra obtained by gating from above
(GFA) or gating from below (GFB) the transition of interest are
indicated. Some error bars are smaller than the symbol size.

the nuclear shape as axially symmetric. In this case, β2 is
determined approximately by

|β2| =
√

49π

80
+ 7πQt

6eZr2
0 A2/3

−
√

49π

80
, (3)

where r0 = 1.2 fm was used. The B(E2) and Qt values
inferred from the lifetime measurements are given in Table I.

Magnetic dipole transition strengths B(M1) were estimated
for M1 transitions associated with bands 3, 4, 6, and 7 in
Fig. 1 assuming a dipole-quadrupole mixing ratio of δ = 0
since B(M1) values are rather insensitive to δ as long as it is
small. At any rate, these B(M1) estimates could be considered
upper limits for these transitions. All deduced B(M1) strengths
are included in Table I.

IV. DISCUSSION

Of particular interest to this study is the high-K band
structure based on relatively strong 	I = 1 transitions that
develop above the 7

2
−

state at 1729.0 keV (bands 6 and
7 in Fig. 1), since this feature has not been observed in
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of interest are indicated. Some error bars are smaller than the symbol
size. The contaminant in the shifted portion of the line shape of
the 442.6-keV transition (bottom panel) was not included when
performing the fit.

any other light, odd-mass isotope in the A ≈ 70 region. So
far, its interpretation as a strongly deformed rotational band
based on an intrinsic [303] 7

2
−

quasiproton configuration results
from a comparison of experimental B(M1)/B(E2) ratios with
theoretical expectations that assume a quasiproton occupation
of this orbital at a prolate deformation of ε2 = +0.37 [3].

Now that lifetime measurements are available for the first
time in bands 6 and 7, the existing interpretation of these
sequences has been reinvestigated using the projected shell
model (PSM) through a comparison of measured and predicted
M1 and E2 transition strengths. Further evidence for the nature
of these structures was sought through cranked Woods-Saxon
(CWS) calculations for non-yrast configurations. Additionally,
lifetime measurements have been extended to higher spin in
the yrast positive- and negative-parity states, so the high-spin
collective properties of these bands have been revisited with the
PSM as well. The implications of the new low-spin extension
of band 3 (see Sec. III A) and the possible onset of the first
quasineutron alignment in band 1 were also explored using
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FIG. 5. Kinematic (J (1)) and dynamic (J (2)) moments of inertia
as a function of rotational frequency h̄ω for bands 1, 3, and 4 in 71As.
A common value of K = 5

2 was used for all bands.

the cranked shell model (CSM). The results of each of these
investigations are discussed separately in the sections that
follow.

A. Cranked shell-model calculations

The kinematic (J (1)) and dynamic (J (2)) moments of inertia
as a function of rotational frequency were extracted for bands
1, 3, and 4 in 71As using the CSM, and are shown in Fig. 5. A
common value of K = 5

2 was used for these bands, which is
consistent with previous CSM calculations for these sequences
[2].

As shown in the top panel of Fig. 5, the suggested low-spin
extension of band 3, which includes the new 642.4-keV E2
transition, appears to fit the existing J (1) spectrum established
by the other members of this band quite well. In a similar
fashion, the known 552.6-keV transition between the 1798.4-
and 1245.5-keV states [3] also seems to closely follow the
established progression down to lower frequencies in band 4.
Thus the 7

2
−

state at 1467.8 keV ( 5
2

−
state at 1245.5 keV) could

be interpreted as the band head of band 3 (4).
Figure 5 also shows that the placement of one additional

transition above the established decays in band 1 [2] simply
continues the nearly constant upward trend in J (1) without
evidence of an alignment. Similarly, the J (2) moments of
inertia associated with this band, which are sensitive indicators
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of changes in J (1), show no indication of a peak and therefore
an associated band crossing.

B. Projected shell-model calculations

Calculations have been performed within the context of
the PSM [22] in order to further investigate the collective
properties of the observed band structures in 71As and their
relationship to the intrinsic configurations involved. The PSM
uses a rotational-invariant Hamiltonian including quadrupole-
quadrupole, monopole-pairing, and quadrupole-pairing inter-
action terms. The strength of the quadrupole-quadrupole force
was chosen so that the self-consistent relation with the input
deformation parameter is kept. The monopole-pairing force
strength took the form

GM =
[
G1 − G2

N − Z

A

]
A−1, (4)

where G1 = 20.25 for both neutrons and protons, and G2 =
16.20 (0) for neutrons (protons). The quadrupole-pairing
strength, assumed to be proportional to the monopole strength,
was 16% of the monopole-pairing strength. These strengths are
the same as those employed in previous PSM calculations for
this mass region [23–26].

In the calculations, the deformed quasiparticle (qp) basis is
constructed from the Nilsson single-particle states followed
by a BCS calculation. The single-particle space includes
all nucleons in the n = 2, 3, 4 major shells. To build the
shell-model basis for a nucleus with an odd number of protons,
the quasiproton creation operator is applied to the qp-vacuum
state, and the resulting set of 1-qp states are projected onto
good angular momentum states. The one-quasiproton states
include, among others, the [440] 1

2
+

, [310] 1
2

−
, [312] 3

2
−

, and

[303] 7
2

−
orbitals which lie near the Fermi level for prolate

deformations. In addition, the shell-model basis includes
projected 3-qp states which are built by these one-quasiproton
states plus a g9/2 neutron pair. We expect that mixing of
the configurations with 1-qp and 3-qp states at appropriate
spins describes the rotation alignment of g9/2 neutrons.
The projected basis is used to diagonalize the shell-model
Hamiltonian. The resulting eigenstates (wave functions) are
then used to determine transition strengths [27]. The con-
struction of shell-model basis states for odd-mass nuclei
are restricted to the assumption of axial symmetry, so a
fixed deformation parameter of ε2 = +0.27 (corresponding
to prolate deformation) was used in order to achieve the best
overall agreement with the experimental results for 71As. In
the B(E2) calculation, standard effective charges of eπ = 1.5e

and eν = 0.5e were used. In the B(M1) calculation, the free-
nucleon values of gπ

s = 5.586 and gν
s = −3.826 were damped

by a usual 0.75 factor to account for the core-polarization and
meson-exchange current corrections. The same values have
been used for the determination of g factors in previous PSM
calculations, without any adjustment for individual nuclei.

The B(E2) strengths calculated by the PSM for the multiple
band structures in 71As are compared with the experimental
ones deduced from the available lifetime measurements in
Fig. 6. In general, the assumption of prolate symmetry
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FIG. 6. B(E2) strengths as a function of the initial-state spin
for band 1 (top panel), bands 3 and 4 (middle), and bands 6 and 7
(bottom) in 71As. Filled (open) circles indicate experimental values
associated with a signature α = + 1

2 (− 1
2 ) sequence. Symbols with

arrows indicate either upper or lower limits established by the lifetime
measurements, and one experimental value (corresponding to an
initial state of 25

2

+
in band 1) has error bars that are smaller than

the symbol size. The solid curves represent theoretical predictions
from projected shell-model calculations.

in the PSM calculations appears reasonable, especially for
reproducing the B(E2) values in bands 6 and 7 (lower
panel in Fig. 6), where good agreement is obtained with
the experimental results. Since quasiproton occupation of
the [303] 7

2
−

Nilsson orbital at prolate deformation was used
for this calculation, this agreement strongly favors the πf7/2

extruder configuration for these bands, in agreement with the
interpretation of Ref. [3].

The predicted and measured B(E2) values show much less
agreement within bands 1, 3, and 4, as indicated in the top two
panels of Fig. 6. However, the observed qualitative trends in
band 1 appear to be at least roughly reproduced by the PSM cal-
culations. The differences between the experimental and PSM
results might be due to the lack of a triaxial degree of freedom
in the PSM calculations, since triaxial shapes were shown
to be important in describing the high-spin characteristics of
these bands from total Routhian surface calculations [2], and
additionally through the results of particle-rotor calculations
for band 1 [4].

Magnetic dipole transition strengths B(M1), which are
sensitive to the single-particle attributes of the nuclear wave
function, were also predicted for bands 6 and 7 from
PSM calculations. The results are shown in Fig. 7, which
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FIG. 7. B(M1) strengths as a function of the initial-state spin
for the M1 transitions between bands 6 and 7 in 71As. Filled (open)
circles indicate experimental values associated with a signature α =
+ 1

2 (− 1
2 ) sequence. Symbols with arrows indicate either upper or
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curve represents theoretical predictions from projected shell-model
calculations.

compares the PSM results with those inferred from the
lifetime measurements performed in this work. Although the
quantitative agreement is not nearly as good as it was for the
intraband B(E2) values, the qualitative trends appear to be well
represented by the calculations. Any comparisons between
the experimental and theoretical results should be interpreted
with caution, though, since the experimental values assume a
mixing ratio of δ = 0.

Additional evidence for the underlying πf7/2 intrinsic
structure of bands 6 and 7 comes from a comparison of the
measured excitation energies of states in these bands with
those predicted by the PSM calculations, illustrated in Fig. 8
by the energy differences between adjacent spin states as a
function of initial-state spin. As indicated in the figure, the
measured energy differences show a nearly constant slope with
spin, indicative of the slowly increasing M1 transition energies
between the signature-partner bands (i.e., little or no signature
splitting). This pattern is reproduced very well by the PSM
calculations if a constant prolate deformation of ε2 = +0.27
is used (see Fig. 8), consistent with the picture of a band built
on the π [303] 7

2
−

state at large prolate deformation.
An alternative interpretation of bands 6 and 7 could

involve a π [303] 5
2

−
intrinsic configuration, since this orbital

approaches the Z = 33 Fermi surface for small oblate defor-
mations (β2 ≈ −0.1) [1]. In order to explore this possibility,
PSM calculations of the energy differences were performed
assuming quasiproton occupation of the f5/2 orbital with a
varying oblate basis deformation. Figure 8 shows the results
of these calculations for two oblate basis deformations (ε2 =
−0.2 and −0.3) that best represent the range of magnitudes
inferred from the lifetime measurements in these bands. As
illustrated in the figure, the results are clearly inconsistent
with the experimental values, showing a rather pronounced
alternating pattern (indicative of signature splitting) at low
spin followed by irregularities at high spin due to the predicted
onset of a band crossing. Thus the π [303] 5

2

−
configuration
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FIG. 8. Energy differences between adjacent spin states in bands
6 and 7 in 71As, determined experimentally (circles) and theoretically
using projected shell-model calculations assuming a prolate deforma-
tion of ε2 = +0.27 (triangles), and oblate deformations of ε2 = −0.2
(squares) and −0.3 (diamonds). Filled (open) symbols indicate states
with spin I associated with a signature α = + 1

2 (− 1
2 ) sequence. The

experimental results assume a 7
2

−
band head at an excitation energy

of 1729.0 keV.

appears unlikely for bands 6 and 7 based on the results of the
PSM calculations. An additional argument against a π [303] 5

2

−

intrinsic configuration is that gK ≈ gR for this orbital [3],
resulting in B(M1) values that should be much smaller than
those measured in this work and those predicted by the PSM.
Moreover, no evidence was found for a lower-lying 5

2

−
state

that could serve as a K = 5/2 band head for this structure
despite a thorough search for such a state using the coincidence
data.

C. Cranked Woods-Saxon calculations for bands 6 and 7

The evolution of shape and deformation with rotational
frequency has been studied previously [2] for bands 1, 3, and
4 in 71As using the CWS approach [1]. Similar calculations
have been performed in this work in order to provide additional
evidence for the intrinsic structural characteristics of bands 6
and 7.

The calculations generate a total Routhian surface (TRS)
plot in the (β2, γ ) plane at discrete rotational frequencies,
using a deformed Woods-Saxon potential and a short-range
monopole pairing force [1]. At each grid point, the Routhian
was minimized with respect to the hexadecapole deformation
β4.

In order to predict the degree of collectivity and deformation
of bands 6 and 7 as a function of rotational frequency using this
model, calculations were performed using non-yrast intrinsic
configurations having negative parity. Using the quasiparticle
labeling scheme of Ref. [28], where lowercase letters are
used for 1-qp proton configurations, the g (h) configuration
associated with signature α = − 1

2 (+ 1
2 ) was used as a possible

candidate to represent band 6 (7). Although this choice does
not represent an unambiguous assignment to the πf7/2 orbital
because of configuration mixing with other negative-parity
orbitals, it does represent the lowest-energy 1-qp configuration
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for non-yrast negative-parity states available in the calcula-
tions.

Figure 9 shows two representative TRS plots resulting
from the calculations performed at two rotational frequencies
within the range that has been observed experimentally.
Although Fig. 9 only shows results for configuration h
(representing band 7), very similar results were obtained at the
same frequencies for configuration g (representing signature
partner band 6). TRS minima with rather large quadrupole
deformations approaching β2 ≈ 0.35 are indicated near the
prolate-deformed axis at γ = 0◦ at both frequencies, indicating
a near-prolate shape that remains so over the range of spins in
which lifetimes were measured in this work. Using Eq. (3), the
β2 values deduced from the experimental data within bands 6
and 7 result in an average value of |β2,ave| = 0.27(3), in rough
agreement with the TRS calculations.

Theoretical Qt values were calculated for bands 6 and 7 by
using the β2 values obtained from the TRS plots for the purpose
of comparison with experimental values determined from Eq.
(2). In order to make a proper comparison, the quadrupole
deformation of the nuclear matter distribution derived from
the TRS calculations was first related to the charge quadrupole
deformation derived from the B(E2) strengths [29,30]. In
order to take triaxiality into account, the high-spin limit for
the γ dependence of Qt [31,32] was used to determine the
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FIG. 10. Transition quadrupole moments |Qt | as a function of
rotational frequency for bands 6 and 7 in 71As. Filled (open) circles
indicate experimental values associated with a signature α = + 1

2
(− 1

2 ) sequence. Symbols with arrows indicate either upper or lower
limits established by the lifetime measurements. The dashed (solid)
curve represents theoretical predictions from cranked Woods-Saxon
calculations for band 6 (7) with signature α = − 1

2 (+ 1
2 ), as indicated

in the figure.

accepted theoretical Qt values from those calculated assuming
axial symmetry [29].

A comparison between the band 6 and 7 |Qt | values
predicted by the CWS calculations and those obtained ex-
perimentally is shown in Fig. 10 as a function of rotational
frequency. The Qt values predicted by the CWS calculations
mostly disagree with the experimental ones, with magnitudes
that are systematically larger. Although one could argue
that the general qualitative trends are reproduced in the
calculations, there is not the same agreement with experiment
as was observed between the experimental B(E2) values and
those calculated by the PSM (see Fig. 6). Still, the observed
differences between the CWS model predictions and the
experimental data do not suggest an alternative interpretation
for the intrinsic structure of bands 6 and 7, especially
considering that the expected near-prolate shape associated
with these bands has been confirmed by the TRS calculations.

V. SUMMARY

High-spin states in 71As were studied using the
54Fe(23Na,α2p) reaction at 80 MeV performed at the John D.
Fox superconducting accelerator at Florida State University.
The isotopically enriched 54Fe target was thick enough to
stop all recoils and hence allowed for the measurement of
lifetimes using the Doppler-shift attenuation method (DSAM).
γ rays were detected in prompt coincidence using a Compton-
suppressed Ge array consisting of three high-efficiency clover
detectors and seven single-crystal detectors. The existing
high-spin level scheme of 71As has been confirmed, and 21 new
transitions have been added based on the investigation of weak
γ -γ coincidence relationships. The lifetimes of 16 excited
states were measured using the DSAM, with the experimental
line shapes obtained at two separate detector angles and by
gating from above the transitions of interest whenever possible.
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Lifetimes were measured for the first time in the bands
suggested to be based on the π [303] 7

2
−

configuration at prolate
deformation. This interpretation appears to be confirmed in
this work, as the predicted behavior of the B(E2) and B(M1)
rates and the M1 transition energies with spin from projected
shell-model (PSM) calculations assuming this configuration
show good overall agreement with the experimental results.
On the other hand, the predicted M1 transition energies
assuming a π [303] 5

2

−
configuration at oblate deformation do

not reproduce the measured trend with spin. Total Routhian
surfaces resulting from cranked Woods-Saxon calculations for
non-yrast negative-parity configurations point to a strongly
deformed, near-prolate shape for this structure, providing
further evidence in favor of the existing interpretation.

Two new lifetimes were measured in the yrast positive-
parity band, which was extended up to a ( 33

2
+

) state. No new
evidence was found for the onset of the first quasineutron
alignment in this structure. The qualitative features of the
B(E2) strengths in this band are roughly followed by the PSM
calculated values.

Two new mean lifetimes were measured in the lowest
negative-parity bands, while upper or lower limits were set
on four other states. The B(E2) values for these sequences
are generally in poor agreement with the PSM predictions,
evidently indicating the need to account for triaxiality in the
calculations.

Of the new γ -ray transitions that were found, some
were organized to form two bands that decay to the yrast
negative-parity bands, and others established links between
some of the high-spin negative-parity bands and low-lying
negative-parity states known from EC + β+ decay. A new
state at 1467.8 keV was observed and interpreted as the band
head of the unfavored sequence of yrast negative-parity states.
Similarly, the known 5

2

−
state at 1245.5 keV may be the

lowest-lying member of the favored signature partner band.
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