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The energy levels and γ -ray decay scheme of the positive-parity states in the Tz = 1

2
nucleus 67As have been

studied by using the 40Ca(36Ar,2αp)67As reaction at a beam energy of 145 MeV. Two new band structures have

been identified which can be connected to the previously known levels. The results for these bands are compared

with configuration-dependent cranked Nilsson–Strutinsky calculations. The good level of agreement between

theory and experiment suggests that these structures can be interpreted in terms of configurations that involve

three g 9
2

particles and that both possess noncollective terminating states.
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I. INTRODUCTION

The concepts behind rotational band termination phenom-

ena in nuclei are both well known and described in the

literature; see, for example, Ref. [1]. Studies of high-angular-

momentum states in proton-rich nuclei in the mass 60–75

region have revealed evidence for structures that reach their

maximum spin state in different ways. For example, with

only a few particles outside the 56Ni core, the valence space

configurations terminate in a noncollective state as seen,

for example, in 62Zn [2,3]. Furthermore, in 62Zn, the same

type of termination also occurs if one or two particles are

excited across the N = Z = 28 shell gap. However, with

more particles excited the configurations appear to reach their

maximum spin state without significant loss of collectivity

[3], which has been called nontermination [4]. This latter
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phenomenon has been experimentally confirmed in valence

space configurations in the nucleus 74Kr [4], with eighteen

particles outside the 56Ni core. Indeed, nontermination appears

to be a general phenomenon for nuclei approaching the middle

of the Z,N = 28–50 region; see, e.g., Ref. [5]. As discussed in

Ref. [4], nontermination can be understood in terms of more

particles (or particles + holes) outside closed shells leading

to larger deformations and, thus, stronger couplings between

the N shells. The present work is centered on the nucleus
67As which lies at an intermediate point between the expected

“terminating” nuclei with a few particles outside the 56Ni core

and nonterminating nuclei in midshell. 67As is intermediate,

both having Z = 33 midway between Zn (Z = 30) and Kr

(Z = 36) and having eleven valence nucleons compared with

six in 62Zn and eighteen in 74Kr. Thus, it presents an interesting

and sensitive test case of models of high-spin nuclear band

termination if such states can be populated.

The first states to be identified in 67As resulted from

the discovery of γ rays from the favored (α = 1
2
) signature

structure of the proton g 9
2

band [6]. This structure was

subsequently extended up to a tentative spin of ( 33
2

+
) along

with the measurement of the half-life of the 9
2

+
state [7].

Further work on this nucleus [8] resulted in a minor change

to the previously published energy-level and γ ray decay

scheme associated with the πg 9
2

structure. Both of these

works reported the existence of two 7
2

−
states at energies

of 697 and 1103 keV and an excited 3
2

−
state at an energy

of 68 keV. The only other information on negative-parity

states in 67As comes from a relativistic Coulomb excitation

and inelastic-scattering experiment performed at the National

Superconducting Cyclotron Laboratory (NSCL) at Michigan

State University [9], which provided tentative assignments of

( 9
2

−
) and ( 7

2

−
) to states at 1242 and 720 keV, respectively. Given

the large error quoted for the transition from the 720 keV level

in this work it is possible that this may be the same state as

the previously identified 697 keV level. In the present work,

several new transitions have been added to the decay scheme,

which have resulted in two high-spin positive-parity structures

being observed up to tentative spins of ( 45
2

+
) and ( 51

2

+
). These

results are discussed in terms of cranked Nilsson–Strutinsky

(CNS) calculations [1,10,11].

II. EXPERIMENTAL DETAILS

A 145 MeV 36Ar beam, provided by the ATLAS facility

at Argonne National Laboratory, was used to bombard a

390-μg/cm2-thick 40Ca foil which had 113 and 97 μg/cm2

flashes of gold in front and behind, respectively. The γ rays

from the resulting fusion evaporation reactions were detected

by the Gammasphere array [12]. The reaction chamber was

located inside the array and contained the MICROBALL CsI

charged-particle detector array [13], which was used to detect

evaporated charged particles. The experimental setup also

contained an array of 30 neutron detectors which replaced

the most-forward Ge detectors in the Gammasphere array.

However, the neutron detectors were not used during the

present analysis, since 67As was produced via the (2α,1p)

evaporation channel. During the experiment, the relevant data

for the present work were collected by using a trigger condition

that required more than four Compton-suppressed Ge detectors

firing in prompt coincidence. The Ge detectors were calibrated

for both energy and relative efficiency by using 152Eu and
56Co γ -ray calibration sources.

III. DATA ANALYSIS AND RESULTS

Emission of light charged particles from a compound

nucleus in the mass-70 region results in a large broadening

of the reaction product recoil cone, which, in turn, has a major

effect on the resolution of the γ rays measured in the Ge

detector array. To help overcome this problem in the current

work, information from the CsI (MICROBALL) detector array

such as particle identification and the hit pattern were used to

provide both channel identification as well as a full kinematic

reconstruction [14] for events involving the emission of two

α particles and one proton, thereby enabling the Ge detector

resolution to be significantly improved.

The Ge data were unpacked into triples events and sorted

offline into an Eγ -Eγ -Eγ coincidence cube by using charged-

particle gates of two α particles and one proton. The resulting

cube was analyzed by using the RADWARE suite of programs

[15]. By using double γ -ray gate coincidence events it was

possible to deduce the level scheme presented in Fig. 1.

Selected γ -ray spectra from this analysis are shown in Figs. 2

FIG. 1. Energy-level and γ -ray decay scheme for 67As determined

from the present work. The width of the transitions is proportional to

the intensity of the γ rays. Transitions shown in red are new.
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FIG. 2. γ -ray spectrum projected from the RADWARE cube dis-

cussed in the text. The figure shows the double-gated prompt-

coincidence spectrum with gates on the 983 and 1604 keV transitions.

The inset provides the same spectrum expanded in the region between

approximately 620 and 880 keV for clarity.

and 3. These provide an indication of the cleanliness of the

cube (which results from the use of high-multiplicity events

along with analysis techniques described in Ref. [13]) and also

inform on the level of statistics involved.

In addition to the above, the events were unpacked into

double coincidence events and Eγ -Eγ matrices were produced

with the same charged-particle conditions as those used to

produce the cube discussed above. A directional correlation

from oriented states (DCO) [16] matrix was constructed by

FIG. 3. Spectra showing the sum of prompt-coincidence double

γ -ray gates taken from the RADWARE cube discussed in the text.

(a) The spectrum is the sum of many double-gate combinations

between all γ rays shown in Fig. 1, except the 69 keV transition,

up to the 1604 keV line in band 1 and the 2218, 2434, and 2669 keV

transitions. The upper part of this spectrum shows the transitions in

bands 1a and 1b (see Fig. 1). The inset provides the upper portion of the

spectrum from the sum of double gates between all γ rays in band 1 up

to the 1604 keV transition, except the 69 keV line and the 2434 keV

transition. This illustrates the upper part of band 1a. (b) Spectrum

showing the sum of double-gate combinations between all transitions

in the lower portion of band 1, except 69 keV, plus transitions in band

2 up to 2019 keV and the 2640 and 2785 keV transitions. The inset

shows the upper portion of the spectrum containing the sum of double

gates between the 775, 1078, 1345, 1250, 1641, and 2019 keV γ rays

and the 2085 keV transition. This illustrates one of the two decay

pathways seen in the upper part of band 2 in Fig. 1.

TABLE I. Energies, intensities, DCO ratios, and multipolarities

of transitions observed in 67As. DCO ratios were obtained by gating

on the 943 keV E2 transition except where specified.

Eγ (keV) Iγ RDCO Multipolarity

319.8(3) 35.4(26) 0.84(2) E1

427.6(3) 15.4(11) 0.78(1)a M1/E2

639.4(3) 39.1(26) 0.95(6) E2

697.4(3) 71.4(25) 0.87(1) M1/E2

703.4(3) 26.0(23) b M1/E2

726.0(3) 72.0(25) 0.79(1) E1

774(1)

774.5(3) 42.0(11) 1.09(2) E2

815.4(3) 9.1(14) 0.93(5) M1/E2

858.3(3) 9.7(17) 0.97(5) M1/E2

898.2(3) 9.7(14) 0.89(6)a M1/E2

930.2(5) 12.6(14) 0.93(4) M1/E2

943.2(5) 100 1.07(2)a E2

983.3(5) 40.3(20) 1.10(3) E2

1034.1(5) 28.2(57) 1.03(4) E2

1078.0(5) 4.1(4) 0.91(3)a M1/E2

1080(1)

1103.3(5) 10(3) 0.99(13) M1/E2

1201(1)

1228.4(5) 70.0(45) 1.12(2) E2

1250(1) 3.8(4) 1.03(6)a E2

1345.4(7) 10.9(9) 0.83(4) M1/E2

1356.6(5) 26.3(8) 1.11(3) E2

1382.4(5) 4(1) (M1/E2)

1422.6(3) 6.7(3) 0.99(7) M2

1495(1)

1497(1)

1520.2(7) 3.0(5) 1.0(1) M1/E2

1603.6(5) 17.7(8) 1.08(5) E2

1640.8(7) 8.8(7) 1.27(9) E2

1886.6(7) 2.2(3) 1.1(2)c (E2)

2018.8(7) 7.9(6) 1.12(6)c E2

2085(1) 2.8(3)

2209.4(7) 1.3(3)

2218.0(7) 8.6(9) 1.13(9)c E2

2261.7(7) <1

2434(1) 1.5(3)

2640(1) 1.0(2)

2669(1) 1.3(2)

2785(1) <1

2911(2) <1

2977(2) <1

aGate on 775 keV transition.
bContaminated by 697 keV transition.
cSum of gates on 943, 1228, 1357, and 983 keV transitions.

using Ge detectors from the 79◦−101◦ rings on the x axis and

all other counters on the y axis to help deduce the multipolarity

of the transitions. DCO ratios for known stretched-quadrupole–

stretched-quadrupole transitions in 67As were found to have a

value of ≈1.1, while those for stretched-quadrupole–stretched-

dipole transitions had a value of ≈0.8. The measured DCO

ratios are presented in Table I, along with the γ -ray energies

and intensities, which were extracted by using fitting routines

in the xmlev RADWARE program.
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IV. DISCUSSION

The decay scheme of Fig. 1 largely agrees with the most

recently published level scheme presented in Ref. [8] up to

spin 29
2

+
, the only differences being some small changes in

the energies of two of the observed γ rays. All of these γ -

ray-energy differences can be reconciled within the quoted

experimental errors. In the present work, a 1604 keV transition

is found to decay from the 33
2

+
state in Fig. 1. The previously

reported 1081 keV transition presented in Fig. 3 of Ref. [7]

as decaying from this state is believed to correspond to either

the 1078 keV transition in the present work, which as shown

in Fig. 1 is in parallel with the 983 keV γ ray, or possibly the

1080 keV transition reported in the unconnected sideband (see

Fig. 1). All γ rays in bands 1a and 1b above the 29
2

+
level and

in band 2 and the floating band on the right-hand side of Fig. 1

are new. Unfortunately, it was not possible to determine how,

or exactly where, the floating band feeds into the 19
2

+
state.

To help interpret the present experimental results we have

used the configuration-dependent cranked Nilsson–Strutinsky

(CNS) approach [1,10,11] with Nilsson (modified oscillator)

potential parameters from Ref. [10]. Calculated energies of

favored configurations are compared with the data from the

present work in Fig. 4. The y axis of Figs. 4(a) and 4(b)

present the experimental and theoretical energy, respectively,

of a given state relative to a rotating liquid drop energy Erld .

The latter were calculated by using the prescription given in

Ref. [11]; i.e., with the static liquid drop energy calculated with

the Lublin–Strasbourg drop (LSD) model [17] and the rigid

body moment of inertia with a radius parameter r0 = 1.16 fm

and a diffuseness 0.6 fm [18]. The notation used to label the

calculated configurations in Fig. 4(a) is [p1p2, n1n2] where

p1(n1) refers to the number of proton (neutron) f 7
2

holes and

p2(n2) is the number of proton (neutron) particles in the g 9
2

orbit.

For band 1, we require positive-parity configurations that

yield a maximum spin of at least 49
2

. Such spins can be achieved

with contributions from three g 9
2

particles. In the calculations,

the [01, 02] configuration is the lowest such configuration at

low-spin values, while the [02, 01] configuration occurs at

similar energies for spins of ≈20 and above (see Fig. 4). The

former configuration has Imax = 49
2

and has the following con-

struction: π (pf )4
6(g 9

2
)1
4.5ν(pf )4

6(g 9
2
)2
8, where the upper num-

ber refers to the number of particles in the specified orbits, the

lower number is the maximum spin contribution from particles

in those orbits, and (pf ) effectively refers to the p 3
2
, f 5

2
orbits,

since the p 1
2

orbit is high in energy and, therefore, contributes

little to the configuration. The full configuration for [02, 01]

is π (pf )3
4.5(g 9

2
)2
8ν(pf )5

5.5(g 9
2
)1
4.5 with signature α = 1

2
for the

three pf orbit protons and α = − 1
2

for the five pf neutrons,

yielding Imax = 45
2

for this specific configuration. As seen in

Fig. 4, the close proximity of these two configurations above

spin 20 suggests that the splitting observed at the top of band

1 in Fig. 1 (i.e., bands 1a and 1b) may result from a mixture of

these two configurations.

Figure 4(c) presents the difference between the experi-

mental and calculated energies, which come out as expected.

FIG. 4. (a) Experimental energies relative to a rotational liquid

drop energy for bands 1a, 1b, 2a, 2b and the 5

2

−
ground state.

(b) Calculated energies for the configurations shown relative to the

rotational liquid drop energy. Predicted noncollective terminating

states (γ = 60◦) are enclosed in large open circles. (c) Difference

in energy between the calculated and experimental energies shown in

panels (b) and (a).

Indeed, comparisons between paired and unpaired calculations

in Refs. [19,20] suggest that the role of pairing at high spin

is mainly a renormalization of the moment of inertia. The

energy-difference curve for band 1 in Fig. 4(c) suggests that

this is valid for all spin values in 67As. Note also that the energy

difference for the 5
2

−
ground state follows the same smooth

trend as band 1.

Coming back to the positive-parity states, the band crossing

at I ≈ 10 appears to be well described because the energy-

difference curve [Fig. 4(c)] is smooth at all spin values, and

especially around I = 10. In the calculations for I ≈ 10, the

deformation is calculated as ε2 ≈ 0.30, γ ≈ 30◦. The large

value of γ means that the orbitals will be close to quantized

around the rotation axis. Thus, for spin values up to I = 8.5,

the two g9/2 neutrons will be aligned in different directions

(i.e., anti-aligned) giving only a small contribution (≈1h̄) to

the total spin. However, at I = 10.5, they will both be aligned

along the rotation axes contributing more than 6h̄, while the
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fp protons and neutrons will have a negligible contribution.

This provides a classic example of backbending as explained

by Stephens and collaborators; namely, that two particles in

a high-j shell align their spin vectors along the rotation axis;

see, e.g., Refs. [21,22].

Band 2 is tentatively seen up to a spin of ( 51
2

+
), under

the assumption that the top three transitions in branches 2a

and 2b of Fig. 1 possess E2 multipolarity. Such high-spin,

positive-parity states can only be formed in configurations

involving five g 9
2

particles. In Fig. 4(a), comparison is made

with the lowest such ([02, 03]) calculated configuration. It is

clear from Fig. 4(c), however, that the difference between the

experimental and calculated energies for this configuration is

quite large and most likely too large for the level of agreement

to be considered satisfactory. Indeed, a positive-parity band

which is so low in energy strongly suggests that only three g 9
2

particles are involved in the configuration. In this respect, it

is interesting to note that, above the Iπ = 39
2

+
state, band 2

branches, with each branch (labeled a and b in Fig. 1) having

somewhat reduced intensity, suggesting that the structure of

the band changes beyond this point. This assertion is further

supported by Fig. 4(a), which shows evidence for a kink in the

E-Erld (def ) plot for both branches beyond spin 39
2

. Given that

the statistics were insufficient to determine the DCO ratios of

the uppermost transitions with any precision, it is possible that

one or more of the transitions in each branch above the 39
2

+

state in band 2 is actually dipole in character, thus the tentative

spin assignments given to the levels in Fig. 1 in branches a and

b of band 2 should be taken with some caution.

In this context, it is interesting to note that we can understand

the 39
2

+
level as associated with a favored noncollective

terminating [02, 01] configuration with a detailed structure

of π (pf )3
4.5(g 9

2
)2
8ν(pf )5

2.5(g 9
2
)1
4.5. The maximum spin contri-

bution shows that α = + 1
2

for both the 3pf protons and the

5pf neutrons; i.e., a total signature of α = − 1
2
. This calculated

[02, 01] band is compared with band 2 up to spin 39
2

+
in Fig. 4.

This assignment requires that the higher states above 39
2

in

band 2 are less favored; i.e., neither the 2085 nor the 1887 keV

transition can have �(I ) = 2.

The reasons for the low-lying calculated aligned 39
2

state

can be seen from Fig. 5, which provides a tilted Fermi-surface

plot for the configuration indicating the occupancy of the

orbitals involved at the calculated deformation ǫ2 = 0.28 and

γ = 60◦, which corresponds to a noncollective oblate shape.

The relatively high energy of the f 5
2
, 3

2
states in Fig. 5 has been

noted previously [23] and leads directly to a high energy for

maximum spin configurations containing 3−5pf particles.

From Fig. 5, one can also understand why the highest spin

state of the [01, 02] configuration in Fig. 4 is relatively high

in energy. In this state, the high-lying f5/2,3/2 state is occupied

for both protons and neutrons. If both of these particles are

moved to the p3/2,−1/2 state, four units of angular momentum

are lost, resulting in the I = 20.5 state which is more favored

in energy and also noncollective, according to Fig. 4.

The above calculations were repeated by using the new

parameters that were used to explain the configurations of

terminating bands in the mass-60 region [3]. In the present

FIG. 5. Tilted Fermi-surface plots for protons (upper panel) and

neutrons (lower panel) which illustrate how the favored 39

2

+
state is

built. Note that the f 5
2
, 3

2
state is not occupied for either protons or

neutrons. The states are labeled according to the dominant j shell in

their wave functions, where solid lines are used for positive-parity

states and dotted lines for negative-parity states.

case, the level of agreement between the experimental and

theoretical levels in 67As was found to be somewhat worse than

that presented in Fig. 4. This suggests that the new parameters,

which were used successfully to interpret structures in the

024313-5
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mass-60 region, may only be valid for a limited range of

nuclei in that region since, from the present work, the standard

parameters seem better able to explain the observed positive-

parity band structures in 67As.

V. SUMMARY

The energy-level and γ -ray decay scheme of the positive-

parity states in 67As has been extended through the ob-

servation of two band structures that are connected to the

previously known levels. These new data have been compared

with configuration-dependent (constrained) cranked Nilsson–

Strutinsky calculations. The good level of agreement between

the data and calculations strongly suggests that the two new

structures involve configurations containing three g 9
2

particles.

The calculations also suggest that three of the levels involved

are noncollective (i.e., γ = 60◦) terminating states. As would

be expected, the first band crossing at I ≈ 10 in the ground

band is understood from the alignment of the spin vectors of

two g 9
2

neutrons, but it is interesting to note that this seems to

be well described in the present calculations, where pairing

correlations are neglected. In future experiments it will be

interesting to determine the multipolarity of the transitions

above the 39
2

+
state to confirm the interpretation of this

structure.
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