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Rotation-aligned coupling in *'Fe
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New levels have been established above the 861-keV, 9/2F isomeric state in ®'Fe. The observations can
be reproduced satisfactorily by shell model calculations, but only after a significant lowering of the vgy/,
single-particle energy with respect to the value determined empirically from levels outside a **Ca core. The
results are also described well within the scope of the particle-triaxial-rotor model assuming a deformation
B> ~ 0.24. The present findings, together with the recently measured magnetic and quadrupole moments of this
state, point toward a structure possibly associated with a prolate shape.
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I. INTRODUCTION

Nuclear structure in the vicinity of closed shells often
supports the formation of isomeric states. The region around
double-magic ggNim is no exception, as has been well
documented by Grzywacz et al. [1]. Although recent studies
have demonstrated that the subshell gap at N = 40 dissipates
below Z = 28 [2,3], the emergence of isomeric states still
abounds, as in the case of ®'Fe, where a 239(5)-ns, 9/2%
isomer has been investigated in terms of both its magnetic
and quadrupole moments [4,5]. As such, it is clear that the
disappearance of the N = 40 subshell gap arises from an
intrusion of the go,, neutron orbital into the pf shell. This
feature is also readily apparent from the systematic trends of
9/2% states in the odd-A Fe and Cr nuclei with respect to Ni,
and from the 2% energy trends in the corresponding even-even
isotopes.

The challenge set forth by such information is whether these
observations can be adequately described by current models.
For instance, shell model calculations for pf-shell nuclei have
typically operated within a strict pf configuration space, with
the inherent assumption of an N = 40 closed shell [6]. This is
clearly not the case, a fact that is emphasized by the inadequacy
of such model spaces to describe nuclei in which this subshell
is nearly filled. For example, Sorlin et al. [3] demonstrated
the importance of larger model spaces for the description of
the 2% energy trends in the Cr isotopes, and Caurier et al. [7]
reached similar conclusions for the Fe nuclei. In both cases,
a larger model space, which included at least the g9/, neutron
orbital in addition to the pf orbitals, achieved a much greater
degree of success in reproducing the data.

Beyond the pursuit of an adequate shell model description
lies the question of whether the increasing significance of
the vgg,» orbital is the result of an onset of deformation.
In fact, a propensity toward deformation was first invoked
by Hannawald ef al. [2] in order to account for the drop
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in 2% energy observed for %*%Fe, and this suggestion was
reiterated by Sorlin et al. [3] when they reported a similar
trend in the Cr isotopes. However, the level sequences above
the 27 states do not appear to support this contention [8,9], as
noncollective structures are observed in these systems which
have been reasonably well described by the shell model, albeit
with significant room for improvement. Furthermore, trends in
the E(4] /2]) energy ratios in Fe and Cr isotopes do not appear
to approach the rotational limit of 3.33 expected for prolate-
deformed rotors; rather, these ratios appear to be dropping with
increasing neutron number, indicating that another explanation
is needed to better account for the structural aspects of this
region.

One way to assess the effect of a possible intrusion by
the vgo/, orbital into the pf shell is to study the intrinsic
structure associated with sequences of levels built on top of
these 9/27 states in the odd-A isotopes below Z = 28. A better
understanding of the properties of these 9/2% levels will, in
turn, lead to a better understanding of their impact on the
respective even-even cores. Recently, investigations of such
states in the Cr isotopes have addressed this question. Band
structures with regular energy spacings suggestive of collective
rotation were reported in 3>3’Cr and successful comparisons
with total Routhian surface (TRS) calculations suggested
a prolate rotational character [10]. The same theoretical
approach has been used to suggest a possible transition to
a shape with small oblate deformation for the go/» structure
in °Cr [11]. In ' Fe, a recent measurement of the quadrupole
moment of the 861-keV, 9/2" isomeric state [5] implied a
deformation S8, =~ 40.24 or —0.21, which the authors used to
emphasize the need for more data pertaining to the levels above
this isomer, as these could be used to discriminate between
possible prolate and oblate deformations.

In this paper, new levels above the 9/2" isomeric state in
®IFe are identified from a measurement using deep inelastic
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reactions together with the Gammasphere spectrometer. The
observed level sequence can be satisfactorily described in
terms of the nuclear shell model, provided that the vgo
orbital is included in the model space with a single-particle
energy significantly lower than anticipated. Stimulated by the
shape-driving properties of this g9/, neutron orbital, the results
were interpreted further in terms of the particle-triaxial-rotor
model, which reproduces the data quite well and points toward
an interpretation in terms of rotational alignment coupled to a
prolate core.

II. EXPERIMENT

The production and subsequent investigation of neutron-
rich nuclei in the region around N = 40 can pose significant
challenges. Most modern techniques still require the use of
stable beam-target combinations or, otherwise, do not yet
have sufficient resolving power to permit the analysis of
prompt deexcitations. In light of this situation, the technique
of deep-inelastic reactions has seen considerable use in recent
years, especially in the region of interest for this experiment
(for a recent review, see Ref. [12]). The recognition that beam-
target combinations with maximal composite N /Z ratios tend
to produce the most neutron-rich nuclei has served as a
general guide for these measurements. Thus, in the experiment
reported here, the most neutron-rich stable isotope of Ni, 64N,
was paired with a thick, 55 mg/cm?,238U target. Ideally, a
beam energy roughly 10-20% above the Coulomb barrier
is desired, but in an experiment such as this, where product
nuclides must be stopped within the target, a higher energy will
typically be employed so that the desired reactions occur near
the middle of the target. Hence, a beam energy of 430 MeV
was chosen, roughly 25% above the Coulomb barrier. The
experiment was carried out with the Argonne Tandem Linear
Accelerator System (ATLAS) at Argonne National Laboratory.
Results for the %*Fe nucleus obtained from this measurement
were reported previously in Ref. [9].

Multifold y-ray coincidence events were recorded with the
Gammasphere spectrometer [13], in which 100 Compton-
suppressed high-purity Ge detectors surrounded the target
chamber centered in the array. A requirement of three-fold
coincidence events or higher was employed for most of
the experiment, although some data were also collected
under a two-fold condition. Events were sorted into four
coincidence cubes: prompt-prompt-prompt (PPP), delayed-
delayed-delayed (DDD), prompt-prompt-delayed (PPD), and
prompt-delayed-delayed (PDD). In this way, the measured
time with respect to the beam bursts could be exploited in
order to identify transitions associated with short-lived iso-
mers. Specifically, the beam bursts were separated by 410-ns
time intervals. Events were considered to be prompt if the
detectors fired within £20 ns of a beam burst, and delayed
if they were detected within ~800 ns of a particular burst
(excluding events that came during the next burst). The
probability for contamination of delayed coincidences arising
from subsequent beam bursts was small owing to the reaction
cross section for beam and target. According to the data,
the counts in the burst immediately following an event were
approximately two orders of magnitude smaller than those
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recorded during the prompt burst, and therefore the probability
for contamination of delayed spectra was negligibly small.
Data were collected for approximately 5 days with an average
beam intensity of ~4 x 10% ions per second.

Coincidence events can also be analyzed with respect to
the angle between the detectors that fired. Each y ray can
be considered aligned with respect to its coincidence partner,
and multipolarities can be deduced on the basis of an angular
correlation analysis, as described in Ref. [9].

III. RESULTS

The structure of ®'Fe was previously investigated using
B-decay [14], fragmentation [1], and, to some extent, deep-
inelastic [15] reactions. From these studies, a 239(5)-ns
isomeric state was established at 861 keV [1,16]. This state has
been determined to represent the 9/27 level associated with the
occupation of the gg/» neutron orbital by a single neutron [4].
Above this isomer, a y ray at 789 keV has been reported,
deduced from the prompt-delayed coincidence matrix obtained
in a deep-inelastic reaction with ®*Ni and '3°Te [15]. In the
present study, triple-coincidence data are used to establish
several new transitions above this 239-ns isomer, starting from
the previously known 207- and 655-keV y rays associated
with the isomeric decay [1]. Figure 1(a) presents the result of a
double-gate set on these two transitions in the PPP coincidence
cube. The 789-keV transition is clearly present in this spectrum
together with a weak peak at 1342 keV. Note also two other
weak transitions at 1040 and 1222 keV. Accompanying these
is a similarly weak (hardly visible in Fig. 1(a)) y ray at
842 keV. These most likely correspond to neutrons interacting
with elements within the detectors (see discussion below).
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FIG. 1. y-ray spectra from the 207-655 keV coincidence gate
in (a) PPP and (b) PDD cubes. Peaks marked with an n indicate y
rays arising from (n, n’'y) reactions with elements in the detectors
and auxiliary equipment, and ¢ denotes unresolved contaminant
transitions from a nucleus other than ' Fe.
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FIG. 2. Spectrum produced from the sum of
207-789 and 655-789 keV coincidence gates
in the PPD cube. In the spectrum, n denotes
peaks that arise from (n,n’y) reactions with
elements in the detectors and auxiliary equipment
j and ¢ indicates peaks that are associated with
, unresolved contaminants from a nucleus other
i than ®'Fe.
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A similar double-gate on the 207-655 keV y rays in
the PDD cube, displayed in Fig. 1(b), indicates a dramatic
enhancement of all the peaks that could be identified in the PPP
spectrum, as well as the presence of several new transitions.
Most prominent in this spectrum are the peaks at 1014, 1040,
1222, 1342, and 1879 ke'V, all of which are appreciably weaker
than the very intense 789-keV y ray. As was suggested above,
the peaks at 1040 and 1222 keV, and additionally the peak
at 1014 keV, can be attributed to neutron-induced reactions
with the detector apparatus. In particular, the 1014-, 1040-,
and 1222-keV lines are attributed to 2’Al, °Ge, and '?W,
respectively. An additional line at 842 keV, which is not
readily visible in Figure 1(b), is associated with 2’ Al(n, n'y).
Smaller peaks at 1332 and 1609 keV come from °*Ni and
209B4, respectively. A complete assessment of neutron-induced
reactions in Compton-suppressed Ge detectors has been
carried out previously, and can be found in Ref. [17]. Among
the transitions that could not be attributed to such reactions are
y rays at 1184, 1309, 1342, 1683, and 1879 keV.

Figure 2 presents the coincidence spectrum resulting from
the summation of double gates on the 207-789 and 655—
789 keV y rays. Again, y rays from neutron-induced reactions
are widespread (this is primarily an effect of the location in

energy of the gating transitions). Among the strong lines that
could not be attributed to neutrons are 520, 536, 764, 1152,
1184, 1309, 1342, 1683, 1879, 1891, and 2064 keV. Further
inspection indicated that the 1342-keV peak is in coincidence
with 536-, 1152-, and 1683-keV y rays. Close scrutiny reveals
a possible peak at 1300 keV in the 2071342 keV double gate,
but this transition does not appear above background in the
655—-1342 keV double gate. Still, all the gates involving this
transition appear to produce consistent results, and the level
implied at 4293 keV is supported by a coincidence relationship
between the 1879- and 764-keV y rays. Thus, each of the lines
above is placed in the level scheme of Fig. 3, although the
assignment of the transition at 1300 keV remains tentative.
The analysis of the y ray at 1309 keV indicates that it is in
coincidence with the 520-keV transition. However, additional
coincidence relationships with y rays at 192,333, and 369 keV
indicate that this cascade belongs to a different nucleus. This
leaves the 1184-, 1891-, and 2064-keV lines as the remaining
candidate transitions. The 1184-keV y ray returns 223- and
488-keV lines in coincidence and is, similarly, assumed to
belong to a different nucleus. Analyses of the y rays at
1891 and 2064 keV do not indicate any further coincidence
relationships beyond those already established with 207-, 655-,
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and 789-keV transitions. Thus, these lines are included in the
level scheme of Fig. 3 directly populating the 13/27" state.

In an independent investigation conducted in parallel with
this work, the same reaction was studied but with a thin target
and recoil mass gating [18,19]. An additional y ray at 752 keV
was reported in that work, which was found to directly populate
the level at 207 keV. Data from the prompt cube in the present
experiment clearly support this observation, and an additional
transition at 517 keV is also observed to feed this new level.

An angular correlation analysis was performed for the
strongest lines that could be identified in the data. As a proof-
of-principle, the 655-207 keV sequence, which is known to
be of M2-M1 character, was analyzed. The resulting a, and
a4 angular correlation coefficients are —0.03(4) and 0.07(5),
respectively, supporting a quadrupole-dipole character in
agreement with the literature. In spite of the fact that the
789-keV transition lies above the isomer, its intensity allows a
determination of its angular correlation, which is determined
from a gate on the 655-keV y ray to possess a quadrupole
character [a; = 0.18(4), a4 = 0.05(6)]. Similarly, an analysis
of the 1342-keV transition supports a quadrupole character
as well [a; = 0.12(11), a4 = 0.00(16), from a gate on the
789-keV y ray], whereas the 752-207 keV correlation indi-
cates a dipole-dipole cascade (a; = 0.26(4), a4 = 0.07(6)).

On the basis of the angular correlation fits described above,
the level at 1650 keV is determined to have spin and parity
13/2%, consistent with previous suggestions [15]. The most
intense transition above the level at 1650 keV is the 1342-keV
line of quadrupole character which most likely represents the
next excitation of this sequence. Thus, a 17/2% spin and
parity are adopted for the state at 2993 keV. Similarly, the
level at 4675 keV is tentatively assigned 21/2%. From feeding
patterns, the sequence of levels at 3529 and 4293 keV could
have J™ = 17/2% and 19/2", respectively. These assignments
also appear to be supported by the shell model calculations
discussed below, but alternative respective assignments of
15/2% and 17/2% cannot be rigorously ruled out.

The level at 960 keV implied by the 752-keV y ray is
assigned a spin of 7/2 on the basis of its dipole character
determined from angular correlations. A negative parity is
assigned, primarily from systematics.

2115 1727 2131
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TABLE 1. Level energies, y-ray energies, and proposed spin
and parity assignments obtained from the present experiment.

Eievet (keV) JT E, (keV)
207 5/2- 207.0(1)
862 9/2+ 654.8(1)
960 7/2- 752.5(2)

1477 (5/27,9/27) 517.1(2)

1650 13/2+ 788.5(1)

2993 17/2+ 1342.3(3)

3529 (17/2+,15/2%) 1878.6(4)

536.1(3)

3541 1891.1(6)

3714 2064.1(6)

4145 (19/2%) 1151.9(2)

4293 (19/2+,17/2%) 763.6(2)

(1300)

4675 21/2") 1682.7(3)

In addition to the levels described above, Fig. 3 shows two
additional states at 391 and 629 keV that were previously
identified from B decay [14]. Transitions associated with
the deexcitation of these levels were not observed in this
experiment, most likely because of the low multiplicity of
these events. The y rays, level energies, and proposed spins
and parities that were established from this measurement are
summarized in Table I.

IV. DISCUSSION

One of the striking features arising from this work is the
strong correlation between the first few yrast levels in Fe
and those of the 9/2* band in ®'Fe, as displayed in Fig. 4.
The recent measurement of the quadrupole moment of the
9/2% state [5] gives a clear indication that this state is
deformed, but the sign of the deformation is not presently
known. At face value, the mere fact that the 9/2% state is
isomeric would appear to support the contention of an oblate
shape, since, in this case, the 9/2[404] Nilsson orbital would

(2172%) 3814

FIG. 4. Yrast levels in even-A Fe isotopes
compared with 9/2% band excitations in the

associated A+1 isotope. For the odd-A isotopes,
energies are given relative to the 9/27 state.

1327 789

0 (s62)

6" 21/2° 4025

6," 3756 21/2* 3730 23856 .
— T 6+ 3597 6," 3581
6" 3388 6 3519
a4+ 2085 17/2° 2070 4+ 2077 172 2042 4*
2t 847 1327 814 2+ 811 13727 796 2t 824
o0+ 9/2* 0(2456) 0+ 9/2* 0 (1517) (U
56Fe 57F€ 58FC 591::e 60F

30 31 32 33 €34

611::e35

044314-4



ROTATION-ALIGNED COUPLING IN ®'Fe

be expected to decrease substantially in energy; whereas in
the event of prolate deformation, the 1/2[440] state would be
lowered. In the latter case, the existence of a 1/2% bandhead
is clearly not supported by the isomeric character of the 9/2%
state. However, according to the model by Stephens [20], at
small deformation, a cross-shell excitation could take on a
spherical orbit coupled to the rotational motion of a prolate
core. This phenomenon, known as rotation-aligned coupling,
is traditionally characterized by the parallel band structures
exhibited between an odd-A nucleus and its A—1 core, similar
to that described above. Such an explanation was suggested
by Nathan et al. [21] to account for a similar trend in 56.57Fe,
However, a recent analysis of the yrast structure of ®Fe gave
no indication of a deformed-rotational structure at low spin in
OFe [22].

To shed more light on the character of the 9/27 band, shell
model calculations were performed within a truncated pfg
model space. The residual interaction used for this study was
derived from the N3LO bare N N potential using the G-matrix
formalism prescribed in Ref. [23]. The interaction assumes
an inert ¥*Ca core, with a model space that includes the
7 (f172, P3j2, P1/2, f5,2) and v(p3j2, p1j2, fs5/2. g92) orbitals.
A previous version of this interaction, in which the g9 /> neutron
orbital was not included, was described in Ref. [9], where
results of shell-model calculations were discussed for new
levels identified in %*Fe. As in Ref. [9], the single-particle
energies used for this study were derived empirically from
states outside the double-magic nucleus 48Ca, and these are
given in Table II. For the calculations shown in Fig. 3,
protons were restricted to the f;,, orbital only, and a
maximum of two excitations into the vgg, orbital was
allowed.

The model space truncations described above clearly differ
from those employed previously by Matea et al. [4], who
allowed up to 6p-6h excitations. In this work, it is noted that a
similar truncation scheme, while giving a similar result for the
energy of the 9/2% state, could not reproduce the other levels
known in the level scheme. In contrast, the scheme described
above, as illustrated in Fig. 3, yields good results for all the
levels known in this nucleus. However, the exact agreement

TABLE 1I. Single-particle energies
used in the shell model calculations
described in the text.

Orbital Energy (MeV)
TP1)2 4.493
7Tf5/2 4.072
TP3/2 3.087
T[f7/2 0.000
Ug9/2 4.072%
VP12 2.023
Uf5/2 3.585
Up3/2 0.000

*The single-particle energy for the vgy/»
orbital was decreased to 2.372 MeV for
the calculation shown in Fig. 3.
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depicted in Fig. 3 was contingent on the lowering of the
Vg9, single-particle energy, which had the effect of lowering
the positive-parity levels relative to the 3/27 ground state.
The relative spacing of these levels and the properties of the
negative-parity states were unaffected by this lowering. In fact,
the reason for doing this was only to emphasize the relative
agreement of the positive-parity levels with experiment.

Using the wave functions from the calculation detailed
above, the intrinsic quadrupole moment was computed to be
Qo = +116 e fm?. This value is in agreement with the recently
measured spectroscopic quadrupole moment Q = [42| e fm?,
which, assuming K = 1/2, corresponds to Q¢ = +115 e fm?.
Hence, the shell model calculation appears to support the
contention of a prolate shape. Furthermore, this agreement
strengthens the argument that the truncations used in the shell
model calculation above are, indeed, reasonable. Note that the
effective proton and neutron charges used for this calculation
were 1.5 e and 0.5 e, respectively, which are consistent with
those used in Ref. [4].

In an attempt to view the structure of ' Fe within the scope
of a collective model, calculations were performed with the
particle-triaxial-rotor (PTR) model. For these calculations,
standard parameters « and p of the modified oscillator
potential were used, as defined in Ref. [24]. Pairing was treated
in the standard BCS approximation with parameters GNO =
22.0 and GN1 = 8.0 [25]. The core nucleus was taken to be
%Fe and both calculated positive- and negative-parity energy
levels were in very good agreement with experiment for the
value of deformation parameter 8, ~ 0.23-0.25, indicating
a similar prolate shape for both the ®'Fe ground state and
the 9/2% isomer. Details of the calculation will be published
elsewhere [26]. Displayed in Fig. 5 are the results of the
PTR calculation for electric quadrupole and magnetic dipole
moments as a function of deformation parameter f,, clearly
supporting the deformation derived from the fit to experimental
energy levels.

I
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FIG. 5. (Color online) Results from the PTR calculations for
the cases of prolate (K = 1/2) and oblate (K = 9/2) deformation.
Calculated data points are labeled with the 8, deformation used in
the calculation. The experimental values are consistent with a prolate
deformation of 8, ~ 0.24.
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1 FIG. 6. Spectrum produced for °Fe
based on y rays reported in Ref. [22]. The
main yrast transition at 1426 keV is not
observed, since it is associated with a short
state lifetime, whereas side feeding via the
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As a practical measure, it is important to consider the
lifetimes of excited states with respect to the stopping time
of product nuclides in the target. Of primary concern is
whether stretched quadrupole transitions in a prolate band
would proceed faster than the time it takes for ®'Fe to stop
in the target. If this were the case, the transitions would be
Doppler broadened sufficiently that it would be impossible to
observe them in a thick-target deep-inelastic reaction exper-
iment. Given Q¢ = +115 ¢ fm?, one can estimate the mean
lifetime of the 1342-keV, 17/27 — 13/27 transition to be T ~
0.4 ps, compared to the estimated stopping time of ¢! Fe in 238U,
which is on the order of 1 ps. As the two values are comparable
in magnitude, one would expect some degree of broadening
in the 1342-keV peak. In fact, some Doppler broadening is
evident in the spectra of Figs. 1 and 2, so the contention of
a deformed band with stretched quadrupole transitions is not
unreasonable. Not only that, but the absence of any transitions
beyond J* = 21/2% might be attributed to the fact that the
transition rate increases farther up the band. This point is
illustrated further in Fig. 6, which provides the result of a
summation of coincidence gates below the 9/27 state in *Fe.
The absence of the known [22] 1426-keV, 17/2T — 13/2%
transition is a clear indication that the lifetime of the 17/2%
level must be markedly shorter than the stopping time of
PFe in 2U. This fact is directly analogous to the broadened
1342-keV peak in %' Fe. In contrast, the 1247-keV, ¥Fe y ray
reported as a side-feeding transition in Ref. [22], can be seen in
Fig. 6 apparently without any broadening. This could represent
a transition analogous to the 1879-keV transition observed in
this work.

While a fairly consistent picture appears to emerge from
this discussion, it should be acknowledged that a number
of issues remain that cannot readily be reconciled with the
proposed interpretation. For example, the data on *°Cr [11],
the isotone of %'Fe, and on °°Cr [8] have been interpreted
in terms of excitations associated with a weakly deformed
oblate shape, based on comparisons with TRS calculations.
For the ®'Fe isotone to be characterized by a prolate shape
would presumably require the addition of f7,, protons to be
driving the shape toward prolate deformation. If this were
the case, however, one would expect these same protons
to affect the shape of the ®'Fe core in the same way. As

already mentioned above, the level structure of the latter
nucleus has recently been significantly expanded [22]. It was
shown that shell model calculations are able to reproduce
satisfactorily the yrast sequence up to the 10" state within
the pf model space. Evidence for g9/, excitations is, however,
present at higher energies and angular momenta. In Ref. [22],
the associated sequences were compared with the results of
TRS calculations, which demonstrated that the shape of any
particular configuration is greatly influenced by the aligned
quasiparticles it contains. In fact, the calculations reflect a
situation in which the underlying cores are soft with respect to
deformation, and definite conclusions regarding shapes and
particle alignments could not be formulated. Rather, more
sophisticated calculations were called for. Such, beyond mean
field, calculations would also be very useful to clarify the
situation in ®'Fe.

V. CONCLUSIONS

In conclusion, several new levels have been identified in
®1Fe, determined from correlated prompt and delayed coin-
cidence gates following deep-inelastic reactions of ®*Ni and
238U. The new levels, as well as some previously known levels
are reproduced reasonably well with shell model calculations
within a truncated pfg model space and additionally with
PTR calculations. Both models produce quadrupole moment
values that are in good agreement with the measured value
from Vermeulen et al. [5], although those authors could not
determine the sign of deformation. With the current results,
a prolate deformation is suggested for the 9/2% isomeric
state, and the positive-parity band fits within a rotation-aligned
coupling picture, although open questions remain.
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