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Mirror symmetry at high spin in 51Fe and 51Mn

M. A. Bentley,1 S. J. Williams,1 D. T. Joss,1 C. D. O’Leary,2 A. M. Bruce,3 J. A. Cameron,4 M. P. Carpenter,5 P. Fallon,6

L. Frankland,3 W. Gelletly,7 C. J. Lister,5 G. Martı́nez-Pinedo,8 A. Poves,9 P. H. Regan,7 P. Reiter,5,* B. Rubio,10

J. Sanchez Solano,9 D. Seweryniak,5 C. E. Svensson,4,† S. M. Vincent,7 and D. D. Warner11

1School of Sciences, Staffordshire University, Stoke-on-Trent ST4 2DE, United Kingdom
2Oliver Lodge Laboratory, University of Liverpool, Liverpool L69 7ZE, United Kingdom

3School of Engineering, University of Brighton, Brighton BN2 4GJ, United Kingdom
4McMaster University, Hamilton, Ontario, Canada L8S 4K1

5Argonne National Laboratory, 9700 South Cass Avenue, Argonne, Illinois 60439
6Lawrence Berkeley National Laboratory, Berkeley, California 94720

7School of Physics and Chemistry, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom
8Department of Physics and Astronomy, University of Århus, Ny Munkegade, DK-8000 Århus C, Denmark

9Departamento de Fı´sica Teo´rica C-XI, Universidad Auto´noma de Madrid, E-28049 Madrid, Spain
10CSIC-Universitat de Vale`ncia, E-46071 Vale`ncia, Spain

11CLRC Daresbury Laboratory, Daresbury, Warrington WA4 4AD, United Kingdom
~Received 20 July 2000; published 17 October 2000!

Gamma decays from excited states in theTz52
1
2 nucleus51Fe have been observed for the first time. The

differences in excitation energies as compared with those of the mirror partner,51Mn, have been interpreted in
terms of Coulomb effects and the resulting Coulomb energy differences~CED! can be understood intuitively
in terms of particle-alignment effects. A new CED effect has been observed, in which different CED trends
have been measured for each signature of the rotational structures that characterize these mid-f 7/2 shell nuclei.
Large-scalef p-shell model calculations have been used to compute the trends of the CED as a function of spin.
The result of comparing these calculations with the data demonstrates an ability to reproduce the fine details of
the Coulomb effects with a precision far greater than has been previously achieved.

PACS number~s!: 27.40.1z, 21.10.Sf, 23.20.Lv, 29.30.Kv
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Gamma-ray spectroscopy of high spin states in mirror
clei has been revitalized in recent years through the deve
ment of large gamma-ray spectrometers. Such spectrome
especially when coupled to ancillary devices for the selec
of low cross-section channels from fusion-evaporation re
tions, have yielded a wealth of new information on high sp
states inN5Z nuclei ~e.g., @1–4#! and proton-rich nuclei
~e.g., @3,5,6#! in the f 7/2 shell. This shell is unique as it re
mains the only region in which these exotic nuclei have b
studied experimentally up to the maximum spin available
the configuration valence space~the band termination!. Fur-
thermore, the relative isolation of the shell means that
wave functions of the nuclear states are dominated by c
tributions from one major shell only. This is particularly tru
at the highest spins, where the wave functions become c
pletely dominated byf 7/2 components@7#. At intermediate
and low spins, however, contributions from the higher lyi
f p orbitals become more important. The advent of larg
scale f p-shell model calculations~e.g., @7–9#! has success
fully addressed this and has provided us with a remarka
accurate theoretical representation of excitation energies
electromagnetic properties of such nuclei in the upper hal
the shell.

In recent work@5,6# we have investigated high spin stat
of the T5 1

2 isospin doublet mirror nuclei25
49Mn/ 24

49Cr and
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47Cr/23

47V. States up to the band terminating state (Jp

5 31
2

2
) were observed and the level schemes of theTz

56 1
2 members of each mirror pair were found to be virt

ally identical—as expected if the charge symmetry of t
nucleon-nucleon interaction is assumed. The Coulomb in
action breaks the isospin symmetry and small difference
excitation energy between states of the same spin in the
members of the pair can generally be interpreted in term
Coulomb effects. The resulting Coulomb energy differenc
~CED! were analyzed@5,6# as a function of spin and found t
be extremely sensitive to both microscopic and macrosco
nuclear structure effects. These nuclei are close to theN
5Z midshell nucleus48Cr, where long-range correlation
between the eightf 7/2 valence nucleons outside the40Ca
closed shell give rise to a significant quadrupole deformat
and rotor-like characteristics. Such deformation and rotat
effects were found to influence the CED strongly. For e
ample, the trends in the Coulomb energy as a function
spin were understood qualitatively in terms of changes in
spatial behavior of the valence nucleons due to rotatio
alignments@10,11# and the evolution towards a fully aligne
noncollective band termination@5#. The resulting shape
change from a deformed prolate to spherical system w
increasing spin was also found to influence the CED@6#.
Large-scalef p-shell model calculations were used to mod
the Coulomb effects and it was found that the calculatio
reproduced the general trends of the CED as a function
spin when empirical Coulomb matrix elements were used
the f 7/2 protons@6#. These matrix elements, as would be e
pected, decreased systematically with increasing angular
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mentum coupling (J50 to J56). A good quantitative
agreement, however, required the use of a different se
Coulomb matrix elements which did not show this prope
and were therefore somewhat unphysical.

Over the last three decades a considerable amount o
fort has been devoted to trying to understand Coulomb
fects, and in particular understanding the Coulomb displa
ment energy~CDE!—the absolute binding energy differenc
between the ground states of isobaric multiplets~such asTz
56 1

2 mirror nuclei!. Early phenomenological models@12#
could only account for 90–95 % of the experimental CD
for theseT5 1

2 mirror nuclei—a discrepancy amounting
several hundred keV~the ‘‘Nolen-Schiffer’’ anomaly@12#!.
Other effects have been considered~see, e.g.,@13#! such as
isospin impurities, core polarization due to the odd partic
and the Coulomb distortion of the wave function of the o
particle. Nevertheless, even taking into account these effe
the Nolen-Schiffer anomaly could not be resolved if a cha
symmetric interaction is assumed. Given these difficulties
seems rather surprising that the measured CED~which is
usually less than 100 keV and normally a few tens of ke!
can be interpreted and understood in terms of simple
intuitive nuclear structure arguments involving subtle effe
such as rotational alignments and shape changes. It is th
fore of considerable interest to investigate these effects
ther and to examine the extent to which these Coulomb
fects can be used as a sensitive probe of detailed nuc
structure. In this Rapid Communication we report on t
recent observation of high spin states up to the band te
nation in the nucleus26

51Fe, the mirror nucleus of25
51Mn.

These excited states have also been reported at the same
in an independent study@14#. This is the heaviest mirror-pai
system in which such high spin states have been obser
The CED will be discussed and compared with the lar
scalef p shell model calculations.

The experiment was performed at the ATLAS facility
the Argonne National Laboratory using a 95 MeV32S beam
impinging on a 500mg cm22 self-supporting24Mg target.
Gamma rays were detected using theGAMMASPHERE spec-
trometer array in a configuration consisting of 101 Compt
suppressed HpGe gamma-ray spectrometers. The mirro
clei 51Mn and 51Fe were populated through theap andan
reaction channels with estimated cross sections of 7 mb
0.3 mb, respectively. High-fold (>3) gamma-ray coinci-
dences were recorded and the data were sorted in
RADWARE gamma-ray cube with the subsequent analysis p
formed using theLEVIT8R gamma-ray analysis package@15#.

A spectrum of51Mn was identified using double gates o
the known transitions@16# in the yrast band of this nucleus
A typical spectrum is shown in Fig. 1~a! which is the result
of a sequence of double gates including the 237 keV7

2

2

→ 5
2

2
transition which feeds the ground state of51Mn @see

Fig. 2~a!#. No gamma decays in51Fe have been previousl
observed, although a state with excitation energy 26266
keV had been observed in a study of the54Fe(3He,6He!
reaction @17#. It was assumed that this was the ‘‘mirror
state of the 237 keV7

2

2
first excited state in51Mn. In order

to search for the gamma-ray transitions in51Fe, a two dimen-
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sionalg-g matrix was created and a sequence of very narr
coincidence gates were placed in the matrix in the region
262 keV. By this method, a group of very weak transitio
with energies similar to those in51Mn were observed to be in
coincidence with a 253 keV gamma ray. Double gates w
then placed on these transitions in the cube, and the resu
spectrum is shown in Fig. 1~b!. On the assumption that th
gamma rays belong to51Fe, a level scheme was construct
for 51Fe with the ordering of gamma rays determined sol
from coincidence relationships and relative intensity m
surements. The resulting scheme is shown in Fig. 2~b!. The
combination of the close similarity with the51Mn level
scheme, the comparison of the spectra, the one-to-one c
spondence of the gamma rays observed, and the fact tha
absolute intensities are consistent with the predicted c
sections suggests that our identification of this structure
51Fe is correct. Independent confirmation of the assignm
of these levels to51Fe is reported in Ref.@14#. Statistics for
51Fe were not sufficient to allow an angular correlati
analysis, and the assignment of spins and parities is mad
the basis of mirror-symmetry arguments alone. The51Mn
level scheme established in this Rapid Communication
also shown in Fig. 2~a! and agrees with that observed b
Cameronet al. @16#. The 51Fe scheme has now been esta

FIG. 1. ~a! 51Mn2a double-gated spectrum obtained by requ

ing a coincidence with the 237 keV72
2→ 5

2
2

transition and any one
of the 459, 430, 349, and 723 keV transitions in the yrast seque
of 51Mn. ~b! 51Fe2a spectrum generated in the same way as~a! but
gating on the equivalent ‘‘mirror’’ transitions in51Fe ~i.e., the 253
keV transition and any one of the 508, 314, 370, and 637 k
transitions!.
3-2
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lished up toJp5 27
2

2
—the maximum spin available in thi

f 7/2 valence space. TheJp5 17
2

2
level in 51Mn is known to

be isomeric with a measured mean lifetime of 2.260.3 ns
@18# and, as a result of this, the gamma decays below
isomer are emitted downstream of the target position. T
causes some loss of intensity for gamma rays deexci
states belowJp5 17

2

2
and also results in a slight shift of th

measured gamma-ray energy away from the true value du
the change in the effective angle of the detectors used for
Doppler correction. This can be corrected, but only if t
isomer lifetime is known. For51Mn this correction yielded
gamma-ray energies slightly higher~between 1 and 3 keV!
than those published by Cameronet al. @16#. This may indi-
cate that the mean isomer lifetime is possibly shorter than
2.2~3! ns quoted by Noe´ and Gural@18#. For 51Fe, we have
assumed that theJp5 17

2

2
state is also isomeric and, for th

purpose of the correction, we have assumed that the m

FIG. 2. ~a! and ~b! The level schemes of51Mn and 51Fe, re-
spectively, as measured in this work. The51Mn scheme is consis
tent with that measured by Cameronet al. @16#. The gamma-ray
energies below theJp5

17
2

2 states have been corrected for bo
nuclei assuming a lifetime of 2.2 ns~see text for details!. The plot-
ted widths of the gamma rays are proportional to the relative in
sities. For51Fe, the levels are ordered on the basis of coincide
relationships and relative intensities. The spins and parities are
signed through mirror-symmetry arguments.~c! A comparison of
the level scheme of51Fe with the large-scalef p shell model calcu-
lations including the Coulomb effect~see text for details!.
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lifetime is the same, but with a larger error of61.0 ns. This
uncertainty in the lifetime results in larger than normal erro
in the energies of the gamma rays~approximately62 keV at
1.5 MeV! and the excitation energies of the51Fe states~ap-
proximately66 keV for the states aboveJp5 17

2

2
).

A simple comparison of the level energies for each s
can now be made which yields the Coulomb energy diff
ences~CED!—this is shown in Fig. 3~a!. It can be seen tha
the uncertainties in the CED due to the isomer do not s
nificantly affect the ability to interpret the results. In theA
549 andA547 mirror nuclei, a large change in the me
sured CED was observed at aroundJp5 17

2

2
. This was inter-

preted@5,10,11# as being due to a rotational alignment of
pair of protons in one member of the mirror pair, resulting
a reduction of their spatial overlap and a corresponding
duction in the Coulomb energy. TheA551 mirror pair lies
further away from the midshell deformed region, and may
expected to show less collectivity due to the smaller num
of valence holes in the56Ni core. Evidence for some collec
tivity was reported by Noe´ et al. @19# who measuredB(E2)
rates of'20 W.u. for transitions between low-spin states.

-
e
s-

FIG. 3. ~a! The experimental CED defined asEx(
51Fe)

2Ex(
51Mn). The error bars are due to the uncertainties in the le

energies caused by the presence of the isomer atJp5
17
2

2
. For the

purpose of this calculation, the51Mn excitation energies have bee
taken from Cameronet al. @14# as they are susceptible to small
errors.~b! The CED computed from thef p-shell model calculations
~see text for details!. ~c! A shell model calculation for51Mn of the
differences in ‘‘quasialignment’’ ofJ56,T51 proton and neutron
pairs as defined in the text. This is plotted as the proton alignm
minusthe neutron alignment.
3-3
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may be expected that this collectivity reduces quickly w
increasing spin due to the restricted size of the valence sp
Nevertheless, the CED for theA551 mirror pair shown in
Fig. 3~a! shows evidence of a sudden alignment effect a
similar spin (Jp5 17

2

2
) to the neighboring mirror nuclei. We

interpret this as an alignment of a pair off 7/2 protons in51Fe
which reduces the overlap of their spatial distributions a
causes a corresponding reduction in the Coulomb energ
51Mn, the odd proton blocks this alignment and a pair off 7/2
neutrons aligns instead—with no resulting Coulomb effe
Thus there is an overall negative effect on the CED atJp

5 17
2

2
. As the band termination atJp5 27

2

2
is approached,

alignment of the other particle-type is required to gener
more angular momentum~i.e., neutrons in51Fe and protons
in 51Mn! and the Coulomb effect is reversed. Thus the C
rises towards zero towards the band termination, at wh
point a full alignment of protonsand neutrons is required in
both nuclei to generate the maximum available spin. T
results of recent cranked shell model calculations fr
Sheikhet al. @20# are consistent with this picture, in whic
proton and neutron alignments are predicted to occur at
ferent frequencies along the yrast bands of these nuclei.

Large-scalef p-shell model calculations have been pe
formed following the model described by Caurieret al. @8#
using a modified KB3 interaction in the fullf p valence space
with a truncation which allows for up to five excitations fro
f 7/2 to the higher-lyingf p orbitals. These calculations hav
been shown to reproduce very successfully the high-spin
havior of nuclei in the upper part of thef 7/2 shell ~e.g.,@7#!.
For 51Fe, the comparison of the predicted excitation energ
with the experimental data is shown in Fig. 2~c!. The agree-
ment is extremely good, and somewhat better than that
nuclei nearer the center of the shell where core excitati
from below the40Ca shell closure may play a role. The Co
lomb effect has been included in the shell-model by add
the Coulomb interaction to the effective nuclear force us
empirical Coulomb matrix elements~taken from theA542
isobaric triplet! for the f 7/2 protons. The level schemes a
calculated in the presence of the Coulomb interaction,
the CED is then calculated in the same way as for the
perimental data. The results of this calculation are shown
Fig. 3~b!. It can easily be seen that although the absol
values of the CED are slightly larger in the calculations,
overall trends of the CED as a function of spin are exac
reproduced over the whole spin range. In contrast to the c
of the A549 and 47 pairs, no adjustment of the Coulom
matrix elements is necessary to obtain a better agreem
with the trends of the experimental CED.

In order to gain further insight into the microscop
mechanisms behind these effects, we have calculated th
pectation values of the operator

@~a1a1!J56,T51~aa!J56,T51#

separately for protons and neutrons for each state along
yrast band of51Mn. These values reflect the contributio
from pairs of f 7/2 protons~or neutrons! coupled to the maxi-
mum angular momentum value ofJ56 and can be though
of as ‘‘quasialignments’’ for protons and neutrons in ea
05130
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state. We then plot thedifferenceof these two quantities in
Fig. 3~c!. The plot clearly shows that a rapid neutron alig
ment takes place in51Mn at Jp5 17

2

2
followed by a gradual

alignment of protons. The magnitude of these alignment
fects should be the same in51Fe, but the sign will be oppo-
site. This is entirely consistent with the arguments presen
above for the experimental CED. Indeed a comparison w
Fig. 3~b! @or even Fig. 3~a!# demonstrates that in this cas
the various proton alignment effects seem to account alm
entirely for the variations of the CED.

Further inspection of the experimental CED in Fig. 3~a!
reveals phenomena not seen in the other mirror pairs stud
First, the fact that the CED change at the alignment is v
sharp compared with the smooth variation observed for
same alignments in theA549 and 47 pairs@5,6#. Second, the
staggering in the CED—particularly visible at low spins—
has not been seen in other cases. However, we can con
the yrast sequence in each nucleus as consisting of a fav

band (Jp5 7
2

2
, 11

2

2
, 15

2

2
, . . .! and an unfavored band (Jp

5 5
2

2
, 9

2

2
, 13

2

2
, . . .!—referred to from now on as different sig

natures. If the CED is plotted separately for each signat
then these effects become more clear. This is shown in
4~a! and it is seen that the CEDs for each signature
smoothly varying and very similar, but offset from eac
other over the whole spin range. Each signature shows
same alignment effect, but now with a smooth variation
the CED similar to the effect seen in theA549 and 47 mir-
ror nuclei. The offset observed in the CED represents the

FIG. 4. ~a! The experimental CED as in Fig. 3 but plotted sep
rately for the unfavored structure ~open circles; Jp

5
5
2

2
, 9

2
2
, 13

2
2
, . . . ) and thefavored structure~closed circles;Jp

5
7
2

2
, 11

2
2
, 15

2
2
, . . . ). ~b! The CED from the shell model plotted in

the same way as~a!.
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that the difference in excitation energy between the favo
and unfavored signatures over the full spin range is con
tently larger in one nucleus than the other~i.e., the unfavored
signature in51Mn lies slightly higher in energy relative to th
favored signature than it does for51Fe!.

A simple particle-plus-rotor interpretation may presen
possible explanation for this effect. In a rotational pictu
these coupled sequences are built upon aK5 5

2 ground
state~for a prolate deformation the odd particle occupies
@312#5

2 Nilsson level!. However, the close proximity of the
V5 1

2 , 3
2 , and 7

2 levels, due to the low deformation, results
large Coriolis mixing as angular momentum increases. T
K mixing destroys the strong-coupling of the odd particle
the core resulting in the separation into favored and un
vored bands. The degree of Coriolis mixing present depe
critically on the proximity of the other Nilsson levels. If th
spectrum of single-proton levels for51Mn is slightly differ-
ent from that of neutrons for51Fe ~e.g., due to a differen
deformation!, then the degree of signature splitting will n
be the same in each member of the pair. The fact that
effect seems to occur consistently over a large spin ra
supports the above interpretation. For theA549 mirror nu-
clei, nearer the center of the shell, this effect was not
served in the data. However, forA549, the deformation is
expected to be larger and hence the Coriolis mixing sho
be smaller and the effect will not be as pronounced. T
predicted CED from the shell model for each signature of
n,
u

.
,

.
t.

-

er

-
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A551 pair is plotted in Fig. 4~b! and shows that the effect i
reproduced with astonishing precision.

In summary, gamma decays from excited states in51Fe,
the mirror partner to51Mn, have been observed for the fir
time. States up to the band termination have been obser
and this represents the heaviest mirror pair studied up to s
high spins. The resulting Coulomb energy differences~CED!
show trends which can be interpreted in terms of parti
alignments occurring at different spins in the two nuclei. F
the first time, the two signatures have been found to exh
distinctly separate CED trends, which has been interprete
terms of Coriolis mixing effects. These data have provid
an important test of the latestf p-shell model calculations in
a region of thef 7/2 shell where they might be expected
work well. The shell model calculations have been shown
reproduce all aspects of the measured Coulomb effects
remarkable accuracy.
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