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Magnetic moments and shape coexistence in the light Br isotopes

Austyn G. Griffiths, Christopher J. Ashworth, J. Rikovska, N. J. Stone, and J. P. White
Clarendon Laboratory, Oxford University, Oxford OX1 3PU, United Kingdom

I ~ S. Grant
Schuster Laboratory, University ofManchester, Manchester M13 9PL, United Kingdom

P. M. Walker
Physics Department, University ofSurrey, Guildford, Surrey 6U2 5XH, United Kingdom

W. B.Walters
Chemistry Department, University ofMaryland, College Park, Maryland 20742

(Received 1 May 1992)

Low temperature nuclear orientation measurements have been made to study the nuclear magnetic di-

pole moments of Brg™, Br, ' Br, and Brg implanted into Fe. The analysis of the data has been
performed within the framework of a two, nonzero field, site model to describe the occupation of Br nu-

clei in the host Fe lattice. The two sites were associated with magnetic hyperfine fields of +81.38(6) and
+26(2) T. A spin of —' for the Br ground state is deduced and magnetic dipole moments are determined

for the remaining nuclides. In addition, conversion electrons were observed for Br, confirming the
multipolarity of the isomeric transition. An interpretation of the ground-state configurations and shapes
of these isotopes is given using particle-rotor calculations and it is shown that the Br nuclides can be
better described as a hole in the more deformed Kr nuclides rather than a particle beyond the Se cores.

PACS number(s): 21.10.Ky, 21.10.Hw, 23.20.En, 27.50.+e

I. INTRODUCTION

Among the nuclei off the line of stability, those in the
Z-N-40 region are of particular interest, exhibiting
large quadrupole deformations, possible triaxiality, and
shape coexistence [1—5]. The nuclear ground-state spins
of the odd-A bromine nuclides Br with Z =35 are
all —,

' . Nilsson orbital calculations show that the last
odd proton occupies the [301]—,

' orbital for deformations
e (0.22 and the [312]—,

' orbital at larger prolate deforma-

tions. The magnetic dipole moments of these two
configurations differ by a factor of 3 and thus clearly
identify the single-particle configuration and hence the
approximate deformation of the ground state.

With this aim static low temperature nuclear orienta-
tion (LTNO) measurements have been performed on the
light bromine isotopes Br ', ' Br, ' Br, and

Br . These data are analyzed in terms of the best
currently available models and supersede all preliminary
results quoted in earlier reports [6,7]. A detailed theoret-
ical interpretation of the data is also discussed.

II. EXPERIMENTAL DETAILS

Sources of Br (t»2=16 h) and Br (t, &2=57 h),
produced in the reaction of 600-MeV protons on a target
of niobium powder, were implanted at room temperature
into polycrystalline iron foils at the ISOLDE facility,
CERN. These were subsequently studied in Oxford at
temperatures down to 2 mK using a He- He dilution re-
frigerator in conjunction with a PrNi5 demagnetization

stage [8]. Data were collected from two Ge(Li) detectors
positioned axially and equatorially relative to the axis of
orientation, defined by a 1.0-T polarizing field. The
source to detector distance was 12 cm.

The isotopes Brs™(t,&2=1.3 min, 10.1 s, respective-
ly), Br (t, &&=3.4 min), Br (t, &&=46 min), and Br
(t, &2=97 min) were produced on-line using the reaction
of 150-MeV Si on an Fe target which formed part of
the FEBIAD ion source of the Daresbury On-Line Iso-
tope Separator (DOLIS). After acceleration to 60 keV,
the selected bromine ions were implanted into a polycrys-
talline iron foil soldered to the cold finger of the dilution
refrigerator and studied at temperatures down to 8 mK.
Production rates were low for the lighter isotopes, but
well resolved gamma spectra were recorded in four
Ge(Li) detectors, two in both the axial and equatorial po-
sitions. The detector to source distance was 8 cm. The
iron foil was polarized by a 0.7-T magnetic field in a
direction parallel to its surface and perpendicular to the
implanted beam.

III. DATA ANALYSIS

The implanted Br nuclei are oriented at low tempera-
tures through the large magnetic hyperfine interaction
that they experience in an iron host lattice. The resulting
angular distribution of gamma radiation from such nuclei
is given by

W(8) = 1+ g f( g QkBk(lsB, /IkT) U„AkPk(cos8),

the symbols having their usual meaning [9]. The index i
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labels the various lattice sites which may be occupied by
the implanted nuclei. The strength of the magnetic
hyperfine interaction pB,-/I, and in particular the mag-
netic moment p may then be determined from the tern-
perature dependence of the anisotropy of the gamma-ray
angular distribution, defined as [ W(0)/W(90) —1]%.

Within certain model limitations this interaction may
be extracted from the data with relatively little depen-
dence upon the fractional populations f, which, at
moderately low temperatures, largely determine the abso-
lute magnitude of the anisotropy but not its temperature
dependence. This point will be discussed in more detail
below. To facilitate the data analysis, two different mod-
els describing the lattice site occupation of the bromine
nuclei in the iron matrix will be assumed. The first mod-
el, henceforth known as mode) 1, is that most applicable
to soluble implants where a fraction f of nuclei experi-
ence the full substitutional hyperfine field B,„b, while the
remaining 1 f occu—py lattice sites with zero hyperfine
field. As an alternative, and to account in a simple way
for the relative insolubility of bromine in iron, we consid-
er a second model, hereafter referred to as model 2.
Here, as before, a fraction f of nuclei experience the full
substitutional hyperfine field B,„b, but now it is assumed
that the remaining 1 f occup—y a second lattice site sub-
ject to a single nonzero hyperfine field B]p„.

Herzog et al. [10], using NMR-ON techniques for
Br, have measured the substitutional magnetic

hyperfine field of BrFe to be B,„b =+81.38(6) T. Using
this field it was found that the magnetic moment extract-
ed from a model 1 fit to the integral LTNO data, as ob-
tained from a low temperature implanted sample, differed
by 10% from the known moment. A satisfactory fit
could, however, be made using model 2 with
Bio„=+26(2)T. A subsequent study for both room and
low temperature implanted samples over a wide range of
doses showed that it was generally necessary to invoke
model 2 in order to reproduce the magnetic moment [11].
The variation in the value of B&,„extracted from the
various runs was no greater than would be expected from
the statistical error of the value quoted above. No fur-
ther complexity of site distribution can be meaningfully
tested by the integral LTNO method. Extensive channel-
ing studies by Alexander et al. [12],in the BrFe system at
room temperature and relatively high implantation dose,
support this multiple site picture. They concluded that
there was indeed a second, well defined, nonsubstitutional
site and that this location was independent of the local
bromine concentration over a wide range. Building upon
this work, Callaghan et al. [13] performed an integral
LTNO experiment on BrFe in order to evaluate the two
hyperfine fields. On the reasoned assumption that the
second field contributed little to the experimental anisot-
ropy and could therefore be neglected, they determined
the substitutional hyperfine field to be +84(12) T with an
associated population of 36(5)%. Thus even using the
crude model 1 they were able to predict the substitutional
hyperfine field to within 15%.

On the basis of these results it can be expected that the
model uncertainties will only influence the extracted mo-
ments at the level of 10—15%. Fitted moments obtained

from both of the above models will be quoted in this
work. The values ultimately adopted, however, will be
those of model 2 after assigning uncertainties which
reflect the model site distribution uncertainties as well as
the statistical uncertainties.

IU. RESULTS

A. Results for Brg

Both of these nuclei were studied prior to the publica-
tion of Refs [1.0, 11]and so it was not anticipated that the
shortcomings of model 1 would be significant. Since the
magnetic moment of Br (1 ) had already been mea-
sured [14] it was considered sufficient, and indeed desir-
able, to perform a less full temperature dependence for

Br in order to extract the U2 A2 coefficients which were
not known in advance. To this end a PrNi5 demagnetiza-
tion stage was used to cool the nuclei to 2 mK, as mea-
sured by a Coi thermometer, which resulted in the
saturation of the gamma-ray anisotropies. Unfortunate-
ly, these anisotropies were generally rather small, even
close to saturation. Of the strongest lines, only the 1130-,
1854-, and 2951-keV transitions gave anisotropies with
sufficiently favorable proportional errors to produce
reasonable temperature dependences. The data on the
1130-and 2951-keV transitions are illustrated in Fig. 1.

Within the framework of model 1 a fit was performed
to the experimental axial-equatorial anisotropies with
both pB,„b and fU2Az as variable parameters. From
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FIG. 1. The temperature dependence of the anisotropies of

the 1130- and 2950-keV y rays in the decay of Brg and the an-

isotropies of the 304- and 575-keV y rays in the decay of ' Br .
Both model 1 (dashed) and model 2 (solid) fitted curves are
shown for comparison.
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these data the average hyperfine interaction was found to
be p8, „b =35.0(25)p~ T. This is to be compared with
the expected value (corrected for applied field) of
pB,„~=45. 16(3)@~T.

This 25(6)% difference highlights once again the failure
of model 1 to adequately describe the BrFe system as first
noted by Herzog et al. [10]. Following their lead there-
fore, the more realistic model 2 is invoked. Here, with p
required to reproduce the known value, Uz Az, f, and
8&,„remain as variable parameters. In order to reduce
the number of unknowns, B„„was taken to be 26(2) T as
discussed previously. In this way we obtain a site distri-
bution parameter of f=58(9)%.

In order to understand how model 2 is able to correctly
reproduce the substitutional hyperfine interaction it is in-
structive to consider the individual contributions from
the various lattice sites, as shown in Fig. 2. The anisotro-
py data from the 1130-, 1854-, and 2951-keV transitions
have been inverted to yield g, fBzUz Az and then nor-
malized to the 14-mK temperature points, which for this
purpose have been combined, and finally summed. The
resulting data therefore represent the relative orientation
of the Br nuclei as a function of temperature. The
orientation predicted by model 1, shown dashed, arises
solely from the hyperfine interaction of nuclei in substitu-
tional sites. It is clear that the true substitutional
hyperfine interaction, pB,„b =45.2p~ T, increasingly un-
derestimates the experimental orientation as the tempera-
ture is reduced. This gap between the observed orienta-
tion and that due to the fully substitutional lattice site
may be bridged by introducing a second lattice site which
experiences a nonzero hyperfine interaction. The indivi-
dual contributions of the substitutional and low field
sites, weighted by their relative populations, to the total
model 2 orientation are illustrated by the solid lines. The
discrepancy between the magnetic moments extracted us-
ing the two models may be attributed to the proportion
of the total orientation arising from this second nonsub-

Model 2

stitutional hyperfine interaction. In the present case this
proportion is as high as 35% at the lowest temperature
datum, which results in the large disparity between the
two extracted moments. The magnetic moments of the
other nuclei studied in this work have all been extracted
from data taken at temperatures above 6 mK, where the
relative contribution from the second field site is greatly
reduced. The model difFerences and hence the ambiguity
in the extracted moment will therefore be corresponding-
ly smaller.

Having determined the site distribution parameter
f=58(9)% of BrFe it is assumed that the same value
may be applied to the case of Br. This is justified since
both were implanted under the same conditions and with
similar dosage. Further, it is likely that the experimental
error in f is sufficiently large to take account of any
minor variations between the samples.

In contrast to Br, the magnetic moment of Br ( —,
'

)

had not previously been measured and therefore we per-
formed a full temperature dependence down to 6 mK as
deduced from the anisotropy of a Coco thermometer.

In order to analyze these data, we take the model 1

variable parameters to be p and fUz Az, and the model 2
variable parameters to be p and Uz A z, considering f and
B„„asknown. It should be noted that the site distribu-
tion parameter f is not the same in the two models. The
temperature dependences of the 304- and 575-keV transi-
tions are shown in Fig. 1. Using data from the ten
strongest transitions we obtain an average model 1 mo-
ment of @=0.82(3)pz, while for model 2 we obtain a mo-
ment of p=0. 92(5)p~. Notice that as a result of the
higher temperatures there is only an 11(7)% disagree-
ment between the two models. Comparing the y values
of the two sets of model fits, which are to all intents and
purposes identical, we find that even with data of such
relatively good quality the integral LTNO method is un-
able to distinguish between the two models. In recent
studies in which Br has been studied by NMR methods,
a more precise value of 0.9738(5)p~ has been reported, a
value at the edge of the uncertainty of the integral LTNO
method [15].

B. Results for Br

0
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FIG. 2. The contributions to the total orientation from the

model lattice sites. The data are taken from transitions in the

decay of Br . The model 1 and model 2 fitted curves are dis-

tinguished by dashed and solid lines, respectively.

These isotopes were implanted on-line into a cold iron
foil at the DOLIS-COLD facility where temperatures as
low as 8 mK were achieved, as deduced from the anisot-
ropy of a CoFe thermometer. Unlike the previous case,
there is no control isotope with a known moment with
which to determine f Therefore within the .framework
of model 2 there are at least four unknown parameters, p,
f, Uz A &, and 8&, . In order to be able to extract reliable
values for the magnetic moment from the fitting pro-
cedure it is desirable to reduce this number to two. Since
the U&A& coeScients are not generally known a priori,
they must be considered as variable parameters. There-
fore not only B„but also a range of values for the site
distribution parameter f is assumed.

The variation in f as a function of implantation condi-
tions of BrFe has also been studied [11]. It is apparent
from this work that the value of f is considerably depen-



46 MAGNETIC MOMENTS AND SHAPE COEXISTENCE IN THE. . . 2231

dent upon implantation dose and also the method of pro-
duction. However, the values for different on-line im-

plantations were all found to lie within 58% ~f ~75%.
Although some dependence upon the method of prepara-
tion of the iron foil might also be expected, this range will

be considered to be valid for the present work. Since all
iron foils used in the present experiments were prepared
in an identical manner, the dependence upon the method
of preparation of the iron foils will not lead to any prob-
lems with internal self-consistency. Thus the likely varia-
tion in f will be spanned if a maximum value of 75%,
model 2a, and a minimum value of 58%, model 2b, is tak-
en. It should be noted that the choice of 58% as the
minimum value for the site distribution parameter in on-
line samples coincides with the value deduced for the off-

line prepared samples ' Br. That the site distribution
parameter is probably lower for off-line than for on-line
prepared samples is apparent from the data of Ref. [11]
and is in line with our work on implanted BrFe [13].
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The presence in the DOLIS output of an inactive con-
taminant beam at this mass required that the Br source
be built up by implanting for 2.5 h at approximately 50
mK. The procedure was then followed by a period of
cooling down to temperatures of 9 mK with the isotope
separator closed off. The cycle was repeated several
times.

With the exception of the 377-keV transition, which
gave data of good statistical accuracy, the resulting aniso-
tropies were rather small. The temperature dependence
of this peak is illustrated in Fig. 3. In addition, and
uniquely among all the isotopes studied, the U2 A 2
coefficient can be calculated for this transition with
sufficient accuracy to enable some constraint to be placed
on the fitting procedure. The use of the previously
known mixing ratio for the 377-keV transition,
5(377)= —0.73(45) [16], leads to the inequality
+0.62 & U2 A2 & +0.81. The model 2 fitted U2 A2
coefficient is compatible with this result to within one
standard deviation for all site distribution parametersf+ 44%%uo, which greatly exceeds the likely range of varia-
tion given above. Therefore the limiting values 75%
(model 2a) and 58% (model 2b) are retained, and with f
thus fixed, the inequality for U2 A2 is used to limit the er-
ror on the fitted moment. In this way we find moments of
0.73(9)pz, 0.75(15)pz, and 0.78(17) pz for models 1, 2a,
and 2b, respectively. [For comparison we give the uncon-
strained values of 0.73(9)p&, 0.75( 19)pN, and
0.78(24}pz, respectively. Of course in model 1 this con-
straint has no effect on the fitted moment and merely
serves to provide the inequality f ~ 53%. ]

Note that despite the large difference between the site
distribution parameters of models 2a and 2b there is only
a very slight difference in the fitted moments.

2. Results for Br

The heavy ion reaction of 150-MeV Si on Fe prefer-
entially produced the high-spin isomer of Br. The pro-
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FIG. 3. The temperature dependance of the anisotropies of
the 377-, 728-, 862-, and 101-keV y rays in the decays of Br,
Br, Br, and "Br, respectively. The model 1 and model 2

fitted curves coincide.

portion of the ground state present, as deduced from the
intensity ratio of the 615- to 634-keV transitions, was less
than 5% and therefore essentially negligible. Large an-
isotropies with small statistical errors were observed for
the 728-keV transition, shown in Fig. 3, and also for the
615-, 634-, 839-, 1201-, 1250-, and 1269-keV transitions.

The isomeric spin has been deduced by atomic beam
resonance methods to be I=4 [17], although the assign-
ment of negative parity to this state, made on the basis of
proposed first unique forbidden /3+/EC decays to levels
in Se, is rather tentative. Partly as a result of this con-
dition, but mainly due to the complex decay scheme, no
UzAz coefficients are known or can be calculated a
priori. Further, due to the relatively large parent spin,
these coefficients involve two terms corresponding to
k=2 and 4.

As a first step towards dealing with this extra parame-
ter the data were fitted to model 2a ignoring fourth rank
terms. The weighted mean of these moments, for the
seven transitions given above, is 1.64(5)pz for which at
10 mK the ratio of the high field orientation parameters
is B4(B,„b )IB2(B,„b ) -30%. Although this ratio is like-

ly to become smaller when allowance is made for the rela-
tive effects of the two U& A& terms, the fourth rank terms
possibly constitute a sizable effect. We therefore also in-
clude these terms as a third variable in fits to the temper-
ature dependences of the statistically dominant 634- and
728-keV transitions, from which we obtain moments of
1.63(6}pz, 1.59(8)pN, and 1.77(11}pz for models 1, 2a,
and 2b, respectively. Once again the relatively small
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difference between the model 2a and 2b moments demon-
strates their limited sensitivity to the assumed site distri-
bution parameter. Recent NMR studies have yielded a
somewhat more precise value of 1.82(1) that is indepen-
dent of the assumptions about site occupancy [15].

3. Results for Br

Anisotropies were observed for 16 of the strongest
transitions in the decay of Br. These are listed in Table
I. The anisotropy of the CoFe thermometer corre-
sponds to an average temperature of 12 mK. All the Br
effects are consistent with zero orientation. Since the
iron foil in which Br was studied was the same as that
used to successfully orient ' Br in the same on-line
run, there can be no possibility of a non-nuclear origin
for this lack of anisotropy.

The ground-state spin of Br had been limited to
( —,', —'„—', ) as a consequence of its allowed P+/EC decay
to the 26-keV —', level in Se [18]. On the basis of sys-

tematics in the neighboring odd-A isotopes this spin has
often been taken as —,

' . However, the lack of anisotropy
is at variance with this hypothesis.

If the ground state were —,
' and had a moment similar

to that of Br then the relaxation time would be of the
order of 5 s (see below). When compared to the 3.4-m
half-life it is clear that incomplete relaxation cannot be
responsible for reducing the orientation to the virtually
zero levels observed.

It must therefore be concluded that the lack of ob-
served anisotropy is due to the presence of one or more
unoriented spin- —,

' levels. The transitions in Se originate
from many different levels which are independently popu-
lated in the decay. A recent spectroscopic study of the
decay of Br [19]has provided spin assignments for some
of the levels assuming that the parent spin is —, . While
most of these are tentative it is clear that not all of the
levels which give rise to the observed gamma transitions
are likely to be of spin —,'. It is therefore most probable

Energy (keV)

65
275
336
374
401
490
540
550
615
639
700
788
849
870
914
931

A (%) (a)

0.6(0.6)
0.8(4.9)
0.8(1~ 6)

—1.6(5.2)
—0.8(2.0)

7.0(8.4)
—0.3(3.7)

4.1(7.3)
—6.5(4.4)
—6.5(10.3)

1.9( 1.4)
—10.0(11~ 0)
—0.3(1.1)

6.6(4.8)
3.1(2.9)
1.5(1.5)

Anisotropy/o.

1.0
0.2
0.5

—0.3
—0.4

0.8
—0.1

0.6
—1.5

0.6
1.4

—0.9
—0.3

1.4
1.1

1.0

TABLE I. The gamma-ray angular distribution anisotropies
observed in the decay of oriented Br at 12 mK.

that at least a few of the relevant levels in Se should be
capable of orientation. In principle the lack of orienta-
tion might also be due to unfortunate values of the gam-
ma multipole mixing ratios which lead to near zero angu-
lar distribution coefficients. This possibility is also in-
herently unlikely to be simultaneously true for several
transitions. Two levels in Se (other than the ground
state) are in fact known to have spins other than —,

' [18].
Unfortunately neither figure prominently in this work.
The 151-keV —,

' level gives rise only to the 126-keV tran-
sition which lies between the 122- and 136-keV peaks of
the thermometer, CoFe. Although the triplet is
resolved, the background is discontinuous making its sub-
traction difficult and ambiguous. However, a crude
manual background subtraction showed no significant an-
isotropy for this transition. The second level at 26 keV
( —, , 40 min) is isomeric and therefore orients in its own

right.
The decay of the high-spin states of Br has recently

been studied by Heese et al. [20,21]. They have been able
to provide a satisfactory interpretation of the level struc-
ture of Br using a —,

' ground-state spin and parity as-

signment. Moreover, another recent study of the levels of
'Br has provided evidence for a —,

' ground state and a
level at 9 keV in that nuclide [22]. Consequently, we

conclude that it is in fact the parent nucleus, Br, which
has a ground-state spin —,

' . Although such an assign-
ment differs from the spin- —', ground states of all the
heavier odd isotopes up to Br, it is fully consistent with
all known features of the decay, and with the decay of the
higher-spin levels and the structure of 'Br.

4. Results for Br™
The anisotropy of the strongest line in the decay of

Brg, at 862 keV, is shown in Fig. 3. In this nuclide,
there occurs the added complication that the relatively
short half-life (1.3 m) may not allow sufficient time for the
attainment of thermal equilibrium. Relaxation measure-
ments by Herzog [10] on BrFe have yielded the result

g Ck =0.032(2), where g is the spin g factor and Ck the
Korringa constant [9]. The product g Ck is an isotope
independent quantity which allows a self-consistent cal-
culation to be performed on the data of Br, taking into
account the effects of imperfect relaxation on the ob-
served anisotropies. The fitted line in Fig. 3 is calculated
for a moment of 0.55(21) pz, for which the anisotropy at-
tenuation at 12.5 mK is about 15%%uo. This result is virtu-
ally independent of the choice of the model, the small
differences lying well within the statistical uncertainties.

Finally, we consider the 101-keV transition from the
10.1-s isomeric state, to the ground state, which was as-
sumed to be a 1 to 3+ transition by Garcia-Bermudez
et al. [23]. This spin parity change is confirmed by
present y-conversion electron coincidence measurements
[24]. These data yield a conversion coefficient
a~ = 1.4(3), implying an almost pure M2 transition, with
less than 13% E3 admixture. Analysis of the NO data,
shown in Fig. 3, was difficult owing to the large Compton
background associated with the photopeak and the shape
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of the temperature dependence was ill defined, resulting
in a fitted moment of 1.3+05 p~. Again the mode
dependence is well within the uncertainties. Taking the
measured anisotropy of —11(3)% at 15.1 mK and as-
suming the maximum magnitudes for f and A2 of 100%
and —0.2778, respectively, then we can set a probable
lower limit on the moment of 0.7pN.

V. EXPERIMENTAL CONCLUSIONS

LTNO measurements on the light bromine nuclei have
yielded the nuclear magnetic dipole moments of Br '

Br, Br, and ' Br . In addition, the ground-state
spin of Br has been established as —,

'

The experimental data have been analyzed within the
framework of the two models described in Sec. III. The
results of this analysis are summarized in Table II. It has
been shown, both here for the case of Br and by Herzog
et al. [10,11] for the case of Br, that model 1 fails to
yield the correct moment. Therefore it is necessary to
adopt the more flexible model 2. This approach requires
an extra parameter, B„„and also causes f and U~A~ to
become independent. Since the U& A& coefticients are
generally not known a priori for the isotopes studied, a
limited range of values for f has been assumed in order to
reduce the number of free parameters to be extracted
from the experimental data.

For Br, f is taken to be the same as that deduced
from the data on the control isotope Br since the two
were produced under similar conditions. For Br no
such control exists and it is necessary to adopt a range of
likely values for f, taken to be 58% ~f ~ 75% (models
2a and 2b, respectively). It has been shown that within
this range the model 2 extracted moments have only a
limited sensitivity to the value off.

In addition, it is in principle necessary to consider also
the effects of a variable low field B&,„,since B&,„need not
correspond to a well defined field but may, instead,
represent some average over many fields. However, the
work of Herzog et al. [10,11] has given some evidence
that B&,„varies by no more than 2 T between different
warm or cold implantations The value of f, on the other
hand, varied by 20% between warm and cold implanta-
tions and so it is clear that f and not 8&,„should be
treated as the variable parameter.

In view of the proven inability of model 1 to correctly

describe the experimental data the most reliable moments
are taken to be those derived from model 2. In the case
of Br, where both models 2a and 2b have been applied,
the mean of the two results is taken with errors chosen so
as to encompass the range of values emerging from the
two models. Effectively this procedure corresponds to
the assumption that f=67(9)%. The resulting increase
in the uncertainty is relatively modest despite realistically
reflecting the site distribution uncertainties. These mo-
ments along with the values from NMR are listed in
Table II. The more precise values are of assistance in

giving credence to the integral measurements and do not
change significantly the nuclear structure information
that can be derived from the whole set of data.

VI. DISCUSSION

A. The Odd-mass Br nuclides

The odd- A bromine nuclei Br, with atomic num-
ber 35, are all assigned to have ground-state spins of —,

'
In-beam spectroscopic studies of Br [3,20,21,25,26]
have revealed a band sequence which bears a remarkable
resemblance to the ground-state band of Br. However,
the last stretched E2 transition terminates not on the
ground state but instead on an excited level at 178 keV
which has therefore been assigned as —,

' . Recent data on
'Br show a similar situation with the band terminating

at a level at 207 keV [22,27]. From Fig. 4 it can be seen
that for prolate nuclei the 35th proton is indeed expected
to occupy the [301]—', orbital for quadrupole deformations

up to e (0.22 and the [312]—', orbital at larger deforma-

tions in the range 0.30& c &0.40. As these levels are as-
sociated with theoretical magnetic dipole moments of ap-
proximately +2.3p~ and +0.75p~, respectively, the ex-
perimental magnetic moments of the —', ground states
give a clear signature of the orbitals involved and hence
the magnitude of the nuclear deformation.

Because the orbitals of interest to the odd-A bromine
ground states have the same component of angular
momentum and can therefore intermix, the transition be-
tween high and low moment is not sharp, but instead has
a definite deformation dependence. This variation of the
moment with deformation is most sensitive in the region
0.22&@,&0.30 where, with increasing deformation, the
Fermi level shifts from the [301]—,

' to the [312]—', orbital

TABLE II. A summary of the fitted moments of Br.

Nuclide
Model 1 Model 2a

(f=75%)

Fitted moments
Model 2b Adopted integral value

(f=58%)
NMR moment

Br
Br

"Br
74B m

Brg
72Brm

0.82(2)
0.43(3)
0.73(9)
1.63(6)
0.55(21)

& 0.7

0.75(15)
1.59(8)
0.55(21)

&0.7

0.92(5)
0.55
0.78(17)
1.77(11)
0.55(21)

& 0.7

0.92(5)
+0.55'

0.76(18)
1.68(18)
0.55(21)

&7

0.9738(5)
0.5482(1)'

1.82(1)

'Reference [14].
Reference [15].
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'Br to @2=0.33, y=O in Br. The yrast —,
' prolate

band in ' Br still has strong deformation, c2&0.30.
This trend is accompanied by a drop in the experimental
magnetic dipole moment from +2.3pN to +0.75pz for

'Br very well reproduced by theory (see Table IV).
This trend indicates a transition of the single-particle
Fermi level from the [301]—,

' to the [312]—', orbital. In
Table V we see that the ground state of 'Br is dominated
by the [301]—', orbital, Br is transitional, while the
ground states of ' Br, the 178-keV excited state of Br,
and the 207-keV excited state of 'Br are almost entirely
of [312]—,

' character. We note that the asymptotic quan-
tum numbers are used in this work only to label particu-
lar Nilsson orbitals. Therefore the quoted results
represent the relative contributions from the two Nilsson
levels and do not necessarily reflect the exact single-
particle configurations.

The —,
' ground state of 'Br [22] and the proposed —,

'

ground state in Br appear to arise from a fundamentally
different structure. As can be seen from Fig. 8, there is
no orbital lying near the position of the Fermi surface in
bromine which would give rise to such a ground state at
any prolate deformation. In particular, the [310]—,

' orbital
cannot be placed on the Fermi surface without significant

parameters P2, P4, and y as a function of rotational fre-
quency co. The experimental energy level structure of
these nuclides is shown in Figs. 6 and 7. For all these nu-
clei the calculations predict, for ~ close to zero, coexist-
ing prolate and oblate shapes having different deforma-
tions (see Table III). No collective minimum is predicted
in heavier Se (A =76—80) and Kr (A =80—82). Using
the parameters from the TRS calculations, we made cal-
culations for ' Br for both Se and Kr cores and Br
for a Kr core only. For ' 'Br, where no TRS data are
available, we performed the PTR-WS calculation, fitting
the deformation parameters to energy levels and the
ground-state magnetic dipole and electric quadrupole
moments.

Theoretical results are summarized in Table III show-
ing the best fit deformation parameters from different cal-
culations for odd- A Br and the TRS results for even-even
Se and Kr. Table IV displays experimental and calculat-
ed ground-state magnetic dipole and electric quadrupole
moments together with B (E2; ', to —', ) and—B(E2;—",

to —', ) values in the —,
' yrast bands. Table V illustrates

the calculated structure of the —,
' bandhead in ' 'Br.

Our results point to a gradual increase in nuclear
ground-state deformation from about @2=0.20, y=O in
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TABLE III. Deformation parameters Ez. For each mass number, the erst line shows prolate defor-
mation (P) and the second line oblate deformation (0). For TRS ez has been recalculated from P2 in
the original calculation.

81 P
79 P
78 P

0
77 P
76 P

0
75 P
74 P

0
73 P

0
72 P

0
71 P

0
70 P

0

TRS (Kr)

0.28
0.21

0.31
0.23

0.32
0.27

0.31
0.28

TRS (Se)

0.27
0.21
0.34
0.215
0.29
0.23

0.23
0.24

PTR-MO

0.20
0.22

0.30

0.325

0.31
0.20

PTR-WS

0.18
0.20

VMI(S)

0.21
0.24

0.29

0.32

0.32

0.31

VMI(A)

0.22
0.24

0.27

0.32

0.32

rearrangetnent of the 3p, &2 and 3fs&2 subshells which
then prevents the shift of the Fermi level between the
[301]—,

' and [312]—,
' orbitals, which is crucial to the inter-

pretation of the ground-state magnetic moments of
'Br. The band arising from the [440]—,

' orbital is well

known to have a —,
'+ bandhead and so cannot produce a

spin- —,
' ground state.

In Fig. 9 we show the results of calculations, using the
PTR-MO with constant moment of inertia, of the lowest
energy levels with I =

—,',—', , —,
' in ' Br, as a function

of y, for three representative values of c2. The calcula-
tion was performed for a large number of deformation
values covering the region 0.20&@.2&0.34. The results
show that, for Br, the —,

' ground state arises in the
whole region of deformation, provided y ~ 30'. With de-
creasing c2, y approaches 60'. In 'Br, the —,

' ground
state is first calculated for F2=0.21 and y )30'. Howev-

er, recent experimental data [21,22] provided another cri-
terion to be satisfied, namely close proximity of a —,

'
state (27 keV) to the —,

' ground state in Br and of a —,
'

state (9 keV) to the —', ground state in 'Br. Figure 6
shows that this level structure can be achieved in this de-
formation region for both nuclei only for y close to 60'
and that the two lowest-energy states in ' Br can be
best understood as pure oblate states. The structure of
these states is very similar in both nuclides. The —, state
has two major components, 75% (83%} [310]—,

' and 23%
(15%) [321]—,

' in 'Br ( Br). The makeup of the —,
' state

is more complicated. It results from strong Coriolis in-
teraction among orbitals of 2f spaz and 3p3/2 spherical ori-
gin. The main component is 43% (45%) [312]—', with con-
tributions from —', members of bands built on [321]—'„
[321]—,', and [310]—,

' states 26% (24%), 18% (16%), and
10% (14%},in 'Br ( Br). The calculated magnetic mo-

TABLE IV. Experimental and calculated magnetic dipole moments, electric quadrupole moments,
and values of B(E2;— ~

2 ) and B(E2;—" ~— ) for the — band in ' "Br. Experimental data ob-

tained from the current Nuclear Data Sheets and the present work. (a) B(E2; 2 ~2 ) (W.u.); (b)

B(E2; '2 ~
2 ) (W.u. ).

exp PTR-MO PTR-WS (Kr) PTR-WS (Se) VMI(S) VMI(A)

81 p (p~)
Q (eb)

79 p (pz)
Q (eb)

77 p (pN)
(a)
(b)

75 p (p~)
(a)
(b)

73 (a)
(b)

+2.27
+0.276(4)
+2.11
+0.331(4)
+0.92(5)
35(9)
68(5)
+0.76(18)
61(5)
148(+66,—34)
45(6)
168(+28,—21)

2.28
0.26
2.14
0.33
0.93

52
106

0.86
64

128
72

143

2.13'
0.27'
2.01'
0.29'
0.70

40
80
0.68

53
104
57

111

0.77
37
73
42
86

2.25
0.28
2.16
0.34
1.02

47
99
0.89

61
125
60

121

2.28
0.28
2.11
0.33
0.93

33
81
0.75

60
120
60

121

'Deformation not available from TRS calculations (see text).
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TABLE V. Structure of the — bandhead in ' 'Br. Com-

ponents of the total wave function are given in percent. (i)

[312]—'; (ii) [301]—'.
A PTR-MO PTR-WS (Kr) VMI(S) VMI(A)

81 (i)
(ii)

79 (i)
(ii)

77 (i)
(ii)

75 (i)
(ii)

73 (i)
(ii)

71 (i)
(ii)

25
67
46
50
98

&1
98

&1
98

&1
98

&1

6
88
20
74
86

1

92
&1
98

&1
98

&1

18
74
47
46
98

&1
98

&1
98

&1
98

&1

8
84
33
58
95
4

98
1

98
1

ment of the —,
' ground state in 'Br for the proposed ob-

late shape is about 1.5pN.
Examination of Table III shows that the deformation

parameters for prolate shapes fitted using PTR-MO (with
both the constant and variable moment of inertia) agree
very well with the corresponding TRS values for Kr
cores, but show poorer agreement for Se cores. This re-
sult suggests that the actual core of the odd-A Br (for
prolate shapes) is quite close to the shape of the neighbor-
ing even-even Kr nucleus and there is very little core po-
larization. Deformations found for oblate shapes in

Br are very similar to those calculated for oblate Se
cores and are about 20%%uo smaller than those for an oblate
Kr core. The TRS calculations do not predict any devia-
tion from axial symmetry in even-even Se and Kr, which
is consistent with our findings that the negative parity
states in odd- A Br can be described without a need for y

different from 0 or 60'. In summary, our finding of large
prolate deformation of lighter odd-A Br isotopes starting
to develop at Br agrees very well with predictions of
TRS calculations. Our fits suggest that the deformation
of the oblate coexisting states in ' Br is considerably
smaller than that of the prolate states. Differences in ex-
tracted deformations for each odd-A nuclide in question
are very small and reflect the effect of different models. It
is quite remarkable how self-consistent are the results of
all models used. The choice of moment of inertia is not
expected to influence ground-state properties in the first
approximation, but even the alternative choice of the
single-particle parameters k, p in the particle-rotor calcu-
lation makes very little difference in predictions of elec-
tromagnetic properties.

As a result of our analysis, a coherent description for
the low-energy levels in ' 'Br can be drawn. Going
from 'Br to Br, we find a smooth change in prolate
ground-state structure from [301]—', to almost pure [312]—,

'
configuration. The structure in ' Br can be understood
in terms of shape coexistence between a less deformed ob-
late ground state and a more deformed prolate —', yrast
band. In both the neighboring Se and Kr even-even nu-
clides, TRS calculations predict similar coexistence. It
follows that there is a prolate to oblate ground-state
shape transition between Br and Br.

B. The odd-odd Br nuclides

I Struetur. e of eBr

We now turn to the odd-odd bromine nuclei. The stat-
ic electromagnetic moments of the 1 ground state of

Br have been previously measured to be
p= +0.5482(1)p~ and g =+0.27(1) b [14]. The quadru-
pole moment implies a deformation of c.=0.31, y=0

50

K9/2

oQ~ PX/2

&S/2

P3/2

4.5

f7/2

4.0
O.i 0.2 0.3 0.3 0.3 0.3 0.3 02 O.i 0

7- 0 0 0 0 15 30 45 60 60 60 60
Deformation

FIG. 8. Proton single-particle levels in the A -75 mass region in the (c,y) plane. The Nilsson modified oscillator parameters
v=0.068 and @=0.38 are used.
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FIG. 9. The relative positions of the lowest 2, 2, and
z

bandheads in "'Br calculated with the PTR-MO model with con-
stant moment of inertia for three different values of c2 as a function of y.

which fits in well with the systematics of the odd-A nu-
clear deformations given in Table IV. With this deforma-
tion, the particle-rotor model indeed leads to a 1

[312]—', v[422]—', E= 1 ground-state configuration, with
predicted moments of —0.77pz and Q =+0.27 b. These
values are consistent with the previous configuration as-
signment of Ekstrom et al. [17]. (Note that the
m [301]—',v[422] —', E = 1 configuration is associated with a
much larger magnetic moment of —1.5pz and, accord-
ing to the Gallagher-Moszkowski selection rule, could
not give rise to a 1 ground state [34].)

2. Structure of Br

As was mentioned previously, the parity assignment to
the spin-4 isomeric state in Br is not fully established.
Negative parity has been proposed on the basis of sup-
posed first unique forbidden P+/EC transitions to Se
[35] while positive parity has been suggested from a com-
parison with the 4+ and 4 band structures in Br
[36,37]. In view of the fact that the corresponding neu-
tron Fermi levels are virtually coincident in the region
0.3 & c &0.4, as can be seen from Fig. 4, such similarities
between the states of ' Br might well be expected.

Considering first the case of negative parity, likely can-
didates for a 4 isomeric state include the
sr[312]—', v[422] —', , sr[440] ,'v[301]—', , and n—[440)—,'v[303]—',
orbitals. However, the calculated moments of these
configurations —0. 16p~, +3.93p~, and +4.20p~, re-

spectively, are all incompatible with the experimental
moment of +1.82(1)pN. The tentatively proposed
n.[301]—', v[422]—', orbital [17], with a theoretical moment

of + 1.71p~, never comes close enough to the Fermi level

to be a viable possibility.
By contrast, the moment of the positive parity

n.[431]—,'v[422] —,
' configuration is calculated to be

+1.77@&, in excellent agreement with the experimental
value of 1.82(1)p~. Therefore the value of the measured
magnetic moment strongly favors a 4+ assignment for
the isomeric state. The positive parity assignment and
the indication that the orbitals are both of positive parity
are also favored by Holcomb et al. [37], on the basis of
the fast E2 transitions that they observe, as well as on the
similarity of the overall behavior of the band that is built
on this isomer to those better defined bands in Br
[38,39].

3. Structure of Br

Recent in-beam gamma spectroscopy studies on Br
have revealed three rotational bands [40]. Electric transi-
tion strengths within the band terminating on the 1

isomeric state indicate a nuclear deformation in the re-
gion ~E~-0.30. Shape coexistence at low spin is a real
possibility, and interestingly, no band structure clearly
associated with the 3+ ground state has been observed,
reminiscent of the neighboring nucleus Br. With this
structure in mind, a search for a possible 3+ ground state
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was carried out for a mesh of prolate, oblate, and triaxial
deformation points in the range 0.05~v~0. 40, y=0,
15', 25, 35', 45', and 60. Despite this extensive search
no such ground state was found, nor did any low energy
3+ states have moments consistent with the small mea-
sured value of +0.55(21)pN. A similar search for an
isomeric 1 state at large deformation also failed to pro-
duce an obvious candidate. At lower deformation, how-
ever, the above-mentioned m[301]—', v[422] —,

' orbital [17]
with a calculated moment of +1.71pz is a possibility,
but it is not favored by the Gallagher-Moszkowski rules.

On the other hand, examination of the structures of the
adjacent odd-mass nuclides 'Br and 'Se [41] indicates a
much less deformed shape for the possible 3+ ground
state of Br. As noted above, the observed structure of
'Br can be described by a nearly pure oblate structure

calculation. Likewise, the calculations of Zhao support
an oblate structure for the levels of 'Se [42]. Alternately,
these states could be even less deformed and have shell
model f5&2 and p, &z configurations. The latter single-
particle structure would offer some explanation as to why
the deformed particle-rotor model could not provide an
adequate description for the structure of Br.

At small deformation where the multiplet splitting for
odd-odd nuclides can be described by the long range
quadrupole interaction and longer range spin-dipole in-
teraction as suggested by Paar [43], there would be a
low-energy n f5&~vf5&2 multiplet with spins ranging from
0+ to 5+ and two 2+, 3+ doublets, the of»~vp, &2 and
the other np, &2vf, zz. For both of these doublets, the
low-energy state would be the 3+ level. Empirical mo-
ments for these configurations are 2. 14@& and 0.74p&,
respectively, using a ~f5&i moment of 1.6pz from the
study of moments in odd-mass As nuclides [44—46].
Even using n f5&& the Schmidt limit value of 0.84@,N only
brings the calculated n f5&2vp»z moment down to
1.42@~. The measured moment of 0.55(21) p~ is decisive
between these two configurations in favor of the
np, &2vf&&2 configuration. The empirical moment for the
3+ member of the irf 5&2vf ~&2 multiplet is 1.49pz, indi-
cating little contribution from that configuration. For
the 1 level, it can be seen that various combinations in-
volving the —,

'+ level at 670 keV in 'Br and —,
' levels in

'Se would produce a 1 level and that level would show
a larger moment owing to the involvement of the positive
parity —,

'+ level, whatever its origin. It is not at all clear
why this possibility would be isomeric, however, and why
it should lie at a lower energy than the 2+ member of the
fp doublets. It seems much more likely that the 1 band
is considerably more deformed than the 3+ band and not
well described by the Paar model.

VII. CONCLUSION

In the odd-A nuclei it has been shown that there is a
transformation in the character of the ground-state
configuration from the less deformed [301]—,

' orbital in
' 'Br to the more deformed [312]—,

' orbital in ' Br.
The measured magnetic dipole moments are well repro-
duced by the theory and are fully consistent with the de-

formations suggested by the electric quadrupole data.
While these magnetic moments are only compatible with
prolate deformations, the ground-state spin of Br can
only be interpreted in terms of an oblate nuclear shape.
This fact provides strong evidence in the bromine nuclei
for the conjectured prolate-oblate shape transition [1].
(In fact the transition was predicted to occur as high as

Br which we have shown not to be the case. ) The pres-
ence in Br of a low-energy —,

' rotational band, whose

nature is similar to that of the ground-state band in Br,
indicates the occurrence of coexisting oblate and prolate
shapes.

In the odd-odd nuclei, the moment of the Br ground
state demonstrates the involvement of a n.[312]—', orbital

as observed in the neighboring odd-A nuclei, ' Br. The
magnetic moment of Br also suggests a positive parity
assignment for the spin-4 isomeric state and the transi-
tion rates in the band favor a combination of positive par-
ity proton and neutron orbitals from the g9/2 single-

particle orbitals as opposed to combinations of the nega-
tive parity orbitals. The structure and moments for Br
suggest that the maximum deformation in Br lies in the
region of ' ' Br394p4] and that the lower mass Br nu-

clides revert to oblate and more spherical shape for
X ~38.

The spectacular change in the moments for the —,
'

ground states of the 35Br nuclides, together with the large
quantity of in-beam and decay data, aid in attributing nu-
clear deformation to the occupancy of the low-K
downsloping positive parity orbitals from the g9/2 proton
and neutron orbitals. For those structures where there is
little occupancy of either the proton or neutron g9/2 or-
bitals as found for ' ' 'Se34 36 37 deformation at low en-

ergy appears to be small and largely oblate in character.
The odd-Z z&As nuclides are an example of the fact that
the moments for the f5&2 levels increase as N approaches
40 where there is g9/2 neutron occupancy to induce g9/2
proton occupancy. In both the light and heavy As nu-
clides, where the g9/2 neutron orbitals are either full or
empty, the moments move back to lower values nearer
the Schmidt limits.

Thus, it is possible to observe that the Br nuclides lie
exactly in the transition region between weakly deformed
structures observed in the As and Se nuclides and the
more deformed Kr and Rb nuclides. Our new particle-
rotor calculations show that the addition of the 35th pro-
ton tips the balance at midshell toward deformation and
that the N =39,40, 41 Br nuclides can be best described
as a hole in the more deformed Kr nuclides rather than a
particle coupled to the less deformed Se nuclides.
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