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High-spin states of "Brhave been investigated through observations of y rays produced in the "Zn("C,pn ) reaction

by bombarding an enriched "Zn target with 38.0-MeV "C ions. Measurements were made of y-ray singles and y-y
coincidence spectra, y-ray angular distributions, and y-ray linear polarizations. Level energies, decay modes, spins
and parities, y-ray branching ratios, and y-ray radiative admixtures were deduced. There is evidence for a strongly
excited 3J = 1 quasirotational band.

NUCLEAR REACTIONS 66Zn(~ C, pn) E =38 MeV; measured E&, I&, p(6), p-ray
linear polarizations; ~6Br deduced levels, J, 7t. , 0, y branching.

I. INTRODUCTION

As part of a systematic study of high-spin states
and band structure of nuclei in the mass range
around 4 = 70, we have investigated high-spin
states of "Br, produced by the "Zn("C, Pnp)
reaction. We have made measurements oI y-ray
singles and y-y coincidence spectra, angular
distributions, and linear polarizations. We have
also constructed an energy level scheme, and
have deduced spins and parities, y-ray branch-
ing ratios, and radiative admixtures for some
of the levels.

Many low-spin states of "Br have been reported
by Paradellis et al.' and by Lode et al.' from the
decay of "Kr, and by Lueders et a/. ' with the
"Se(P,ny) reaction. Behar et al. , using the

As7(5a, 3n)') reaction, have reported eight y rays
assigned to a quasirotational band which begins
on a 6 state at 1016 keV and terminates on the
1 ground state. Of these y rays, only the 142-
keV transition was observed in Refs. 1—3, and
none of these incorporated it into a level scheme.
This led Lueders et al.' to comment that the band
was very possibly built on a long-lived isomeric
level rather than on the ground state.

Subsequently, Schmidt-Ott et al.' and Kreiner
et al.' reported a long-lived (=1.4-s) isomeric
state in "Br. Both assigned the state a spin and

parity of J' =4', and the latter suggested that
this state may be the bandhead for the quasi-
rotational band. Mariscotti et al.' have reported
a similar situation in "Rb, as have Behar et al.'
in "Rb.

We have observed all of the y rays reported
by Behar eI, al. plus a number of others. Our
results agree with theirs.

II. EXPERIMENTAL PROCEDURE

A target of 20-mg/cm' enriched "Zn on a thick
Ni backing was bombarded with 38.0-MeV "C ions
from the ORNL EN tandem accelerator. Excited
states of "Br were populated by the "Zn(' C,Pn)
reaction.

Coincidence measurements were made with two
large-volume Ge(Li) detectors placed at 0' and
90 with respect to the beam direction, and 5 cm
from the target. 'The angular distributions of
the y rays were measured at 0', 55, and 90',
with respect to the beam direction using a large-
volume Ge(Li) detector placed 12 cm from the
target. A second Ge(Li) detector at 135' served
as a monitor, and was used to normalize the
y-ray intensities at each of the three angles. A
~"Ra source was placed at the target position
at the conclusion of the angular distribution ex-
periments to determine the magnitude of the cor-
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III. ANALYSIS AND RESULTS

A. Level scheme

A representative singles y-ray spectrum and a
y-y coincidence-gated spectrum are shown in
Figs. 1 and 2. The results 6f y-y coincidence
measurements were used to identify those y rays
belonging to "Br and to construct a level scheme,
which is shown in Fig. 3. The y-ray energies
axe given in Table I and in Fig. 3. Relative y-ray
intensities obtained from the singles spectra
were used to establish the order of the cascades.
These intensities are given in Table I, and are
indicated graphically by the widths of the transi-
tion arrows in the level scheme in Fig. 3. The
level energies were obtained by a least-squares
fit to all of the y-ray energies. A summary of
our coincidence data is presented in Table G.
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rection for the target's not being at the exact
center of rotation of the angular correlation table.
This source was also used tO determine the en-
ergy and efficiency calibrations of the detectors.

I inear polarizations of the y rays were measured
with a y-ray polarimeter placed 16 cm from the
target at an angle of 90' to the beam direction.
The polarimeter, developed at The Johns Hopkins
University, has been described in Ref. 9. Our
experimental details were identical with those
described in Ref. 10.

Identification of y rays belonging to "Br was
based on coincidences with both the 142- and
112-keV y rays; these having been established
as belonging to "Br by Behar ef; a/.4 With the
exception of the 800- and 1114-keV y rays, the
placements of all of the y rays in the level scheme
are well established by the coincidence relation-
ships. The 800-keV y ray is seen weakly in the
331-keV gate, but neither the 331- nor the 93-keV
y ray is seen in the 800-keV gate, raising the
possibility that the 800-keV y ray should terminate
at the 492-keV level. A weak coincidence is seen
between the 1114- and the 482-keV y rays in both
the 482- and 1114-keV gates, and although the in-
dicated placement of the 1114-keV y ray seems
probable, the possibility of its terminating at the
1409-keV level is not completely ruled out. Place-
ment of the 73-keV y ray appears valid except
for a problem of its coincidence with itself and
with the 1077-keV y ray.

The 800-, 823-, and 922-keVy rays showed
deflate comcidences with y rays from "Kr, and
the 800-keV y ray with "Se, also. In addition,
to these doublets, the 73-, 254-, and 482-keV y
rays were so close to impurity peaks in the sing-
les spectra that resolution was difficult.

It is seen in Table G that there are y rays with
energies of 124, 166, 199, 220, 222, 300, 338,
355, and 1039 keV that are in coincidence with
two or more y rays assigned to "Br. Some of
these may well originate in "Br, also, but it
was not possible to incoxporate any of them into
the level scheme in a consistent way.

B. Angular distributions

The angular distribution coefficients A., =ae/a,
and A~ =a~/a&', were extracted from the expression
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FIG. 1. In-beam singles y-ray spectrum resulting
from the bombardment of a 66Zn target with 38.0-MeV

C ions. Energies are in keV. Unless otherwise indi-
cated, those photopeaks which are labeled are assigned
to 76gr

FIG. 2. Selected y-y coincidence-gated spectrum of
transitions in ~6Br. Energies are in keV. The spectrum
shown 1s the result of the d1fference between two spec-
tra, one with a gate set on the 331-keV photopeak, and
the other with a gate set on the continuum above and be-
low the photopeak.



HIGH-SPIN STATES AND BAND STRUCTURE IN 76Br

TABLE I. Enexgies, relative intensities, angular distributions, and linear polarizations of

y rays in 7"Br. The numbers in parentheses give the probabl. e error in the last significant

figux es.

~2exp +exp

72.9 (2)
93.4 (2)

112.0 (2)
142.2 (2)
237.9 (2)
253.9 (5)
331.3 (2)
350.1 (2)
390.9 (3)
432.0 &2)

482.1 (5)
525.7 '{4)
8oo (1)'
823 (1)~
872.8 (3)
922.3 (5)
959.6 (3)

1077.3 (6)
1114.O (6)
1125 (1)'

27 (4)
257 (13)
786 (40)

1000 (50)
361 (17)
134 (7)
254 (13)
40 (10)
25 (2)

137 {7)
48 (4)
13 (2)

95 &20)

6 (2)
36 (4)

9 (3}
9 (3)

12 &3}

-0.23 {4)
-0.33 (4)
-0.39 (3)
-0.40 (3)
0.17 (6)
0.33 (3)

-0.20 (15)
-0.56 (4)
-0.42 (4}

-0.09 {4)
-0.04 (4)
-0.02 (3)
-0.03 (3)
-0.06 (6)
-0.05 (3)
0.02 (15)

-0,02 (4)
-0.09 (4)

0.51 (18)
0.28 (14)

-0.12 (3)
0.14 (6)
0.43 (6)

-0.08 (15)

-0.06 (5)

O.24 (12)
0.56 (7)

FroM coincidence spectx'a.
Pcg was calculated assuming a pure stretched-E2 transition.

W(e) = a, + a,g+, (cos&)+ a,g,P~(cose),

where W(&) is the normalized &-ray intensity at
angle 0 with respect to the beam direction, and
the corrections for the solid angle subtended by
the Ge(Li) detector were g3=0.99 and g»=0.97.
These angular distribution results are summari-
zed in 'Table I.

C. Linear polarizations

The experimentally measured asymmetry in
the counting rate is defined as

a = [u(90') —iV(0')]/[W(90')+N(0')], (2)

where N(0') and N(90 ) are the counting rates with
the polaximetex axis oriented, respectively, para-
llel and perpendicular to the reaction plane. The
polarization I' can be related to ~ by a positive
efficiency Q, defined by Q =b./I, which must be
determined for the polarimeter and experimental
condatzons.

For mixed quadrupole/dipole transitions, the
polarization can be given"' in terms of the angu-
lar distx ibution coefficients A., and A4, as

I' =+[3(A, + b, )+ 1.2564]/(2 —A2+ 0.7544), (3)

b2=
-BA,bz, (12I,.J,)

3[F2(11J,.Z~)+ 25E2(124~J~)+ 5 F2(228,Jf)]
The sign in Eq. (3) is positive for E2/M1 admix-

tures (no parity change) and is negative for M2/El
admixtures (parity change). The functions
E(I,,I,+,.Z~) are the standard correlation functions
(see Ref. 13, for example), and & =(&~)I,)&,)/
(Z~ (I,, ~Z,.) is the multipole mixing ratio defined
for emission radiation in the phase convention
of Biedenharn and Bose.'4

The polarimeter calibration mas effected using
29@ rays from ' Zn, ' Ge, "Kx', ' Pt, and'"Pt
that xanged in energy from 250 to 2000 keV. These
mere all known stretched-E2 y rays whose polax i-
zations could be calculated from their angular
distribution coefficients using Eq. (3), and for
which ~ mas measured experimentally. The eff j,—

ciencies for these y rays mere fitted by least
squax'es to the function

Q=Q (aE„+b), (5)

where a and b are adjustable parameters and Qo
is the efficiency for the ideal case of tmo point
detectors. This can be shown"" from the Klein-
Nishina formula to be

1+ (E„/m,c')
1+ (E„/m, e')+ (E„/m,c')'

for a scattering angle of 90', where ~,c' is the
electron mass in keV. The least-squares fit gave
a = (-4+ 5) && 10 ' keV ' and b =0.62+ 0.03. Figure
1 in Ref. 10 shows a graph of Q as a function of
E„, calculated mith these parameters, and also
the data, points from which the least-squares fit
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TABI,K II. Summary of the coincidence relations of p rays in ' Br. %eak coincidences are
show~ in parentheses. Known p rays from other nuclides are indentified.

Coincident p-ray transitions +eV)

112
142

526
800

873
922
960

1077
1114

73, 93, 112, 124, 142, 166, 199, (222), 238, (254), 331
73, (84), 112, 142, 238, (254), (350), (391), 432, (482),
823, (873), (922), (1114)
(73), 93, 142, 238, 331, (391), 432, 482, 800, 823
(73), 93, 112, (220), 222, 238, 331, (350), 432, (482),
(800), 823, (898)
(73), 93, 112, 142, (210), 254, (355), (391), 432, (482),
(526), (657), 800, 823, (1114)
73, 93, 104, 112, 124, 142, 166, 199, 222, 238, (254), 300,
331, 432, (482), 823
(73), 112, 142, 254, (300), (338), (355), (391), 432, (482),
(651), (800), 823, (873), (922), (1114), (1125)
93, 112, 142, 199, 238, (254), 331, 424," 432, (482)
93, 112, 142, 238, 254, 331, (350), 391, (427), (482), 873,
960, 1077, (1114), (1125)
93, 112, 142, (166), 199, (220), 238, (254), 300, 331, (375),
391, 432, 674, 823, (1114), (1125)
112, 142, 166, 199, 238
112» 142s 166s 199» 220s 238» (254)» 295» 338» 424» 559
618, 736'
93, 112, 142, 238, (254), 331, 424, 482, 610," (674), 1020,"
(1114), (1125), (1188)
(93), (112), 142, 238, (254), 331, 350, 432
93, 112, 142, 238, (254), 331, 424, 610, 805"
93, &112), 142, 238, 254, 331,432, (526)
(73), (93), 112, 142, 238, (254), 331, 432
93, 112, 142, 238, (254), 331, (350) s (391), (432), (482),
823, 1039
112, 142, 238, (254), 331, (350), (391), 432, 482, 823, (1039)

Doublet.
bProm "Kr.
~prom Se.

Was obtalQed
The linear polarizations of the y rays of "Brare

given in Table I. Also sholem are polarizations,
for transitions identified as strecthed E2, cal-
culated using Eq. (3) from the experimental A,
Rnd +4 vRlues %'1th 5 = ~ Rnd 52 =0.

D. Spin-parity assignments

'The spin-parity assignments are given in 'Table
III and are shown on the level scheme in Fig. 3.
These have been assigned by using angular dis-
tributions and polarizations of y rays as direct
evidence. Furthex' evidence was obtained from
systematics of ot:hex nuclei in this mass region,
and from the fact that in heavy-ion xeactions,
y-ray cascades usually proceed from higher to
lower spin. It was assumed that the observed
tx'Rnsltlons %Pere of E1s ~1y ox' @2 multlpolarltyy
and consequently that if a spin change of &0 =2
vrere established between two levels and a y ray
transition vgere observed between them, then

they have the same pa, x ity.
The dependence of the theox'etlcRl Rnglllar dls-

tirbution coefficients on the physical parameters
is given (see Ref. 13, for example) by

4»= a~(J,.)B~(J,.)[Fs(llJ Z~)+25Fs(12JZ~)

+5sFs(22JP~)J/(1+5 ),

where a„(J,) are the attenuation coefficients of the
alignment, ~,(J,.) are the statistical tensor ele-
ments for a system of nuclei completely aligned
in a plane perpendicular to the beam direction,
& zs the multipole mixmg ratio, and F(I,,L+, J~)
are the standard correlation functions. It is as-
sumed that the population of magnetic substates
can be described by a Gaussian function involving
only one parameter, so that a~(J,.) is uniquely
related to a,(J,.).

For possible values of the initial and final spins,
the multipole mixing ratio 5 and the attenuation
parameter a,(J,.) were varied in steps, and a
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3015+ x 3004 5+ x

1125 1114.0

(Jo+7 ) 1890.5+ x

1977.2+ x

Jo+6 1408.5+ x

1077.3

1386+x

Jo 5 1/ 10176+ x
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142.2+ x
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72.9 $

FIG. 3. Levels and transitions in Br observed vrith the Zn( C, pny) reaction. Energies are in keg. Level ener-
gies are least-squares adjusted to all of the y-ray energies.

goodness-of-fit index X' was calculated at each
step, where

+[P, -P~,(J, , J~, 5, a2)]2/c '. (8

P„,was calculated with Egs. (3) and (4) using
the A2 „,and &~,e calculated with Eci. (7). e„ is
the uncertainty in &~,„„and &p is the uncertainty
in P,„,. A value of X' that corresponds to a prob-
ability of less than l/0 in the event of a legitimate
fit to the data was taken to exclude that combina-
tion of parameters.

The energy, spin, and parity of the bandhead
were not established in this work. In discussing
the properties of the other states in the band, we
will specify the energy of the state above the

bandhead, Rnd the spin Rnd pRrity witl1 respect
to that of the bandhead, which we will designate
Jo and mo. In each case, the X2 calculations were
carried out for both J, =4 and Jo =1, and the con-
clusions reached for spin and parity assignments
were the same for both values of J,.

T"@8 242-keV /et&e/. The angular distribution of
the 142-keV ~ ray is compatible with spins of
Jo —1 and J,+ 1. The polarization of this y ray
is compatible with both E2/Ml and M2/El, al-
though somewhat favoring M2/El. On the assum-
ption that the cascade proceeds from higher to
lower spin, we assign a spin of Jo+1 to this level,
in agreement with previous work.

The 254-ke V /eve/. The angular distribution
and polarization of the 112-keV y ray are com-
patible with spins of J, and J, +2. The polariza-
tion of this y ray is compatible with both E2/Ml
and M2/El, although somewhat favoring M2/El.
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The angular distribution and polarization of the
254-keV y ray are compatible with spins J, —2,
Jo, and J, + 2 with the same parity as the bandhead,
and with spins J, 1 Jp and J, +1 with opposite
parity. We suggest that the spin is J, +2 with the
same parity as the bandhead, in agreement with
previous work. 4

The 492-ke V level. The angular distribution and
polarization of the 238-keV y ray are compatible
with spins of J, +1 and J, +3 with the same parity
as that of the 254-keV level, and with spin J, +3
with opposite parity. In the case of a change in
parity, however, the transition would have pre-
dominantly M2 character, which is considered
improbable. The angular distribution of the 350-
keV y ray did not contribute additional information
due to its large uncertainty. On the assumption
that the cascade proceeds from higher to lower
spin, we assign this level a spin of J, +3, in
agreement with previous work. ' A X

' plot of the
238-keV y ray for spin J, +3 and the two possible
parities is shown in Fig. 4. The possibility of
a change in parity is clearly ruled out, and this
establishes the parity of the 492-keV level to be
the same as that of the 254-keV level. Since the
254- and 350-keV y rays, each for which &J=2,

10'

10

are assumed to be stretched-E2 transitions, thjs
establishes that the parities of the 492-, 254-, and
142-keV levels are all the same as that of the
bandhead.

The 586-ke V level. The angular distribution
and polarization of the 331-keV y ray are com-
patible with spins of J, +2 and J, +4 with the same
parity as that of the 254-keV level, and with spins
of J, +1 and J, +3 with opposite parity. The X'
fits strongly favor the cases with unchanged
parity. The angular distribution of the 93-keV
y ray is compatible with spins of J, +2 Jo+3,
and Jp+4. The polarization of this y ray was not
obtained. Assuming that the cascade proceeds
from higher to lower spin, we assign this level
a spin of Jp+4 with the same parity as the band-
head in agreement with previous work. 4

The ZOZ8-ke V level. The angular distribution
and polarization of the 432-keV y ray are com-
patible with J, +3 and J, +5 and favor the same
parity as the 586-keV level. We suggest a spin
of J, +5 with the same parity as the bandhead, in
agreement with previous work. 4 The angular
distribution of the 526-keV y ray did not contribute
additional information due to its large uncertainty.
However, it is assumed to be a stretched-E2
transition, which supports the parity assignment.

The 1409-ke V level. The angular distribution
of the 391-keV y ray is compatible with spins
of Jp+4 and J, +6. Assuming that the cascade
proceeds from higher to lower spin, we suggest
a spin of J, +6 for this level. Assuming that the
823-keV y ray is a stretched-E2 transition, we
assign this level the same parity as the band-
head.

The 1891-keV level. The spin of this level is
tentatively assigned J, +7 from systematics.

IV. DISCUSSiON

10
38 keV

JO+2) 254+ x

a2 = 0.58

5k
10%

20%

10 i I

-90 60 9030-30 0
orcton 8 (deg)

FIG. 4. Comparison between experimental and theore-
tical results for the angular distribution and polariza-
tion of the 238-keV y ray as a function of 0 for Q. 2 =0.58.
The calculation was made with Jo =4. The numbers in
percent are the confidence limits.

In Table III we have summarized the level pro-
perties of "Br. This table gives, for each level,
the level energy above the bandhead, the spin and

parity with respect to the bandhead, the y rays
depopulating the level and their branching ratios,
and the multipole mixing ratio (deduced assuming
J, =4) and multipolarity for each transition.

The levels and transitions of "Br are shown
in Fig. 3. We see a strongly excited &J=1 band,
plus a number of other levels that do not appear
to be members of bands. We were not able to
positively identify the bandhead. As pointed out

by Lueders et al. ,
' the bandhead is probably not

the ground state.
The spin and parity of the ground state have

been assigned" the value 1 . On the basis of a
Nilsson diagram appropriate for this region (we
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TABLE III. Properties of the energy levels of ' Br. 40 and 7to are the spin and parity of
the bandhead. The numbers in parentheses indicate probable errors in the last significant
figures.

Level energy
above bandhead

(keg)

142.2 (2)
254.2 (2)

492.2 (2)

585.6 (3)

658.5 (3)
1017.6 (3)

1386 (1)
1408.5 (4)

1507.9 (6)
1890.5 {4)

1977.2 (4)
2094.9 (4)
3004.5 (7)
3015 (1)

(keV)

142.2
253.9
112.0
350.1
237.9
331.3
93.4
72.9

525.7
432.0
800
823
390.9
922.3
872.8
482.1
959.6

1077.3
1114.0
1125

Branching
ratio

100
14.6 {9)
85.4 (9)
10.0 {23)
90.0 (23)
49.7 (18)
50.3 (18)

100
8.7 {13)

91.3 (13)
100
79 (4)
21 (4)

100
11 (3)
89 (3)

100
100
100
100

-1.8 & 6 & -0.2

-0.20 {4)

-0.08& & & 0.02

-1.3 & 4 & -0.16

Multipolarity

Z2/m1
g2

Z2/~1

E2/m1
82

Z2/W1

E2/m

Z2/~1

Deduced assuming 40 =4.

choose the one given in Fig. 5 of Ref. 16, since
it has been employed in a parameter-independent
dynamic-deformation theory of different nuclei
described in Ref. 17), the "Br ground-state spin
of 1 (as well as the ground-state spins of the
neighboring odd-p and odd-n nuclei) can be un-
derstood in terms of a 2 [312]proton orbital cou-
pled to a ~ [422] neutron orbital with deformation
P=0.35.

According to the rules of coupling the Nilsson
orbitals (see, for example, the review article
by Nathan and Nilsson"), such a coupling would
lead to two almost degenerate intrinsic states:
one with & = (n~ -fl„( = (-,

' ——', )
=1 and one with

E =0~+0„=4. Since the parity of the proton or-
bital & [312] is negative and that of the neutron
orbital —', [422] is positive, the parity of the two
coupled intrinsic states would be negative. Thus,
in addition to a E' =1 band with its bandhead
forming the 1 ground state of "Bx, we would
expect a K' =4 band (J' =4, 5,6, . . . ) whose
bandhead (4 ) may be identified with the bandhead
of oux' observed band. However, this identification
needs to be checked further by more detailed
calculations, as well as experiments for the life-
times, transition px obabilities, and moments.

Schmidt-Ott eg al. ' and Kreiner eg gl. have
reported a long-lived isomer (T,~, =1.4 s) in "Br
at 103 keV. This state decays to the 2 45.5-keV

state by a transition deduced to be of M2 multi-
polarity by conversion-electx on measurements,
giving this isomer a spin and parity of O'. A 4'
state could be understood in terms of a —', [431]
proton orbital coupled to a —;[422] neutron orbital
with deformation P= 0.35. This 4' state at 103
keV could also possibly be the bandhead for our
observed band. If either of these identifications
is correct, then we have observed the band up
to a spin of J =11.

In I ig. 5, we show a graph of the level energy

15

05

l

0 20 40 60 80 )20

J (J+1)—K

FIG. 5. Graph of the level energy above the bandhead
versus d(J + 1) —K, with 80=4 (see text) and K =4.
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versus J'(J+1) -E', where we have set J', =4
and E =4. The slope of such a plot is the inverse
of the moment of inertia, k'/28. We see a de-
finite change in the slope at the fourth level above
the bandhead; for the lower levels, the slope
has an average value of 12 keV, and for the higher
levels, 22 keV. This abrupt break in the moment
of inertia may indicate a band crossing at J=8.

In Fig. 6, the quantity (Ez -E~,)/2 J is plotted
as a function of J'. In such a graph, a horizontal
line would be expected if the moment of inertia
were independent of the angular momentum, and
a band following the equation E =A J(J'+1) +BJ'
(J +1)' would give a straight line with slope B
(see, for example, Ref. 19). The zig-zag pattern
up to spin J=8, which is very obvious in this plot,
and also to some extent in Fig. 5, can be attribu-
ted to a perturbation due to the Coriolis inter-
action, which produces a staggering effect by
raising the excitation energies of alternate levels
relative to the others (see, for example, the re-
view article by Lieder and Ryde"). However,
above this spin, the plot of (E~ E~,)/2Z-ab-
ruptly becomes more horizontal. This suggests
the possibility of a band crossing at spin J= 8,
with the lower-spin states being members of a
rotation-aligned band with strong Coriolis de-
coupling of the odd proton and neutron, and the
higher-spin states being members of a strong-
coupled rotational band with less Coriolis de-
coupling.

There is an interesting similarity, shown in
Fig. 7, in the spacings of the levels of "Br and
74Br (from Ref. 21). This same pattern of level
spacings in "Br, "Kr (from Ref. 22), and "Rb
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(from Ref. 7) has been pointed out by Mariscotti
et al. ' and is shown in Fig. 8. Perhaps all of
these bands can be described as rotation-aligned
bands, and the similarities seen here indicate
a relationship between the excitation mechanisms
of the doubly odd and odd-A. nuclei.
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