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a particle angular distributions of 189,191,193Bi
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Angular distribution data fora particles emitted in the favored decay of on-line oriented neutron deficient
isotopes189,191,193Bi near midshell (N5104) are presented. They give additional support for the recent finding
that anisotropica emission in favored decays from near-spherical nuclei is mainly determined by nuclear
structure effects.@S0556-2821~98!03611-5#

PACS number~s!: 21.10.Gv , 23.60.1e, 27.70.1q, 27.80.1w
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I. INTRODUCTION

The mechanisms which determine thea decay observ-
ables are still poorly understood despite much experime
and theoretical work on the subject. Indeed, the various th
ries developed to describe the totala decay rate and the
angular distribution ofa particles emitted by oriented nucle
make different predictions, but the experimental data av
able up to the mid-nineties did not allow a clear choice
tween these models. In an attempt to clarify this situation
have recently studied anisotropica emission in favored de
cays of the near-spherical odd nuclei199– 211,217At and
205,207,209Rn @1#. Surprisingly largea anisotropies were
found for these nuclei with the largest being observed
211At situatedat theN5126 shell closure. It was shown tha
the experimental anisotropies cannot be reproduced in a
isfactory way by the extreme cluster model of Berggren@2–
4# nor by the model dominated by deformed Coulomb bar
penetration as was recently developed by Delionet al. @5,6#.
In the latter, thea particle formation amplitude at the nucle
surface is calculated in a large shell-model base w
nucleon-nucleon pairing. The proton-neutron interaction
not explicitly considered but ‘‘effectively’’ taken into ac
count by fitting the pairing gap for each isotope. The tunn
ing process of thea through the Coulomb barrier is treate
semiclassically. For the At and Rn nuclei studied@1# the
angular distribution coefficients calculated as a function
the deformation parameterb2 are almost identical for eac
isotope@6#. Thus, in the model by Delionet al. the observed
variation in anisotropy with changing neutron number c
only be explained by a change in deformation. This, ho
ever, would lead to the unacceptable conclusion that for
light Rn and At nuclei nuclear deformation wouldincrease
when goingtowardsthe neutron shell closure, with for At
maximum being found atN5126. As a result it must be
concluded that the anisotropy in thea emission of the nearly
spherical At and Rn nuclei is not dominated by deformat
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but rather by the nuclear structure of the decaying nucle
Our interpretation of the At and Rna anisotropy data

presented in@1# is based on spherical shell model calcu
tions @7,8# using the formalism of Mang and Rasmussen@9#
and taking into account BCS pairing@10#. The a particle
formation amplitude at the nuclear surface was obtain
from shell model wave functions near208Pb. In computing
the tunneling probability, the quadrupole part of the Co
lomb barrier is neglected as only nuclei with very small~or
zero! deformations are treated. This implies that in this a
proach, the tunneling of thea particle through the Coulomb
barrier does not cause any anisotropy in its angular distr
tion although the centrifugal barrier does damp the partiaa
waves with higher angular momentumL. It was found@1#
that for odd-Z nuclei ~e.g., At and Bi!, besides the inclusion
of BCS pairing, it is necessary to explicitly consider thep-n
interaction between the valence neutron holes/particles
protons to explain the observed data. For oddZ nuclei near
N5126 the major part of theL52 partial a wave arises
from the protons transferred to thea particle, which give a
positive contribution to the anisotropy. Away from theN
5126 closed shell, the quadrupole part of thep-n interaction
polarizes the core, thus producing a mixed ground state c
taining 21 neutron components. These neutron excitatio
give a negative contribution to theL52 amplitude in thea
particle wave function. The magnitude of this contributio
increases with increasing number of neutron holes~particles!
below ~above! the N5126 shell closure as the total proton
neutron interaction becomes stronger, thus causing a ch
in anisotropy. The qualitative trend of the observeda
anisotropies for odd At isotopes agrees well with this mod
i.e., a large positive anisotropy at theN5126 shell closure
which decreases continuously with more neutrons being
moved from the shell. Furthermore, a pure shell model c
culation for theN5126 closed shell isotope211At turned out
to be in excellent agreement with the experimental result@1#.
A minimum in the anisotropy is expected at mid-shell (N
5104) because thep-n quadrupole interaction is maximum
at this point. In order to check the validity of these arg
ments, we have carried out anisotropy measurements fo
3181 ©1998 The American Physical Society
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3182 PRC 58J. KRAUSEet al.
favored 9/22→9/22 a transitions of189Bi „T1/250.68(3) s
@11#…, 191Bi „T1/2512(1) s @11#… and 193Bi „T1/2567(3) s
@11#… with N5106, 108 and 110, respectively. These nuc
are situated rather close to the proton drip line as185mBi
„T1/2544(16) ms@12#… is a pure proton emitter.

II. EXPERIMENT AND ANALYSIS

The bismuth nuclei were produced with a 1 GeV prot
beam on a ThC2 target at the ISOLDE mass separator
CERN @13# and ionized in a plasma-discharge ion sour
After mass separation they were oriented by implanting th
~at 60 keV! at low temperature~down to 12.5 mK! into a
magnetized, high-purity iron foil soldered onto the cold fi
ger of the 3He-4He dilution refrigerator of the NICOLE on
line nuclear orientation set-up@14#.

The a spectra were measured with three Si P-I-N diod
mounted inside the 4 K radiation shield of the refrigerator, a
anglesu514°, 51° and 90° with respect to the orientatio
axis, and operated at a temperature of about 4 K. The en
resolution for 6 MeVa particles was 32 keV for the 14
detector and 20 keV for the other two. The resolution
affected by scattering of thea particles in the sample foi
and is poorer for the first detector because of the rather s
angle between the plane of the foil and the detector axis.
90° detector was mounted off the vertical axis and the
tilted 20° to the horizontal magnetic field axis. Convention
Ge detectors recorded theg spectra at 0°, 90° and 180° wit
respect to the orientation axis. All measurements were
ried out in a magnetic field of 0.2 T after the iron foil ha
been initially magnetized in 0.5 T.

For eacha transition, the angular distribution functio
W(u) was calculated from the ratio of the intensitiesN(u) at
low temperatures~i.e., T,100 mK; ‘‘cold’’ ! to those at 1.4
K ~where no orientation is present; ‘‘warm’’!. This function
can be written as@15,16#

W~u!511 f (
kÞ0

AkBkQkPk~cosu!. ~1!

Here the factorf represents the effective fraction of nucl
oriented by the hyperfine interaction, and it is assumed
the remainder (12 f ) is not oriented at all. ThePk are Leg-
endre polynomials, theQk correct for the finite dimension
of source and detector and theBk parameters describe th
nuclear orientation. Fora emission the directional distribu
tion coefficientsAk can be written as@16#

Ak5

(
L,L8

aLaL8 cos~sL2sL8!Fk
a~L,L8,I f ,I i !

(
L

aL
2

, ~2!

whereFk
a are theF-coefficients modified fora decay@16#,

and aL and sL are the amplitude and phase of thea wave
with angular momentumL. From theaL the mixing ratios
d0L[aL /a0 are defined. Since parity is conserved ina de-
cay only L50,2,4, . . . areinvolved in the favored decay
investigated in the present work. In the data evaluation te
up to L54 have been taken into account. In order to
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independent of the lifetime of the nuclei and of variations
the beam intensity, double ratios are constructed by com
ing the data of two detectors. The anisotropy is then defi
as

Ri j ~u i ,u j !5
@N~u i !/N~u j !#cold

@N~u i !/N~u j !#warm
21. ~3!

In order to determine theL-mixing ratios from the anisot-
ropy data for the favoreda transitions the ‘‘fraction at good
sites’’ f and temperatureT have to be known. The57CoFe
and 54MnNi nuclear thermometers that were mounted on
cold finger could, in most cases, not be used because thg
spectra, mostly originating from isobaric contaminants in
ion beam, were so intense that the Ge detectors had t
positioned at a distance where theg rays from the thermom-
eter sources were too weak in intensity for a proper temp
ture evaluation. This situation could not be improved by
ducing the beam intensity because the yield of189Bi was
very low, i.e., only a few tens of ions per second.

The problem was solved by using the anisotropies
served for the 9/22→1/21 pureL55 a transition from the
191,193Bi ground states to the187,189Tl ground states, respec
tively, for a simultaneous determination of magnetic splitti
to temperature ratiosmB/kBT ~with m the nuclear magnetic
moment,B the total magnetic field experienced by the nuc
and kB the Boltzmann constant! and the parameterf . For
these transitions theAk directional distribution coefficients
are known. The parameterf is presumably the same for dif
ferent Bi isotopes due to identical implantation condition
Also, in the evaluation of temperature it was assumed t
the 191,193Bi isotopes experience the same hyperfine inter
tion. In columns 2–4 of Table I the experimental anisotr
pies of theL55 a transitions as measured in different pa
of the experiment are listed. For the fractionf the weighted
average valuef 50.87(2) was obtained. This value is i
agreement with 0.82, f ,0.96 which resulted from a fit of
the anisotropy of the 847 keV pureE2g transition in the
decay of 203Bi, the magnetic moment of which is we
known and which was also implanted into the same iron f

The derived magnetic splitting to temperature rat
mB/kBT are given in column 5 of Table I. Effective invers
temperatures 1/T* , shown in column 6, were calculated from
these magnetic splitting to temperature ratios by using
precisely known hyperfine fieldBhyp5119.0(13)Tesla for Bi
in Fe @17,18# and an estimated value ofm53.9(2) mN for
the magnetic moments of theph9/2 ground states of
189,191,193Bi since these have not been measured. This e
mate is based on the experimentally determined moment
the corresponding state in the thallium isotopes189,191,193Tl
@19#.

For the first measurement with193Bi ~line 1 in Table I! an
effective on-line base temperatureT* 511.3(23) mK was
calculated from the magnetic splitting to temperature ra
In this measurement thermometry withg rays from 54MnNi
was possible and this yieldedT513.3(5) mK. The good
agreement between the values ofT* andT gives confidence
in the correctness of the assumption made to deriveT* . Nev-
ertheless, in order to make the analysis independent of
estimate, the data for the favored transitions were analyze
terms of the magnetic splitting to temperature ratio, and
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TABLE I. Experimental anisotropiesRi j ~three different detector ratios are given! for the 6639 keV and
6174 keV 9/22→1/21 pureL55 a transitions in the decay of191Bi and 193Bi, respectively. Also listed is the
magnetic splitting to temperature ratiomB/kBT, which was calculated withf 50.87(2), and theinverse
effective temperature 1/T* obtained from this when assumingm53.9(2)mN . The measurements are listed
chronological order.

Measurement R(14°,90°) R(51°,90°) R(14°,51°) mB/kBT 1/T* @K21#

193Bi/1 20.763(11) 15~3! 88~18!
193Bi/2 20.334(26) 2.7~2! 15.9~15!
191Bi/1 20.931(13) 20.721(15) 20.753(45) 10.4~10! 63~8!
191Bi/2 20.499(40) 20.252(36) 20.330(30) 2.0~1! 11.8~8!
193Bi/3 20.938(21) 20.740(90) 20.760(13) 12.0~25! 70~15!
191Bi/3 20.946(14) 20.739(13) 20.793(54) 11.8~12! 69~8!
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effective temperatureT* extracted from it was only used t
present the data graphically. For189Bi the 9/22→1/21 tran-
sition could not be observed. However, since the meas
ment with 189Bi was carried out just before the third me
surement on 191Bi and 193Bi, which both yielded
mB/kBT>12 at base temperature~see Table I! we estimate
mB/kBT512.0(25) for the measurement on189Bi as well.

The experimental anisotropiesRi j for the favored
9/22→9/22 a transition are listed in Table II and show
graphically in Fig. 1. They were analyzed using the valu
for f and mB/kBT obtained from the analysis of the 9/22

→1/21 transition discussed above. Due to the short half-
of 189Bi „T1/250.68(3) s@11#… one expects incomplete re
laxation for this isotope so that not all nuclei become fu
oriented before decaying. The relaxation time for Bi in
has been measured by NMR/ON~nuclear magnetic reso
nance on oriented nuclei! on 206Bi cold implanted in iron
@18#. The anisotropy data for206Bi were fitted with a single
exponential to give empirically an effective relaxation tim
T1850.84(3) s atT512.6(10) mK in an external magneti
field of 0.08 T. Scaling this value to189Bi with the relation
@20#

CK
189Fm189

I 189G 2

5CK
206Fm206

I 206G 2

, ~4!
e-

s

e

whereCK is the Korringa constant which characterizes t
relaxation process, and taking into account the obser
magnetic field dependence of the relaxation rate for imp
ties in iron @21#, one findsT18(

189BiFe,0.2 T!51.39~22! s.
The magnetic interaction temperature for189Bi is Tint

5mB/IkB>38 mK, but our measurements were made aT
>14 mK. Therefore the low temperature limit@22# is appli-
cable in which case the effective relaxation timeT18 is tem-
perature independent. Using this effective relaxation ti
and assuming again an empirical single exponential beha
of anisotropy, an effective orientation parameter@23# B2
could be calculated for189Bi and applied in the analysis o
the anisotropy data. The derivation of the relaxation time a
the subsequent correction for incomplete relaxation w
thus performed in a consistent way so that systematic er
due to this correction should cancel to first order. Beca
we assume the same magnetic moment for189,191,193Bi and
since the data for191Bi and 193Bi were taken at the sam
temperature and in the same magnetic field as the189Bi data,
T1851.39(22) s is valid for191,193Bi as well. Due to the half-
life of 191Bi of 12~1! s, the correction here turned out to b
small, but non-negligible, so that it was employed for this
well. For 193Bi [ T1/2567(3) s# the correction has no effect
The calculated reduction factors for theB2 orientation pa-
rameters and the resultingA2 coefficients are listed in Table
III. In the case of189Bi two approaches were used for theB4
ted in
TABLE II. Experimental anisotropiesRi j ~three different detector ratios are given! for the 6672 keV,
6311 keV, and 5899 keV 9/22→9/22 favoreda transitions in the decay of189Bi, 191Bi, and 193Bi, respec-
tively. Also listed is the magnetic splitting to temperature ratiomB/kBT which was calculated from the
measured anisotropiesRi j for the 9/22→1/21 pureL55 a transition in the decay of191Bi and 193Bi, and the
inverse effective temperature 1/T* obtained from this when assumingm53.9(2)mN . The magnetic splitting
to temperature ratio for189Bi is an estimate as is discussed in the text. The measurements are lis
chronological order.

Measurement mB/kBT 1/T* @K21# R(14°,90°) R(51°,90°) R(14°,51°)

193Bi/1 15~3! 88~18! 0.077~14!
193Bi/2 2.7~2! 15.9~15! 0.039~11!
191Bi/1 10.4~10! 63~8! 20.107(11) 20.0574(77) 20.053(10)
191Bi/2 2.0~1! 11.8~8! 20.054(11) 20.0168(80) 20.038(10)
189Bi 12.0~25! 70~15! 20.173(45) 20.119(30) 20.060(50)
193Bi/3 12.0~25! 70~15! 0.220~17! 0.090~12! 0.119~13!
191Bi/3 11.8~12! 69~8! 20.098(10) 20.0485(73) 20.0524(94)
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3184 PRC 58J. KRAUSEet al.
orientation parameter. First we did not apply a correction
incomplete relaxation so that a lower limit was obtained
theA4 coefficient. In a second approach~line 2 of Table III!
we used the reduction factork2 as derived above to get th
corresponding reduction factor for theB4 orientation param-
eter from the tables in Ref.@20#. The resultingA4 coeffi-
cients and mixing ratios are listed in Table III. For191,193Bi a
correction of theB4 parameters did not affect the results.

The resultingd0L (L52,4) mixing ratios between theL
50,2,4 partiala waves for the favoredph9/2→ph9/2 a de-
cay of the odd189,191,193Bi isotopes are listed in Table III~see
also Fig. 2!. Note that the use of one or the other approach
take into account incomplete relaxation in the case of189Bi

FIG. 1. AnisotropiesRi j versus inverse effective temperatu
1/T* for the 5899 keV, 6311 keV and 6672 keV 9/22→9/22 fa-
voreda transitions in the decay of193Bi, 191Bi, and 189Bi, respec-
tively.
r
r

o

has no significant effect on the value of the mixing ratiod02.
As can be seen in Fig. 2, the value ofd02 decreases more o
less linearly with mass numberA.

III. DISCUSSION

The quadrupole moments of189,191,193Bi have not been
determined experimentally. The calculations of Mo¨ller et al.
@24# however, predict the same, very small, deformation
rameterb520.052 for all three isotopes. As a result, th
model of Delionet al. @5,6#, in which thea anisotropy is
dominated by barrier penetration, would predict the sa
result for each of the three isotopes. This is in clear con
diction with the experimental observations as the data sho
similar behavior to that previously observed for the odd is
topes1992211At @1,25#, i.e., a decrease ofd02 with increasing
number of neutron holes in theN5126 closed shell~see Fig.
2!. As was the case for the At isotopes, thed02 values for the
Bi isotopes investigated here can be understood in term
the shell model. Since Bi has only one proton outside
Z582 closed shell theL52 component in thea particle
arising from the protons is mostly due to the 21 coupling of
a proton hole pair in the 2d3/2 shell ~of the Tl daughter
nucleus! below Z582. Because the quadrupole part of t
p-n interaction polarizes the nuclear core, thus creating

FIG. 2. Experimentally obtainedd02 mixing ratios versus neu-
tron numberN for the favored 9/22→9/22 a transitions in the
decay of189,191,193Bi.
when
TABLE III. Values for the experimental directional distribution coefficientsA2 andA4 , the mixing ratios
d02 andd04, and the corresponding intensities of theL52 partiala waves for the 9/22→9/22 favoreda
transition in the decay of189Bi, 191Bi, and 193Bi on the basis of the experimental anisotropiesRi j listed in
Table II. In the second and third column the reduction factorsk2 andk4 for theB2 respectivelyB4 orientation
parameters are listed that were used to take into account the effects from incomplete relaxation
extractingA2 and A4 from the experimental data. The intensity of theL52 wave is defined asd02

2 /(1
1d02

2 1d04
2 ).

Isotope k2 k4 A2 A4 d02 d04 L52%

189Bi 0.415~40! 1.000 20.260(56) .0.073(39) 20.136(32) 0.036~23! 1.8~9!

0.415~40! 0.287(41)a 20.260(56) 0.26~14! 20.130(30) 0.15~10! 1.6~8!
191Bi 0.926~12! 1.000 20.064(4) .0.016(7) 20.032(2) 0.10~4! 0.10~1!
193Bi 0.986~2! 1.000 10.107(7) 0.00~1! 0.053~3! 20.001(6) 0.28~3!

aFrom @20#; see text.
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PRC 58 3185a PARTICLE ANGULAR DISTRIBUTIONS OF189,191,193Bi
mixed ground state containing 21 neutron excitations, also
anL52 component arising from the neutrons is expected
the a decay. Since theL52 component arising from the
protons~neutrons! in the a particle gives rise to a positive
~negative! contribution to thea anisotropy, and since th
contribution of the protons to theL52 partiala wave should
not vary much for the three isotopes, one expects a decr
of d02 with decreasing neutron number~and increasing neu
tron hole number!, as is indeed observed. The variation
d02 with neutron number for the three Bi isotopes discus
here is thus caused mainly by the variation of the strengt
the 21 neutron excitations due to core polarization. Th
clearly indicates, at least for nuclei near theZ582 andN
5126 shell closures, the need for an explicit consideration
the proton-neutron interaction in the calculation of the an
lar distribution ofa decay.

Since proton holes from thed3/2 shell ~case of Bi→Tl
decay! can only give rise toL50 andL52 partial waves,
whereas protons from theh9/2 shell ~case of At→Bi decay!
can give rise toL50, 2, 4, 6, and 8 waves, the positiveL
52 contribution arising from the protons in thea particle is
expected to be larger for Bi than for Ata decay. This fact is
also reflected in the so-called ‘‘coefficients of fractional p
entage’’ which describe the coupling of the nucleons in
given shell @26#. For the neutrons no large difference b
tween Bi and At is expected. Therefore, the zero crossing
the d02 values ~and thus of the anisotropy! is expected to
occur further from theN5126 shell closure in the case of B
compared to Ata decay. In fact, we observe that for At th
zero crossing occurs betweenN5118 and N5116 @25#,
while for Bi it occurs betweenN5110 andN5108.

For a given proton number the strength of the quadrup
interaction Qpn in this region is approximately given b
Qpn}NnAVn2Nn @27# with Nn being the number of neutro
hole/valence pairs andVn the maximum number of neutro
pairs in the shell, i.e., 22 in this case. It follows that, close
the N5126 closed shell~where Nn is small compared to
Vn), Qpn}Nn to first order~as was observed for the od
isotopes1992211At @1,25#!, while the increase ofQpn slows
down towards mid-shell where it reaches a maximum bef
decreasing again. Unfortunately, due to the relatively la
error bar on thed02 value for 189Bi ~with N5106, i.e., only
id
n

se
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of
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two neutrons above mid-shell!, compared to191,193Bi, no
definite conclusion as to whether this behavior is reflected
the experimental data~see Fig. 2! can be drawn.

In conclusion, the data presented here for189,191,193Bi con-
stitute substantial support for the recent findings that thea
anisotropy of favored transitions of near-spherical nuc
near theZ582 andN5126 shell closures depends on th
structure of the decaying nucleus, rather than on deforma
changes in the mean field. Furthermore, our data stress
importance of thep-n interaction in the description ofa
decay, even for heavy nuclei close to the proton drip-li
Additional confirmation for these observations could
given by a measurement of the anisotropy for the favo
9/22→9/22 a transition of the isotopes187Bi and 185Bi,
which are exactly on and just beyond theN5104 mid-shell
respectively. Unfortunately, however, apart from the fact t
both isotopes cannot yet be produced in sufficient ab
dance, incomplete relaxation will most probably seriou
affect, or even prohibit, such measurements on185Bi and
187Bi with the low temperature nuclear orientation method
the half-lives of these isotopes are in the millisecond regi
Finally, it may be noted that our data do not give informati
on the importance of thep-n interaction in the case of larg
deformations. For these nuclei one would indeed expect
the tunneling process of thea particle through the deformed
Coulomb barrier plays a much more important role in t
determination of the angular distribution ina decay. Al-
though this topic has not yet been clearly verified by qu
titative experimental data, it is presently being investiga
@28#.
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