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Tests of pseudospin symmetry via Coulomb excitation measurements of§’Os and #%0s
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Coulomb excitation measurements §HOs and'®%0s have been carried out, using beamsygbarticles,
with the aim of measurin@®(E2) values for transitions between states in the low-lying bands. The results are
compared with predictions in a pseudospin symmetry scheme and, in the c&®sfare used to extract
two-state mixing amplitudes for states in near degenerate bp®@556-28137)04309-4

PACS numbgs): 25.70.De, 21.60.Ev, 23.20.Js, 27.7Q.

[. INTRODUCTION of rotating nuclei leads to interesting predictidi®§ regard-
ing theE2 transition rates between levels in rotational bands,

Odd-mass nuclei in this mass region are notoriously dif-and it is these predictions which will be compared with the
ficult to understand and althoudfi’Os and®0s have been measured®(E2) values and with the values expected in the
studied using various reactiorfe.g., neutron capturgl,2], limit that K is a good quantum number. In this latter case
single-particle transfefl3,4]) the structure of their low-lying there should be no collectiie2 transitions between mem-
states is by no means clear. Previous interpretations using theers of different bands. By contrast, the pseudospin scheme
Nilsson model[5,6] have met with a certain degree of suc- yields strengths for collective interband transitions and thus
cess. More recently, an in-depth analysis'®i0s[2] in the  the measurement of such transitions will be important in de-
framework of algebraic models was undertaken. Howevertermining the applicability of this scheme to these nuclei.
there still remain levels and decay properties which do not fit Although it is in *¥’Os that the 1/2 and 3/2 bands are
neatly into any model. nearly degenerate, they are only separated by 36 keV in

Accordingly, the two nuclei'®’Os and®0s have been %0s. It is therefore of interest to follow the predictions of
probed using the Coulomb excitation reaction in order tothe pseudospin scheme to this neighboring nucleus to test the
determine the applicability of a pseudospin schemigin bounds of its applicability. In addition it is hoped that the
this region of nuclei. In'®’Os the bands built on the ground experiment will help uncover the structure of the 216 keV
and first excited state™ = 1/2~ and 3/2", respectively ~ 5/2" level in ¥%0s. This state has been the subject of much
are very nearly degeneratenly 10 keV separates the two discussion[2] as, until recently, it was thought to be the
bandheadsand can be thought of as pseudospin partnersbandhead of the 7/2 [503] Nilsson statg6]. Angular cor-
The application of the S(3) pseudospin scheme to the caserelation and conversion electron measuremg2ithave con-
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v-ray decay. Since most of the Coulomb excitation took
place at the front of the targey-ray energy and efficiency
1874 5/ calibrations were obtained using &°Ra source of known
activity placed on the front face of the target in order to
account for attenuation in the target.
The thick target yields were obtained by integrating the
yields calculated using the standard computer d&@ever
L 100.6 7/ the relevant energy region. Stopping powers taken from Ref.
Y 750 5/ [10] were used in this calculation. Multiple excitations made
T 743 32 no significant contribution in this studyB(E2) strengths
from the ground state were normalized to the observed in-
tensities of the 2— 0y transitions in neighboring®®0s and
9.7 3/2 1920s, using the known isotopic abundances of the target and
0.0 1/2 the previously measuredB(E2) values of 2.5) and
187 2.04(2) e?b? respectivelyf11,12. [*°%0s was not used in this
Os comparison because the energy of the-20, (186 keV)
. . . overlaps with that of known transitions #¥’0Os and*®%0s]
FIG. 2. Partial level scheme fdfOs showing the levels popu- A nymper of additionalB(E2) values connecting excited
lated by Coulomb excitation using a beam of 8 Me\particles. states were obtained by usingray branching ratios and
) , ) ) measured$ values and internal conversion coefficients
firmed it as a 5/2 state but its structure is by no means, 13 14 Table | lists the results of the measurements for

clear. It is hoped that by measuring low-lyiB{E2) values  1876¢ with those for8%0s being listed in Table I
this conundrum may be unraveled. '
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Il. EXPERIMENTAL DETAILS :
The experiments were done using the tandem Van de The B(E2) values measured in this experlmer_lt WOS
. . ivolve decays from the 187 keV 5/2state. This is the
Graaff accelerator of the University of Cologne to produce maximum spin value which can be populated by a sifigle
beams which bombarded thick-Q0 mg cm ?) targets en- P hop y

riched to 46.99% in*¥0s and 81.14% in'®0s, respec- excitation from the 1/Z ground state. The introduction to

tively. The targets were made of powder pressed into pellettshIS section already mentioned that, due to the isotopic ad-

9 L 7 . mixtures present in the target, the 187 keMay contains
?ggop;;atfhdelgig:rifnaecrie(t)sﬁgotglr; Srggkjﬁl(;S)Mzw_IE?;r;h contaminants from*®s and'®0s. Therefore, in order to
whereés for'®’0s the beam energy was reduced to 8 I\/iev extract aB(E2) value for this transition, ity-ray intensity
The enerav loss in the target wasd.2 MeV for 8%0s and ‘was calculated from branching ratios given[i8]. Internal
28 Meg\J/yfor 18905, 5 ra%/s were.detected in two large conversion coefficients and mixing ratios were also taken

volume Germanium detectors placed at angles of 125° anHom this reference.
235° to the beam direction. A third, monitor, detector was 189
placed at 30°. Figure 1 shows a typieatay spectrum mea- B. s

sured during the'®0s experiment and Figs. 2 and 3 show TheB(E2) values measured fdf%0s are in good agree-
the levels which were populated in the Coulomb excitationment with those previously publishg¢d4] except for those
of 80s and*®%0s, respectively, along with the associatedinvolving decays from the 95 keV level. TH&(E2) value
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2167 52 FIG. 3. Partial level scheme fo¥°0s show-

ing the levels populated by Coulomb excitation
using a beam of 15 Me\ particles.
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TABLE |. B(E2) values determined fol®’Os.

Ei (keV) Jr E: (keV) NH E, (keV) B(E2) (e?b?) B(E2) prev @%h?) [13]

187 5/2° 0 1/2- 187 0.446(33) 0.464(102)
10 32 178 0.183(29) 0.197(57)
74 312 113 0.441(59) 0.483(121)
75 5/2 112 0.129(17) 0.133(19)
101 rs 87 1.449(163?2

@Assuming 87 keV transition is purg2.

measured for the 95 keV transition from the 95 keV level tobe considered as one pseudospin band consisting of a spin
the ground state is a factor o2 greater than the value 1/2 part(labeled pseudospincoupled to angular momenta
quoted in Nuclear Data Shedts4]. However, it is in agree- values ofL=1,2,34 . .. (labeled total pseudo-orbital angu-
ment with the value of 0.1@b? measured by Morgeet al.  |ar momentur Figure 2 of Ref[8] illustrates how the two

[4], using the @,d’) reaction and the value of 0.26°b®>  pands can be thought of as stemming from one band of in-
measured by McGowaet al. [15] in a Coulomb excitation teger spin with the two levels arising from adding or sub-
measurement. In the present measurement, the 594y  tracting the pseudospin of 1/2. This has a far reaching con-
between the 95 keV and ground states was not observed b§équence because the two bands now stem from one
it_s_intensity has been calculated by using the r_atio of inte”UnderIying band and hence have a common intrinsic struc-
sities of the 95 and 59 keW rays measured in a recent (e 5o that transitions between any states can now be

(n,y) experimen{2]. Using this value for they-ray inten-  y,o,qnt of as in-band. For example, in the casé®Ds, the
sity and knowns values and internal conversion coefficients .. .o petween the 572 state ,at 187 keV an’d the

[14], theB(E2) value quoted in Table Il has been calculated.,, - : ; . )
The decay of the 216 keV level includes a 186 keV tran-S/2 _state at 75 keVis pr_edlcte(‘j‘ to be strong n the pseu
dospin scheme, whereas in the “goKd-scheme it corre-

sition to the 9/2" level at 30 keV. This transition has been o o
observed in the decay df*Re[16,17] and of 3r [18] but sponds to a transition betwe_en states with d|ﬁ§té_ntalues
and hence is of single-particle strength. Predictions for the

is contaminated in this experiment and in t reaction O N
P %) strength of individual transition in the pseudo<8Wscheme

[2,6] by the 27— 0 transition in **®s. The value of the ) .
gamma-ray intensity for this transition has therefore beerqtaken from Ref[8]) are given in Table Ill and compared

taken from Nuclear Data Sheefis4] and is in agreement with the measuredB(E2) values. Also listed are the pre-
with values given if16-18. dicted strengths of transitions in the *“go#d- scheme

where the strengths of in-band transitions have been calcu-

I1l. DISCUSSION lated using the Alaga rulg4.9]. The first thing to note is the
187 existence of quite strong transitions between states with dif-
A. 0s ferentK values and in the gool- scheme these transitions

As stated in the Introduction, the low-lying I72and  should be of single-particle strength. In the case of decays
3/2~ states in'®’Os are nearly degenerate and can therefordrom the 5/2 level, the measured values agree well with the

TABLE Il. B(E2) values determined fol®®Os.

E; (keV) Jr E; (keV) J7 E, (keV) B(E2) (e’b?) B(E2) prev @°b?) [14]

95 3 0 3/2” 95 0.200(18) 0.084(26)
36 112 59 0.564(126) 0.168(103
216 5/2 0 32 216 0.195(8) =>0.161
30 9/2 186 0.170(13) =0.052
69 5/2° 147 0.142(40) =0.064
219 712 0 3/2° 219 0.263(10) 0.329(59)
30 9/2 189 0.044(6) <0.077
69 5/2° 149 0.229(36) 0.374(64)
95 32 124 0.042(10) 0.036(7)
233 5/2 0 3/2” 233 0.074(3) 0.045(13
36 1/2° 197 0.158(18) 0.174(84)
69 5/2° 164 0.049(20) 0.051(39)
95 32 138 0.112(26) 0.097(59)
275 5/2 0 3/2” 275 0.011(2) 0.014(4)
30 9/2 245 0.315(66) 0.374(77)
365 5/2 0 3/2” 365 0.012(1)2 0.018
712” 0 3/2” 365 0.009(1)° 0.012

4f 365 is 5/2 level.
bif 365 is 7/2 level.
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TABLE lII. Relative B(E2) values in'®’0Os. The absolute values are given in Table I.

JT KT J7KY E, (keV) expt. pseudo-S(3) goodK?

5/271/2" 127127 187 100(7) 100 100
3/271/2° 113 99(13) 86 29
3/273/2° 178 41(6) 29 0
5/273/2° 112 29(4) 21 0

&Calculated assuming puke-values and ignoring single-particle contributions. The quadrupole moment is
assumed to be constant and the same for both bands.

predictions of the pseudospin scheme. This implies that thassuming that the quadrupole moment of each band is con-
pseudospin scheme automatically calculates the correstant as a function of spin. The values have been normalized
amount of mixing between the two bands, which is spin deto the 197 keV transition between thE,K™=5/2",1/2"

pendent. It would therefore be of interest to be able to meaand 1/2°,1/2" states and have been grouped according to the

sureE2 transition rates higher up the bands. level from which they originate. While neither model is able
to predict the relative strengths of transitions from different
B. 18%0s states, the pseudo-$8) model does appear to have more

. . success in predicting the relative strengths of transitions
The B(E2) values measured in the Coulomb excitation Offrom a given state. For example, although the 219 keV tran-

b Os are listed n Tab l.e g:rﬁzmgéu%%vgggs fo(; trans!g:)nssition is observed to be slightly larger than predicted relative
etween states in nominkl=1/2 (36, 95, , ANA POSSIDLY 4 1 197 keV transition, its measured strength relative to

365 keV statesand K=3/2 (0, 69, and 219 keV states a4 of the 149 keV transition from the same level, is in
bands. Other levels which are populated strongly from th%etter agreement with the pseudo{SUpredictions than the
ground state are the 5/2states at 216 and at 275 keV.  .g464.K" values. In addition, the observed decays from the
J7,KT=5/27,1/2" level at 233 keV appear to follow the
pattern expected in the pseudo<{8Wscheme rather than that
Figure 4 shows th8(E2) values which have been mea- expected in the “good” scheme. This indicates that the
sured depopulating levels in the I/2and 3/2° bands in  degree of mixing that exists between the two-bands is rea-
18%0s discussed above. Although the strongest transitionsonably well approximated in the pseudo{8Uscheme.
observed are indeed in-band transitions, sizable interband In order to examine exactly how much the two bands are
transitions are also seen. This implies that there is some mixnixed, a two state mixing calculation has been done which
ing between the bands and indeed previous authors, whases the empiricaB(E2) values to calculate mixing ampli-
tried to interpret the low-lying level structure 6#%0s[6] in  tudes which were allowed to vary as a function of spin. This
terms of the Nilsson model, did comment on the need tds illustrated in Fig. 5 where thé=5/2 level is parametrized
include a strong Coriolis interaction in their calculations. as a linear combination & = 1/2 andK = 3/2 states with the
Table IV lists the relativeB(E2) values for states in the J=3/2 state being a different combination Kf=1/2 and
K=1/2 andK=3/2 bands along with predictions from the K=23/2 statesE2 transition rates involving bands of go#d
“good-K” and pseudo-SB) schemes, the former calculated values are governed by the Clebsch-Gordan coefficients,
therefore, ignoring single particle contributions, tBEE2)
E,(keV) value between thd=5/2, K=1/2 state(at 233 keV and the

1. Interband/intraband transitions

T J=3/2,K=1/2 state(at 95 ke\} can be written as
400
5Q?
712 _5Q°
0.0079 B(E2) 167 [ac(5/2 1/2 2 (B/2 1/2
300
+bd(5/2 3/2 2 43/2 3/ 12,
/7 32 where
200 | " 0 004 0.05 007 0.1 0.16
(512 1/2 2 93/2 1/2)
100 I and
502 — :
e " (512 312 2 43/2 3/2)
0= 32 — K=1/2 are standard Clebsch-Gordan coefficients. The value of the

quadrupole momen®, is assumed to be the same for both

bands and has been calculated from the transition between
FIG. 4. Measured3(E2) values in'%0s and the associated the 233 keV state and the=1/2 state at 36 keV stat@s-

band structure. sumed to be pur&=1/2). Similarly, the transition between

K=3/2
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TABLE V. Relative B(E2) values in %%0s, normalized to the 197 keV transition between the
J7,K™=5/2",1/2" and 1/2,1/2" states. The absolute values are given in Table II.

JTKT JTKT E, (keV) expt pseudo-S(B) goodK?
3/271/2° 1/271/27 59 357(79) 113 100
3/273/2° 95 127(11) 113 0
7/273/27 3/273/27 219 166(6) 129 71
5/273/2~ 149 145(23) 96 107
3/271/27 124 27(6) 11 0
5/2"1/2" 1/271/2" 197 100(11) 100 100
3/271/27 138 71( 16) 86 29
3/273/27 233 47(2) 29 0
5/23/2" 164 31(13) 21 0
7/21/2°° 3/273/2~ 365 6(1) 0 0

&Calculated assuming puke-values and ignoring single-particle contributions. The quadrupole moment is
assumed to be constant and the same for both bands.
PAssumes 365 is 7/2 level.

theJ=5/2,K=1/2 stateat 233 keVf and thel=3/2,K=3/2 The 5/2 level at 275 keV has already been identified

state(at 0 ke\) can be written [18,6] as being built on the 972 [505] level at 30 keV.
However, it has also been labeled as “anomalo(i6] by
virtue of a combination of collective character and signifi-

Q? cant neutron transfer strength similar to that of the 216 keV

B(E2)= 15 -[b(5/2 1/2 2 93/2 172 level. Indeed, its other decay branches are to the 216 keV
level and the 3/2 band[14]. Thus it seems likely that these

—ad(5/2 3/2 2 08/2 313 ]2 shared characteristics imply a common origin and stem from

mixing involving low-lying collective excitations which

o arise from the known onset of softness in this region.
The measure®8(E2) values, given in Table Il, for the decay

of the 233 keV (5/2) level to the two 3/2 states at 0 and
95 keV indicate that the 5/2states(at 69 and 233 keVare V. CONCLUSION

strongly mixed ¢?=0.65 andd?=0.35), whereas, for the _ _
3/2 statesa?=0.87 andb?=0.13. It is interesting to note __B(E2) values have been measured for low-lying states in

that the amount of mixing calculated, for the-3/2 and 5/2 - ©Os and*®0s and have been compared with values pre-
states, using this relatively simple approach is quite close tdicted using a pseudospin coupling scheme and a “g60d-

that inherent in the pseudo-§8) scheme discussed above a@pproximation. In both nuclei, sizeable interband transitions
which gives 75, 25 % mixing for the 372states and 67, Were observed which implies mixing between states with
33 % mixing for the 5/2 stateq20]. different K values. The magnitude of the interband transi-

tions are in overall good agreement with those predicted by
the pseudo-S(B8) scheme. In the case ¢%°0s, the empirical

2. The 216 and 275 ke\s/2” states . - .
values have been used to extract mixing amplitudes in a

The strong populatiopB(E2;216—0)=0.202?b?] of the
216 keV level is of particular interest as this level has been
the subject of much speculatidr2]. The relatively large clK=1/2>+dIK=3/2>
B(E2) value suggests that the 216 keV transition has a col- j_ss
lective nature and yet this is inconsistent with the assignmen
[6] of a significant =3 transfer strength to it. Moreover, this
level decays strongly not only to the 3/2and 5/2 members
of the 3/2° band but also to the 972single-particle level
(see Table Ii. The origins of this level have been discussed
extensively in Ref[2] where it was suggested that the mea- J=3/2

sured transfer strengfl6] belonged to the neighboring 219

K=1/2>+blK=3/2 = -alK=
keV level which would then not be the 7/2nember of the alk=1/2>+bIK=3/2> biK=1/2>-alk=3/2>
3/2” band. However, the results of the current measuremen K=1/2 K=3/2

do not support this argument as the measBéd2) values
for the 219 keV level point strongly to its assignment as the FIG. 5. The parametrization of levels in the band-mixing calcu-
7/2- member of the 3/2 band. lation.
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