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Two weakly populated rotational bands have been observed in 191Hg with properties (energy spacings, moments of inertia and 
lifetimes) very similar to those of the previously reported superdeformed band. Based on cranked Woods-Saxon calculations, 
these structures are interpreted as the first excited bands in the superdeformed minimum of 191Hg. Comparisons between the data 
and the calculations highlight the role of specific orbitals at large deformations. 

Following the recent discovery [ 1 ] in L91Hg of a 

band of 12 transitions corresponding to the rotation 

of a nucleus with a superdeformed (SD) prolate shape 

(axis ratio 1.65:1 ), further investigations were ini- 

tiated at several laboratories on both the experimen- 

tal and theoretical questions generated by this find- 

ing. SD bands have now been found in 19°'t92'~94Hg 

[ 2-6 ]. First detailed cranking calculations of single- 

particle and quasiparticle energies at large quadru- 

pole deformations ( f l~0.5)  have also been per- 
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formed using Woods-Saxon and modified Nilsson 

potentials [5,7,8]. In the case of 194Hg, three bands 

[ 5 ] have been observed in the SD well and the results 

were explained successfully in the cranked calcula- 

tions ment ioned above. In particular, the rise of the 

dynamic moment  of inertia j(2~ for all three bands 

as well as the strongly coupled character of the two 

weakest bands were accounted for satisfactorily [ 5 ], 

and the role of the j~5/2 neutron and i~3/2 proton in- 

truder orbitals was recognized. The same calcula- 

tions also predict the presence of excited SD bands in 

191Hg with dynamic moments  of inertia very similar 

to the one seen in ~92Hg. Definite predictions on the 

configurations of these excited bands were given. 

Hence, their experimental discovery represents a good 
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test of  the quasipart ic le  spectrum at large deforma-  

tion and gives insight into the microscopic  origin of  

the shell correct ions which are responsible for 

superdeformat ion.  

Here we report  on the discovery of  two new band 

structures in ~9tHg which are proposed  to correspond 

to the two lowest excited SD bands in this nucleus. 

Two level sequences of  12 t ransi t ions  each were ob- 

served. The moments  o f i n e r t i a J  (2) derived from the 

t ransi t ion energies are as large as those observed in 

the previously repor ted SD band (referred to here- 

after as band 1 ). Fur thermore ,  for both b a n d s J  (2~ is 

observed to increase by ~ 4 0 %  over the frequency 

range he)= 0.15-0.35 MeV, and this increase is com- 

parable to that noted for all other SD bands in this 

region. It is shown that  the data can be interpreted 

satisfactorily in terms of  the gradual a l ignment  of  

pairs of  high-j in t ruder  orbitals  within the f ramework 

of  the cranked Woods -Saxon  calculat ions ment ioned  

above. Specific configurat ions are proposed  for the 

new level structures. 

The results presented below were derived from data 

sets discussed in previous publ icat ions  [ 1,9 ] where 

most of  the relevant exper imental  details  can be 

found. Three sets of  data  were available:  two were 

obtained with thin 16°Gd targets consist ing of  two is- 

otopical ly enriched 500 tag/cm 2 self-supporting foils 

stacked together while the third used a 1 m g / c m  2 

~6°Gd target on which 14 m g / c m  2 Au was evapora ted  

in order  to stop the recoiling evapora t ion  residues. In 

all measurements the (36S, 5n) reaction was used. The 

runs with two thin targets were per formed at respec- 

tive beam energies of  172 and 167 MeV while the 

thick target measurement  was carried out at 172 MeV 

only. The exper iments  were per formed at the ATLAS 

accelerator with the Argonne -No t r e  Dame  BGO y- 

ray facility which consists of  50 hexagonal BGO ele- 

ments sur rounded by 12 Compton  suppressed Ge 

spectrometers.  Data  were accumulated  in an event- 

by-event  mode  with a requirement  that  at least four 

(eight in the case of  the thick target measurement )  

detectors of  the inner  BGO array fire in coincidence 

with two suppressed Ge detectors.  

In the analysis, Y-Y coincidence matr ices  were ob- 

ta ined where high mult ipl ic i ty  events were selected 

by requiring that  at least ten (eight)  detectors  of  the 

array fired in p rompt  coincidence with the Ge detec- 

tors at Ebb,m= 172 (167)  MeV. The final matr ices 

obtained 95 X 10 6 and 54 X 10 6 events for the two thin- 

targets runs at 172 and 167 MeV respectively; the 

corresponding number  for the thick-target measure-  

ment  is 69 X 106. In all cases the mult ipl ic i ty  condi-  

t ion given above ensures that  at least 60% of  the 

events correspond to the reaction channel of  interest  

(more  details  can be found in ref. [ 1 ] ). 

The detai led analysis of  the coincidence matrices 

revealed the presence of  two bands  with an average 

energy difference of  36 and 37 keV respectively. These 

values are very similar  to that  measured in ref. [ 1 ] 

for the first SD band (band 1 ) in 19JHg and are con- 

sistent with the spacing expected for a SD shape [ 8 ]. 

Fig. 1 presents spectra for the two new bands which 

L~ 

Z 

Z 

<Z 

I 

F- 

Z 

Q 
(D 

2000 

1500 

I000 

500 

750 

500 

250 

i I 
4- 

c!._~ 
O+b 
ObOd 

I I , 

BAND 3 

O~b ' -  

q- 

I - 

~ , l l  t ~ 

"t 

500 

BAND 2 

400 500 600 
E;,. (keY) 

b--- 
T 

i cD 03 

I 

700 

Fig. 1. y-ray spectra in 191Hg obtained by summing the cleanest 
coincidence gates (333, 373 and 450 keV for band 2, 352, 429 
and 503 keV for band 3) in the coincidence matrix obtained at 
Ebean,= 172 MeV. The members of the SD bands and the known 
yrast transitions are indicated. As discussed in the text, several 
identified contaminants are also present in the spectra. 
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are the sum of  spectra in coincidence with the clean- 

est gates. The two bands presented here are rather 

weak and most of  the t ransi t ions are contamina ted  

by other  lines of  stronger intensity. Accordingly,  the 

spectra of  fig. 1 contain identif ied contaminants .  

Nevertheless the coincidence relat ionships between 

the various t ransi t ions in the two bands were verif ied 

from the individual  gates as well as from the obser- 

vation of  a regular grid pat tern expected in the two- 

dimensional  y -y  matr ix  using the code BANDAID 

described in ref. [ 10]. We note that  one of  the two 

bands (denoted band 3 in fig. 1) had been men- 

t ioned in ref. [ 1 ], but  no conclusive evidence for its 

placement  was available at that time. The placement  

of  the two bands in 191Hg is based on the following 

considerations:  ( 1 ) the t ransi t ions in the bands are 

in coincidence with the ~z_~ (391 keV) and ~-~J  

(629 keV) t ransi t ions in 19~Hg; (2)  the relative vari- 

at ion of  the y-ray intensity in the two bands between 

the two beam energies is the same as that observed 

for band 1 [ 11 ] (the two bands each correspond to 

0.8% of  the events in 19JHg at 172 MeV and only 

0.35% of  the events at 167 MeV; band 1 has corre- 

sponding intensities of  2% and 0.9%, respectively);  

( 3 ) the two bands are not observed at lower 36S beam 

energies (where only bands  in ~92Hg are observed 

[ 3 ] ) nor are they seen in the 16°Gd ( 34S, 4n ) reaction 

in which the SD band in m°Hg was observed by 

Drigert et al. [2];  (4)  the fold and sum-energy dis- 

t r ibut ions measured in coincidence with the transi- 

t ions of  interest were found to peak at values similar  

to those observed for band 1. 

Fig. 2a presents the intensity pat terns  in the two 

new bands derived from the analysis of  the coinci- 

dence gates and compares  the data with the corre- 

sponding pattern for band 1 [ 1 ]. It can be seen that 

the three bands have essentially the same intensity 

pattern, i.e. the intensity remains  essentially constant  

in the frequency range 0 .175<h09<0.24  MeV and 

decreases gradually at higher rotat ional  frequencies. 

The decay out of  the two bands is seen to occur at 

lower frequency than in band 1 with the y-ray inten- 

sity decreasing gradually below h~o = 0.175 MeV. Be- 

cause of  the weak populat ion of  the two bands, infor- 

mat ion on the decay towards the known yrast states 

is rather fragmentary and judged insufficient to at- 

tempt  spin assignments to the new states. Indicat ions  

on the lifetimes of  the states was obta ined for a few 
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Fig. 2. (a)  Relative intensities of  the y-rays in the two new bands 

as obtained from the coincidence spectra gated on the 429 keV 

transition (band 3) and on the 333,373 and 450 keV transit ions 

(band 2). The published [ 1 ] intensities for band 1 are also given. 

The intensities have been normalized to I separately for each 
band. At a beam energy of 172 MeV, the absolute intensities are 
2% for band 1 and 0.8% for bands 2 and 3 (see text for details). 
(b) Comparison between the measured fraction of full Doppler 
shift for some of the new transitions and the published data of 
ref. [ l ]. The solid curve corresponds to the best fit achieved for 
band I (Qo = 18 eb), see ref. [ 1 ] for details. 

of  the new transi t ions from the thick target experi- 

ment with the Doppler-shift  at tenuation method (see 

ref. [ 1 ] for detai ls) .  Fig. 2b presents the measured 

fraction of  full Doppler  shift F (~ )  for some transi- 

t ions in band 2 (no analysis was possible for band 3 ) 

and compares  the values of  F(T)  with those pre- 

sented in ref. [ 1 ] for band 1. Even though the error 

bars are rather large (because of  the weak populat ion 

of  the band and the presence of  contaminants ) ,  it is 

clear that the lifetimes of  the states in band 2 are of  

the same order as the lifetimes of  the SD states of  band 

1. On the basis of  these results we conclude that two 

new SD bands have been observed in m~Hg. In view 

of  their  respective populat ion,  it is proposed that  the 
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two bands correspond to transit ions within excited 

states in the SD m i n i m u m  and band  1 is then re- 

garded as the SD yrast band. 

Fig. 3a presents the dynamic moments  of inertia 

/~2) for the three bands as a function of the rotational 

frequency he). In all cases, J ~2) is seen to increase with 

fie). Furthermore, the average values o f j  ~2) for bands 

2 and 3 (110 and 113 h 2 MeV-~, respectively) are 

somewhat larger than the corresponding value for 

band 1 ( 108 h 2 MeV-  ~ ) and are also close to the value 

reported for J92Hg ( 1 13 fi 2 M e V -  1 ) [ 3  ]. For ],-ray 

energies below 400 keV, the transi t ion energies of 

band 3 are almost exactly intermediate to the ener- 

gies of band 2: the situation is similar to the one re- 

ported for ~ 94Hg [ 5 ] where the two excited bands ex- 

hibit the same feature over a larger energy range. In 

analogy with ref. [ 5 ], we propose that bands 2 and 3 

are "signature partners". The degree of signature 

splitting can then be inferred from fig. 3b where the 

experimental single-particle routhians e' for bands 2 

and 3 are presented as a function of fie). The compu- 

tation of these routhians requires knowledge of the 

excitation energies and the spins involved in the 

bands as well as a phenomenological representation 

of the energy associated with the rotating nuclear core. 

Under  the assumption that the bands are strongly 

coupled at low he), the excitation energies were arbi- 

trarily taken as 4.5 MeV and 4.64 MeV for bands 2 

and 3 respectively, and the spins were estimated with 

the method proposed in ref. [4]. (We note that the 

spins derived in this way, i.e. ~ and ~ for the band- 

heads of bands 2 and 3 respectively, differ by one unit  

and are consistent with the strong coupling picture 

presented here). The energy of the core was approx- 

imated by a Harris parametrizat ion from fits to the 

low levels of the known yrast SD bands in 192Hg and 

194Hg [ 3-5 ] as prescribed in ref. [ 12 ]. It can be seen 

from fig. 3b that, with the assumptions outlined 

above, the two bands may be proposed as signature 

partners for fie)< 0.2 MeV (i.e. they follow the same 

smooth trajectory) and exhibit increasing signature 

splitting for fie)> 0.2 MeV. This behavior differs from 

the one observed in 194Hg [5]:  in this case the two 

excited bands show very little signature splitting over 
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Fig. 3. (a) Dynamic moments of inertia/~2) for the three SD bands in 191Hg (0):  band 1, ~:  band 2, rq: band 3 ). (b) Experimental 
single-particle routhians for bands 2 (O) and 3 ([]) obtained under the assumptions described in the text. The recent data [ 5 ] for the 
excited bands in 194Hg are given for comparison ( + and - ). For all cases the Harris parametrization [ 12] was taken as E~(o)) = 
- (e)2/2)#o - (to4/4)/1 +h2/(8/o) where/o=90 h 2 MeV -j a n d / =  80 fi4 MeV-3. (c), (d) Results from cranked Woods-Saxon calcu- 
lations. The calculated dynamic moments of inertia are denoted with T in (c), the solid line represents the configuration proposed for 
band 1, while the dashed and dotted lines represent the configuration proposed for bands 2 and 3. The individual contributions of the 
neutron configurations built on the v73/2 (v, solid line) and v[64213/2 (u, dashed and dotted lines) routhians are also given. The 
contribution due to the protons is shown with the solid line denoted n. The quasiparticle routhians for N= 111 are given in (d). 
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the entire frequency range, as can be seen from fig. 

3b where the routhians for the 194Hg bands have been 

included for comparison (similar assumptions were 

made for the excitation energies and spins in this 

case ). It should be reiterated that the discussion above 

relies on the fact that the energies in bands 2 and 3 

are closely related to one another as well as on the 

analogy with the situation in 194Hg. Clearly, the inter- 

pretation would be reinforced by a direct measure- 

ment of  the excitation energies and spins for any of  

the bands under discussion. 

In order to interpret the results presented above, 

cranked shell model calculations with pairing were 

performed using a Woods-Saxon potential. The ap- 

proach is similar to the one used in ref. [5] and is 

described in detail in ref. [ 13 ]. In the discussion be- 

low, use is also made of  the neutron and proton sin- 

gle-particle routhian diagrams for 191Hg which are 

similar to those presented in ref. [ 5 ] and are not re- 

peated here. These calculations reveal a pronounced 

proton gap at Z =  80 which remains open for all fre- 

quencies considered. The resulting proton configu- 

ration contains four N = 6  (i13/2) protons and, ac- 

cording to the convention defined in ref. [ 14 ], can 

be labelled as 7r64. For the neutron system, single-par- 

ticle gaps exist at N =  112 and N =  116, lying between 

the second and the third N = 7  (jls/2) orbitals with 

(2= 2 and ~, respectively (denoted V73/2 and v75/2). 

The gaps are separated by the two deformation- 

aligned levels [51215/2 and [624]9 /2 .  Below the 

N =  112 gap and close to the P73/2 orbital lies the 

[642 ]3 /2  orbital which carries little aligned angular 

momentum. Very similar single-particle level dia- 

grams have been obtained in the Woods-Saxon model 

ofreL [ 8 ]. Fig. 3d presents the neutron quasiparticle 

routhians for 191Hg calculated using a constant value 

of  the pairing gap (An=0.41 MeV) and deformation 

parameters fl2=0.47 and //4=0.07. In the calcula- 

tions the neutron pairing was reduced relative to the 

ground state value in order to account for the simi- 

larity in the behavior o f J  ~2) versus h(o for '92Hg and 

~9~ Hg as was originally suggested by Ye et al. [ 4 ]. This 

point is also discussed in ref. [ 5 ] in connection with 

the similarity in the values ofJ  (2) for the three bands 

in 194Hg. (In contrast, the proton pairing was slightly 

increased: Ap = 1.2 MeV. ) 

The calculations indicate that the yrast SD config- 

uration is built on the aligned P73/2 routhian with 

parity and signature quantum numbers ( • = - ,  

r =  + i ). We associate this configuration with band 1. 

Bands 2 and 3 can be understood as the signature 

partners built on the [ 642 ] 3 /2  orbital with quantum 

numbers (T t=+ ,  r = + i )  and ( ~ = + ,  r = - i ) ,  re- 

spectively. The evolution of  the calculated <if(Z) val- 

ues for the 3 bands as a function of  boa is given in fig. 

3c where the individual contributions of  the proton 

and neutron configurations under discussion are also 

presented. The major contribution to the rise o f J  (2) 

in the three bands is caused by the gradual alignment 

of  the 7r64 protons. The neutron contributions differ 

for band 1 and bands 2 and 3. In band 1, the N = 7  

neutron crossing is blocked whereas it is present in 

bands 2 and 3. As a consequence, the neutron contri- 

bution to j ( z )  remains almost constant for band 1 

while an additional increase is calculated for bands 2 

and 3. The calculations reproduce the data rather well 

for h~o>0.2 MeV as can be seen from a comparison 

between figs. 3a and 3c. As discussed in ref. [ 13 ], the 

larger deviations between theory and experiment at 

lower frequencies can be attributed to the renormal- 

ization procedure used in the calculations, (We note 

that the same calculations also reproduces the j~2> 

values for the SD band in J92Hg [ 15 ]. ) The signature 

partner of  band 1 (==  - ,  r =  - i )  is calculated to lie 

several hundred keY higher in excitation energy be- 

cause of  the large signature splitting (fig. 3d) and, as 

a result, the corresponding rotational band should be 

more difficult to observe experimentally. 

The calculated values of<t (2> in bands 2 and 3 are 

similar to that of  the lowest SD in 192Hg since all these 

bands have the same content in intruder orbitals (four 

N = 6  (i13/2) protons and four N = 7  (J15/2) neu- 
trons). Furthermore, it is seen in fig. 3d that the 

v [ 642 ] 3/2 routhians form a coupled structure below 

h~o~0.15 MeV, while signature splitting increases 

gradually at higher frequencies. In the calculations 

without pairing this signature splitting is present as 

well, although slightly reduced [ 5 ]. These features are 

present in the data and can be considered as strong 

arguments in favor of  the assignments presented here. 

It should, however, be mentioned that another pos- 

sible assignment for bands 2 and 3 could involve the 

neutron orbitals [51215/2 and [62419/2 mentioned 

above. This possibility cannot be excluded a priori as 

the calculations are expected to reproduce the posi- 

tions of  the single-particle states to within a few 
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hundred keV only. However, these orbitals are cal- 

culated to remain strongly coupled over the entire 

range in he) and no significant signature splitting 

would result. This is contrary to the experimental ob- 

servations and reinforces our assignment based on the 

v [ 642 ] 3/2 orbital for this SD nucleus. 

In summary, two new SD bands have been re- 

ported in 191Hg. These bands are characterized by 

slightly larger moments of inertia than the previously 

reported SD yrast struct are. In addition, some sig- 

nature splitting between the two bands is present at 

he)> 0.2 MeV. These observations are corroborated 

by Woods-Saxon cranking calculations which em- 

phasize the role of the N = 6  (i13/2) proton, N = 7  

(J 15/2) and [ 642 ] 3/2 neutron orbitals. 
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