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^bstract: States of excited íhrough the '^''Au(a,-3n) reaction at =  30 to 55 MeV, were
studitú using in-bcam ¿'-spccíroscopic techniqucs. Excitation funotions, y-ray angulir distri- 
bmions, y-y coincidcfices, ha!f-¡ives in the nscc and/(sec reeions and coiivcision electrón spcctra 
were measurcd. As expccted, due to the dificient type of expcrimeiM, a completcly new scher.ie 
was found as compared to the known data. Two“rotaí¡ona!-lik;c'’ structurcswcrefoundbased 
on isoiTioric states at 934.3 keV (J^ — 8~, =  12.3-J;0.3 nsec) and 6K7.1 keV {I" — (5)'*', 
7^ =  150^40 nsec). The intrinsic stjucturc of the band based on the 8* isomer is iníerpreted 
as beirs the toupüng of a h j  proton strongly coupled to the nuclear syn’.metry axis and a rota- 
tion-aligncd Í !j quasi-neiitron. A diagonali.r.ation of the particlc-rotation coupling Hamil- 
tonian wiihin the rih»®í>¡:j configuration space lends support to this dcscriplion.

NUCLEAR, REACTION 3ny), £  == 30-J5 MeV; mcasured Ey, I.,,
. /). y-y coin, /„■ '®®TI dcduccd leveis. J, n , T. ,̂ ICC, y-mixing. Gc(l.i) 

detectors, orange /S-spectrometer.
cíe,. Ey. (

1 . íntroduction

Doubl'y odd.íhalliuni isolopes have beeii investigated in the past mainly through 
the electrón capture decay ortnc gfound states of the corresponding lead isotopes 
In ’.his proccss only the low energy, low-spin part of the spectra are reached. Also 
soKie studies coficerning high-spin long-lived isomcrs have been carried out through 
(p. n) [ref. ^)] and (H í, .\n) [ref. '^)] reactions. From Ihis work, the y-dccay of these 
1^ states 10 the grcund State is known. Until now no in-bcani measurements c f the 
p rrm pt -/-rays following the production of these nucleidcs have bcen made. O a the 
coiiti-ary, the situaücn is very difrerent in the odd-mass thallium nuclei. Many of 
theni have been studied wiih heavy-ion reactions ®). There exists now very well 
establi'^hed evidcnce for the exislence of rotational bands ba.sed on the -S " [SvOSIp-roton

1 Oa icave of i'oscncc from Deparíanicnto de Física Nuclear, Comision Nacional de Energía 
Atonúíi;, IVaeiios Aires, Argen'.ina.

This work was partly suppcrted by the DAAD (Deutsclier Akadeanischer Austauschdienst).
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Nilsson State with óblate deformation. These states display the right features as to 
allow an interpretation in terms of a  so-called strongly coupled band. This is the typical 
situation for a particle well above the Fermi surface coupled to an óblate core ’’’).

A very interesting phenomenon takes place here, which can be understood as a 
shape transition. Thallium is spherical in the ground State; it is just one single hole 
in a  lead core. W hen the odd proton jumps to  the next higher-lying m ajor shell we 
are left with a Hg core and the extra polarizing eífects of the particle in the high-singl?- 
j  equatorial orbital (;’p =  f " ,  =  f). In this, situation it is energetically more 
favourable for the system to adopt a certain permanent óblate deformation, although 
it is not clear up to now to what extent the wave function is spread out in the fi-y 
plañe ®). We believe now that it is very likely that such a behaviour is also realized 
¡n even-mass thallium nuclei.
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2. Experimental procedures and rcsults

The experimental Information presented in this paper is the result of work done in 
three diffcrent laboratories. The first set of experiments has been performed with the 
a-particle beam from the Buenos Aires synchrocyclotron at the AEC of Argentina. 
This work comprises the measurement of •y-ray excitation functions, activity spectra, 
a preliminary run of y-y coincidences and the search for isomerism in the /ísec región, 
making use of the natural time structure of the beam. The second one was done with 
a similar beam from the Jülich isochronous cyclotron. The y-ray angular distributions, 
y-y coincidences and time distributions in the nsec región were obtained. Conversión 
electrón spectra were measured at the Bonn University variable energy cyclotron 
making use of the orange ^-spectrometer facility.

2.1. EXCITATION FUNCTION MEASUREMENTS

The usual way to do a preliminary isotopic assignment of the different y-rays 
following a (HI, An-i).reaction is to measure their yield as a function óf the bombarding 
energy. in  heavy mass nuclei and at not too high excitation energies of the compound 
system, reactions which involve only neutrons in the exit channel are by far the predom­
inan! ones. In additionthecrosssections for reactions which diíTerinone evaporated 
neutrón are very well separated and have characteristic shapes so that the Identifi­
cation on this basis, especially in the case of a monoisotopic target, is almost certain. 
With the aid of a beam degrading device, consisting essentially of aluminium absorber 
foils of diñerent thicknesses, a 6 mg/cm^ gold target was irradiated with an a-particle 
beam of energies ranging from 30 to 55 MeV in 5 MeV steps. A 30 cm^ Ge(Li) 
detector o f about 3 keV resolution for the 1.33 MeV ®°Co line has beeri used. Spectra 
were accumulated both during and between the beam bursts, using a gate signal 
derived from the frequency-modulation system’of the synchrocyclotron, in order to 
get cleaner, activity-free spectra for the in-beam part and also to make a ñrst search 
for lifetimes greater than a few /tsec. The (a, 3n) reaction was found to peak at an
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energy around 35 MeV. Fig. 1 shows a spectrum taken at his energy with the detector 
at 90° to the beam direction, it includes both in- and out-of-bcam contribuíions.

' 2.2. ANGULAR DISTRIBUTION MEASUREMENTS

The spectra for the angular distribution measurcnients were taken at six angles 
between 90° and 165° in 15° steps. The details of the set-up are described in ref.

. A 40 cm^ Ge(Li) (FW HM  =  0.95 keV at 122 keV) was used as the movinj; detector, 
shielded with an Ta-Cd-Cu absorber sandwich of optimized thicknesses to i'educe the 
strong X-ray intensities. A second fixed 12 cm^ Ge(Li) detector placed at 45“ was used

Fig. 1. Singles y-ray spectrum from the *’ ’Au(a, reaction at «  35 MeV. Lmes
labelled only with. their energies represent transitions in ‘*®T1. The symbol (m) denotes ,incs coming 

from the decay of ‘»«“T1. The letter B indicates background peaks.
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T a b l e  1

The ‘®“T1 y-ray energies, angle integrated y-intensities and angular distribution coefficients ín the
*®'’Au(a, 3n) reaction at «  35 MeV.

( k e V ) > )  .
A 2 I A 0 A J A o

1 1 1 .2 2 . 5 ± 0 . 3 - 0 . 7 5  ± 0 . 0 7 0 . 3  ± 0 . 1
1 1 5 .8 ■ 2 . 0 ± 0 . 3 •

1 1 6 .8 2 . 9 ± 0 . 2 - 0 . 5 0 ± 0 . 0 7 0 . 0  ± 0 . 1
1 2 2 .2 1 8 . 4 ± 0 . 9 - 0 . 4 1  ± 0 . 0 2 0 . 0 3  ± 0 . 0 3
1 3 0 .5 1 8 . 7 ± 0 . 9 - 0 . 2 0 ± 0 . 0 2 - 0 . 0 7 ± 0 . 0 3
1 4 3 .5 1 . 2 ± 0 . 5

1 8 8 .6 4 . 7 ± 0 . 2 - 0 . 4 5 ± 0 . 0 5 - 0 . 0 8 ± 0 . 0 6
1 9 6 . 4 1 4 . 8 ± 1 . 0 - 0 . 6 4 ± 0 . 0 5 - 0 . 0 8 ± 0 . 0 5
2 2 3 . 0 7 .3  ± 0 . 7 - 0 . 3 0 ± 0 . 0 5 - 0 . 0 4 ± 0 . 0 4
2 4 6 . 0 2 1 . 0 ± 1 . 0 - 0 . 4 9 ± 0 . 0 2 - 0 . 0 6 ± 0 . 0 3
2 5 9 . 0 • 4 4 . 0 ± 2 . 0 - 0 . 4 8  ± 0 . 0 2 - 0 . 1 0 ± 0 . 0 3
2 5 9 . 9  •>) 8 . 0 ± 1 . 0

2 7 5 . 6 1 1 . 2 ± 0 . 5 - 0 . 5 8 ± 0 . 0 2 - 0 . 0 1  ± 0 . 0 2
2 7 9 . 0  ■ 1 3 . 9 ± 0 . 7 - 0 . ' 4 5 ± 0 . 0 2 0 .0 1  ± 0 . 0 2
2 8 2 . 8  " ) 6 7 . 0 ± 3 . 0

2 9 0 . 5 1 3 . 1 ± 0 . 6 - 0 . 4 5  ± 0 . 0 2 0 . 0 4  ± 0 . 0 3
2 9 1 . 9 6 . 6 ± 0 . 3 ‘' 0 . 2 4 ± 0 . 0 3 .  - 0 . 1 9 ± 0 . 0 4
2 9 6 . 7 4 . 6 ± 0 . 3 - 0 . 5 6 ± 0 . 0 4 - 0 . 0 1  ± 0 . 0 4
3 0 3 . 7 1 . 5 ± 0 . 5
3 1 2 . 6 6 . 3 ± 0 . 3 - 0 . 7 1  ± 0 . 0 4 0 . 0 7  ± 0 . 0 5
3 1 6 .1 1 .9  ± 0 . 2 - 0 . 5 8 ± 0 . 0 9 0 . 0 9  ± 0 . 1 2
3 2 4 .1 9 . 3 ± 0 . 5 - 0 . 5 7 ± 0 . 0 5 0 . 0 6  ± 0 . 0 5
3 2 6 .1 1 3 . 0 ± 1 . 0 0 . 3 6 ± 0 . 2 0 - 0 . 2  ± 0 . 2
3 2 6 . 9 1 2 . 0 ± 1 . 0 - 0 . 6  ± 0 . 2 0 . 3  ± 0 . 2
3 8 1 .1 3 . 8 ± 0 . 6 0 . 2 8  ± 0 . 1 6 0 . 3 0 ± 0 . 2 6
3 9 0 . 6 1 5 6 . 0 ± 8 . 0 - 0 . 2 8 ± 0 . 0 2 - 0 . 0 6 ± 0 . 0 3
4 0 1 . 5 1 2 . 3 ± 0 . 6 - 0 . 5 6 ± 0 . 0 2 - Ó . 0 3 ± 0 . 0 3
4 5 6 . 8 1 6 . 5 ± 1 . 0 - 0 . 7 3  ± 0 . 0 2 0 . 0 5  ± 0 . 0 3
4 7 2 .1 5 . 7 ± 0 . 3 0 . 2 8  ± 0 . 0 6 - 0 . 1 5  ± 0 . 0 8
4 8 8 . 6 3 .3  ± 0 . 3 - 0 . 2  ± 0 . 1 0 . 3  ± 0 . 2
5 0 5 .3 5 . 5 ± 0 . 3 0 .1 1  ± 0 . 0 8 - 0 . 3  ± 0 . 2
6 0 2 . 4 ' ) 4 . 3 ± 0 . 6 0 . 1 8 ± 0 . 2 0
6 0 3 . 0  “=) 1 1 .0  ± 1 . 0 0 . 4  ± 0 . 2
6 3 9 . 5 5 . 9 ± 0 . 3 0 . 3 6 ± 0 . 0 5 - 0 . 0 2 ± 0 . 0 6
6 4 7 . 7  <=) 4 . 0 ± 0 . 4 0 . 1 5  ± 0 . 0 8
6 5 0 . 7 5 .1  ± 0 . 3 0 . 3 2 ± 0 . 0 5 - 0 . 1 0 ± 0 . 0 7
6 9 8 . 2  ‘ ) 3 . 0 ± 0 . 3 0 . 4  ± 0 . 1  .
7 1 9 . 0 1 . 7 ± 0 . 2 0 . 6  ± 0 . 1 - 0 . 2  ± 0 . 2
7 6 5 . 0 4 . 5 ± 0 . 4 - 0 . 1 3 ± 0 . 0 6 0 . Ó 4 ± 0 . 0 8
7 7 8 .1 6 . 5 ± 0 . 5 0 . 3 7 ± 0 . 0 5 0 . 1 5  ± 0 . 0 6
7 8 4 . 7 2 . 0  ± 0 . 4
7 9 1 . 6 1 0 . 9 ± 0 . 7 - 0 . 7 7 ± 0 . 0 3 0 . 0 3  ± 0 . 0 4  

f

•) 0.1 keV.
") These transitions are only fed through the 1* isomer =  1.87 h>, its intensities depend on 

details o f the irradiation.
‘) The fit was performed with the constraint =  0.
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for normalization purposcs. Several in-bcam peaks in the 12 cm^ spectra were evalu- 
ated for each angle and the sums were taken as the normalization constants. In 
addition correctioni for dead-time losses were performed. This method has the adyan- 
tage over the clássical pulser procedure that contributions from induced radioactivity 
which are not proportional to  the bcam current are excluded. The whole angular 
range was covered three times and the corresponding spectra were suramed up for 
the subsequent analysis. Table 1 shows the results obtained from this analysis for 
those y-ráys which belong to ^®®T1. The ly represent the angle integrated intensities, 
A 2 JAQ and A J A q  are the experimental angular distribution coefficients, i.e. with the 
attenuation fáctors included. Fig. 2 shows some angular distributions of dipole 
character for the cascade ending on the State depopulated by the 390.6 keV transition.

90° 120* 150» 160“ SO- 120° 150” 180° 90° 120° 150° 180°
--------- - 0

Fig. 2. Experimental angular distributions of dipole-type transitions in the negative parity band.

One can see how the anisotropy becomes more pronounced as one proceeds towards 
higher excitation energies. In order to do spin assignments and to  extract the quadru- 
pole mixing ratios a y}{ó) fit to  the data was performed.

2.3. THE y-y COINODENCE EXPERIMENT

The coincidence data are the most powerful tool for constructing a level scheme. 
To get arguments o f comparable quality from energy sums and intensity balance the 
precisión of those measurements has to be improved significantly over the present 
status.

The definitive runs at Jülich were carried out with two Ge(Li) detectors of 71 cm^ 
(3 kcV FW HM  at 1.33 MeV) and 40 cm^ (1 keV FW HM  at 122 keV) positioned at 
125® and 140° with respect to the beam direction. The coincidence rate was about 1 
kHz. The employed technique is described in ref. For each event converting
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yi’within the time to amplitude converter (TAC) range the four coordinates ( f , 
^ n ’ ^iRf) ('-e- V-ray energies in the 71 and 40 cm^ detectors, time between.them 
and time between the radiofrequency pulse and the arrival of the 7-quantum in the 
71 cm^ detector) were digitalized in a (2K x 2K x IK  x IK ) matrix in four differ- 
ent ADC units, recorded on magnetic tape and sorted afterwards. Fig. 3 shows some 
of the coincidence spectra with gates set on members of the strongest cascade ending 
on the 12 nsec ispmer, these are prom pt coincidences. The first spectrum from below
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corresponds to a gate set on thc isoineric transition and  with the time vvindow dis­
placed to  the delayed side of the curve (this is the reason for the somewhat lower 
intensity). Essentially two independent farailies of 7-rays could be found. Tables 2 
and 3 show the results from a quantitative evaluation of all coincidence spectra. A 
coincidence efficiency calibration has been performed with a  source. Table 2
gives the results for the set of 7-rays which precede the 390.6 keV transition and table 
3 for those which are in prom pt and delayed coincidence with the 13(i.5 keV y^ray.

As a consequence of the great coraplexity of the spectra, not only because of the 
large number of transiiions but also and especially due to the presence c f  many inter- 
related double and triple lines, the sorting procedure became a very eítensive task.
In some cases it was necessary to sean the linos channel by channel. Fig. 4 shows an 
example of such a case for the triplet 324.1-326.1-326.9 keV. Each of the spectra 
corresponds to  a gate width of two channels in the projectÍ9n spectrum. This method 
can be very useful to  clarify how complex a line actually is, if this cannot be unambigu- 
ously determined from the analysis of singles spectra.

2.4. TIME DISTRIBUTION MEASUREMENTS

In the first set of experiments some runs were devoted to the searcli of half-lives 
in the ^sec región. N o transitions with half-lives greater than a few /ísec were found.

T a b l e  2

The y-intensities in coincidence for the set of lines related to the 390.6 keV transition [‘’^AuCa, 3n) a  35 MeV’.

STATES OF ‘®̂ T1 249

\  (keV) 

Gate
energy N. 
(keV)

122.2 246.0 259.0 296.7 381.1 390.6 401.5 488.6 505.3 647.7 698.0 765.0 791.6

122.2 19 30 86 10
245.0 71 229 6 225 96 10
259.0 116 269 48 477 79 57 61 51
296.7 10 22 26 15 30 w
381.1 21
390.6 '>) 200 171 331 ■ 26. 49 100 54 60 71
401.5 w ') 59 65 32 61
488.6 9 9 19
505.3 10 48 34
647.7 10 10
698.0 w 42 38 51 w
719.0 23
765.0 18 23
791.6 • 19

•) The intensities in coincidence with ths 246.0, 259.0 and 390.6 keV y-rays have error; between 10 and 20 %, 
the other errors range up to 50 % for the weakest lines.

”) This gate has an out-of-beam time window (see fig. 3). «
')  The Symbol w indicates that a weak line is probably present.
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Fig. 4, The y-y coincidence spectra corresponding to the gating y-ray energies given in the insert
(see text).

For the nsec región the relevant data are already contained in the measurement dis- 
cussed in the preceding subsection.

The time distributions of the different y-rays with respect to  each other can be ob- 
tained displaying the t^y signáis with a gate on a given y-line in- one detector and 
accepting the entire y-spectrunv in the other. This method is ideal for a case like the 
390.6 keV line which directly depopulates an isomeric staíe and feeds subsequently 
a very long-lived S ta te  (7'^, =  1.87 h). In this case the whole intensity is retarded 
with respect to  all members o f the higher lying cascade and no probleins of sub- 
traction of prom pt components arise. Fig. 5 shows the results for this transition and 
for comparison a prom pt time distribution.
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STARTiRjULENERGY RANGE OF VICM^ DETECTOR 
STOP=36a9keV(®9Tl)

PROMPT TIME 
DI5TRIBUTI0N

-Tjj lTz=1405nsl

Fig. 5. Two spectra displaying tyy gated on the 390.6 and 366.9 keV transitions. We see at 
side the time distribution of the 12.3 nsec isomeric traasition with respect to the intraband y- 
the negative parity band; at the right side, for comparison, a prompt time distribution is

the left 
-rays of 
shown.

It is well known that the measured time distributions represent the convolution 
between the prom pt response of the circuitry and the exponential decay of the delayed 
radiation. For half-Iives comparable to the time resolution of the system the “ cen- 
troid shift” method is statistically the best determination of which leads to 
12.3 +  0.3 nsec.'

As also already presented in the preceding subsection there is a y-ray of 130.5 keV 
which has transitionS both in prom pt and delayed coincidence with it. In order to 
determine the decay constant of the delayed component we set gates on lines which 
are known to be only in delayed coincidence and follow the intensity of the 130.5 
keV radiation as a function of t.̂ .̂ Fitting these numbers with an  exponential function 
we obtain the valué =  150+40 nsec.

3.5. CONVERSION ELECTRON MEASUREMENTS

In-beam y-ray and conversion-electron spectra were taken at 35 MeV a-particle 
bombarding energy. The electrons were measured using an iron-free orange-type 
spectrometer with a momentum resolution around 0.4% . Further details on the 
equipment and set-up are given in the literature Two different runá were made 
irradiating thin gold foils of 0.6 and 0.3 mg/cm^, respectively with a beam current of 
150 nA. Fig. 6 shows a spectrum which corresponds to the first target. I t ranges from 
Bp K 1380 to 2280 G • cm and includes K-shell conversión lines belonging to y-ener-
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Fig. 6. Conversion-electron spectrum prodaced by 35 MeV helium ions on a 0.6 mg/cm^ ‘®’Au 
target. Electron Unes labelled only with the corresponding y-energies and an indicaron of the shell

in which they convcrt belong to ‘^®T1.

gies between approximately 230 and 420 keV. We obtain the conversión cocfficients 
in this región by normalizing to the known valué for the 381.8 keV £3  transition 
from the decay of

The second target was u'sed to  cover that energy portion includirg the L-shell 
conversión groups of the 122.2 and 130.5 keV transitions. The multipolarity of the 
122.2 keV y-ray was determined from the L I/LII ratio and in tum  used as normali- 

. zation. In this way the results shown in table 4 for the 130.5, 188.6 and 196.4 keV 
lines were obtained. The acccpted character for the transitions follows from both 
angular distributions and conversion-coeíñcient data.

5. The level scheme

Part of our preceding knowledgs about ^̂ ®T1 comes from some early work on the 
electrón capture decay of ‘ ®*Pb [ref. ^)]. Only states with low spins (0“ , 1“ , 2 “ ) are 
populated in this process. We fail to observe any of those statcs. As exp^cted, the 
(a, xn )  reaction leads us to a completely unrelated part of íhs spectrum. The only 
data already known at the present time which also appears in our work, is 
represented by a long-lived (1.87 h) isomer at 543.7 keV and its y-dacay to the 
ground State. This decay and also the EC branch to ‘®®Hg have b^en ¡-einvastigated 
by Pakkanen so that we considar th;s part of the schsm; as firmly establishsd.
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'  T a b l e  4  

Conversión electrón measuremcnts

Ey (keV) as*) ®K. Ibeor ®Li theor Li/Lii (Li/Lii)iheor aK.pre».‘) Accepted 
multipolarity “)

122.2 o!639(Ml) 7.2 9.78(M1) M1/E2

130.5 0.55 0.528(M1) 7.6 9.79 (MI) M1-E2

188.6 0.80 1.2KM1) M1-E2

196.4 1.0 1.08(M1) M1-E2

246.0 0.52 0.575(M1) • M1/E2

259.0 0.58 0.500(M1) M1/E2

275.6 0.44 0.421 (MI) M1-E2

0.079(E2)
M1-E2279*0 0.16 0.407 (MI)

0.0768(E2)
M1-E2290.5 0.45 0.366(M1)

0.070(E2)
M1-E2291.9 0.36 0.364(M1)

0.0695(E2) ,
296.7 0.52 0.346(M1) M1/E2

312.6 0.31 0.300(M1) r
M1-E2

0.0589(E2)
M1-E2324.1 0.18 0.27KM1)

0.0539(E2)
326.1 0.16 •■) 0.265(M1) M1-E2

326.9 0.0531(E2)
.366.7 0.082 0.19(M1)

0.04(E2)

0.0'5 ±0.02 E2-M1

369.7 0.14 0.19(M1)
0.04(E2)

0.17 ±0.03 M1/E2

381.8 0.098(E3) 0.10 ±0.01 E3

390.6 0.012 0.013(E1) El

401.5 0.21 0.15(M1) M1/E2

“) The errors for thc conversión coefficients range fronx 20 to 40 % depending on the intcnsity
and complexity of the Une. . . „ «  •

■’) We were not able to resolve this complex Une, we quote a “joint coufficient.
‘) «K Drtv. refers to previously measured valúes ’ ), shown for comparisoa.

- '*) MÍ/E2 means weli known, in general small quadrupole admixtures, whereas M1-E2 mdicates
somewhat larger 6^ but not so well determined.

Bccause of the above mentioned facts we do not expect to reach directly any level 
lyiñg in between the 7+ isomer and the ground State. Moreover, this is also supported 
by the coincidence measuremcnts (gating the 259.9 and 282.8 l:eV transitions there 
is nothing in coincidence besides the 260.9 keV y-ray which depopulates the 7+ 
isomer). The 7"̂  State represents for us, practically, an eíTective ground State, with the
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Fig. 7. Level schenie proposed in the present work. The arrow widths for transitions in the negative 
parity band are proportional to the total transition intensities; for the positive parity part they 
just reflect the y-intensities (in this case the mixing ratios are not so well known, see text). The same 

is valid for the indicated relative intensities.

only différence that we can check the consistency of building up structures on it by 
means of an intensity balance. We shall come back to this point later.

We show in fig. 7 the level scheme constructed on the basis of the data presented ‘n 
the preceding section.

Two completely disconnected families of y-rays were found, we shall therefore 
divide the following discussion in two parts.

3.1. THE NEGATIVE PARITY BAND ’

This band is pictured at the left side of ñg. 7, the data supporting this scheme are 
given in tables 2 and 5 and also in fig. 3.

The 390.6 keV y-ray is by far the strongest line in the spsctrum, the rest of the 
cascade is in delayed coincidence with it and these transitions app^ar with relative 
intensities as in the singles spectrum (see fig. 3, first spactrum from below).

These facts firmly establish an isomeric S ta te  at 934.3 keV, the half-life of which is 
measured to  be 12.3 ±0.3  nsec.

•From a quantitative anaiysis of the coincidences (table 2) the sequence shown in 
fig. 7 can be constructed. The angular distributions tell us that all the cascade transi-



tions are of L =  1 character with small quadrupole admixtures. The additional 
assumption of being M I is necessary to achieve consistency for the proposed partial 
level scheine. This is specialiy important in the case of the 122.2 keV transition which 
should have, if magnetic, a total conversión cocfílcient of w 5. We shall ¡Ilústrate this 
point in the case of.the spcctrum obtained gating with the 246.0 keVy-ray. Inabsence of 
internal conversión the intensities of the 259.0', 122.2 and 390.6 keV transitions have 
to be equal. The v-coincidence intensity of the 259.0 keV line is 229; correcting for 
internal conversión (and taking into account the measured mixing ratio) we obtain 
365 for thé total transition strength, which in turn gives 85 (67) for the y-intcnsity 
of the 122.2 l:eV line (depending on the used mixing ratio, see table 5), as compared 
;to 71 units (measured). The valué of 225 for the y-intensity of the 390.6 keV transition 
is somewhat low, but the explanation is found in the fact that, because of its lifetime, 
part of the intensity lies outside the accepted TAC window for prom pt coincidences. 
All cross-over transitions within the band have been found both in singles and coinci- 
dence spectra, lending further support to the level ordering.

Concernirg the.spins o f.the levels the following can be said. A analysis of the 
angular distributions of the dipole type cascade transitions allows only the possibili- 
ties / - +  /± 1 .  The minimum valúes for the /->■ / - I  option are systematically 
somewhat smaller than for the /  -> /+ 1  case. Although this difference is not necessary 
statistically significant, some weak indication can be obtained. There are two addi­
tional arguments that favour the monotonic increase of the spin sequence. The first 
one comes from the excitartion function measurements. If  the ratio of the y-yieid 
of the eascade members to the yield of the 390.6 keV transition is plotted against the 
bombarding energy a constant increase of the slope with incréasing a-particle energy 
in the following order is obtained; 122.2, 259.0, 246.0,401.5 and 296.7 keV. Also 
the ratio of / ,  (390.6 keV) to the 7+ isorner yield increases with energy suggesting a 
higher spin for the band head.

We can see in table 5 the mixing ratios obtained corresponding to  the /  -» / - 1  
assumption. The 390.6 keV y-ray is a fairly puré dipole, while the intraband transitions 
have some small, constant, quadrupole admixtures. The incréasing anisotropy of 
the angular distributions (see table 1 ) as one proceeds towards higher excitation ener- 
gies, indicates a higher alignment of the states and in turn a higher proximity to the 
high-spin starting points o f the deexcitation process of the compound system (after 
the emission of the last neutrón).

The negative parity o f the band results from the conversion-electron measurements
(see table 4). .

3.2. THE POSITIVE PARITY PART OF THE SPECTRUM

This part of the excitation spectrum is not so strongly populated in our reaction 
and it is also considerably more complex than the already discussed one. The scheme 
was constructed in such a way that consistency with the extensivo coincidence rclations 
given in table 3 is achieved. It is drawn at the center and right side of fig. 7.
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T able 5
Level properties for the negative parity cascade
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•E'iev.i (keV) Energy o f •) d
depopulating .
y-rays (keV)

934.3 390.6 158 ± 8  -0 .035 8 '
( -0 .043; -0.01I3)

1056.5 122.2") 101 ± 5  -0 .5 3  9 -
-1 .5 4

( -1 .6 5 ;-0 .4 4 )
1315.5 259.0 70 ± 3  -0 .1 6  10"

(-0 .17 ; -0 .1 4 ;
381.1') 3.8±0.6

1561.5 246.0 35 ± 2  1-0.16 ' 11-
(-0 .1 8 ; 0.14)

505.3 5.5±0.3
■ 1963.0 401.5 14.6 ±0.7 -0 .1 9

(-0 .2 1 ; 0.17) 12-
647.7 4.0 ±0.4

2259.7 296.7 6.5±0.4 -0.21
(-0 .2 8 ; -0 .1 4 )  13-

698.2 3.0±0.3
(2748.3) 488.6 3.3 ±0.3 O

784.7 2.0±0.4
(14-)

')  The errors for the total transition intensity do not include uncertainties ¡n Ihe mixing ratios.
"’) There are two mínima in tlie plot below the 0.1 % limit.
‘) Because of the weakeness of the cross-over transitions, no indication could be obtained from 

the analysis concerning their character or mixing ratios; nevertheless they display positive 
anisotropy.

The fact that there aresom ev-linesinprom ptand someotherindelayedcoincidence 
With the 130.5 keV y-ray led us to postúlate the unobserved 12.9 keV transition. The 
130.5 keV line was scanned channel by channel in order ío try to find out if the peak is ac- 
tually double, but we found the same distribution for the prom pt an<i delayed coin- 
cident radiatíon. Also we did not find a consistent scheme assigning this transition 
twice. Further weak support is given by the small 303.7 keV cross-over transition.

We have already mentioned that the assuraption that all the transitions feed the 
isomeric State has to be checkéd by means of an intensity balance. The total feeding 
o f the State can be obtained in the following vvay: One has to measure the intensity 
of the 282.8 keV y-ray when the irradiated larget is in saturation (otherv/ise corrections 
have to be made), using then-the y and EC branchings given in ref. one is able 
to get this population. We take it to be (100± 13) %. The relativo partial cross section 
for the formation of the 8 “ state is given by the total transition intensity of the 390.6
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Data from the analysis for tbe lines of the positive parity part of the spectrum “)
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Ey Aotal Type of 6
ffiax)

Zmin̂
(keV) . transition (K,n;S

130.5 •>) 96 ± 5 • / - > / ± l « 0 16.4

188.6 11.5±0.5 -0 .1 4 3.3

/ - > / + l  ■
(-0 .21 ; 

0.21 
( 0.10;

-0.07)

0.29)
3.3

196.4 23 ± 2 / - > / - l -2 .47 4.6

/ - > / + l
(-2 .74 ;

3.49
-2 .25)

4.6
( 3.08; 4.01)

3.5275.6 16.7±0.7 7 - > / - l -0.21

/ - > / + l
(-0 .25 ;

0.29 
( 0.25;

-0 .18 )

0.32)
3.5

290.5 15.9±0.7 l ^ l - \ -1 .6 0 5.4

/ - > / + l
(-1 .73 ;

2.47
-1 .38)

5.9
( 2.24; 2.75)

6.9291.9 8.3±0.4 J - > I 1.11
( 0.96; 1.28)

5.0312.6 7.7 ±0.4 -1 .03

/ - > / + l
(-1 .48 ;

1.60
-0 .55)

5.0
( 0.53; 2.0.S)

5.8324.1 11.1 ±0.6 / - ^ / - l -1 .11
-0.5f!)

/ ^ / + 1
(-1 .38 ; • 

1.48 5.8
( 0.62; 1.73)

30326.1 ‘) 14.8 ±1.0 I - ^ I 1.88
( 1.60; 2.25)

35326.9 ') 13 ±1 / - > / - l -4 .01

/ - * - /+ !
(-4 .70 ; ■ 

9.51 .
-3.49)

37
( 5.67; 14.:¡)

2.9456.9 16.5±1.0 / - > / - l -0 .62
-0 .49)(-1-37;

1.11 
( 0.67; I.ÓO)

2.9

472.1 5.7±0.3 A -)
602.4 4 ±1 A *
603.0 11 ±1 A
639.5 5.9+0.5 A
650.1 5.1 ±0.5 A

7.4778.1 6.5±0.5 2.75

. /+ 1  -2 .2 5  7-5
(-2 .7 5 ; -1 .73)

• “) Only those possibilities are Usted for which the Xmin̂  valué lies below the 0 , 1 % confidence limit 
(except in two cases). “) See text. ')  Very degenerate doublet.

“) A: In these cases all A I  = 0 ,  ± 1 , ± 2  are allowed.



keV 7-ray and represents (5 0 + 4 )% ; we obtain also (32 +  3 )%  for the 130.5 keV 
and (6+0.5) % for the 456.8 keV transition. We see that there is np contradiction on 
this point.

The relevant data for the discussion of the spin assignments are collected in table 6. 
Only those possibilities are listed for which the lies below the 0.1 % confidence 
limit (except for two cases), the other ones have in general valúes ene to three 
orders of magnitude larger. Due to the greater complexity of this part no unique 
valúes for the spins can be obtained. Let us now discuss briefly the different possibili­
ties. •

Levels at 67^.2 and 1000.3 keV. The first level decays to the T"*" isomer by means 
o f the 130.5 keV y-ray. This line shows the smallest anisotropy among the measured 
stretched dipole-type transitions (see table 1). This is obviously due to the fact 
that a considerable amount of its intensity goes through the 150 nsec isomeric State. We 
assume that for practical purposes this part is completely attenuated. In  order to 
investigate the character of the transition this isotropic contribution has been sub- 
tracted, transfcrming into y-intensity the total intensity of the 603.0, 279.0 and 290.5 
keV transitions. This has to be done in an iterative way because the unknown mixing 
ratio enters in this calculation! The smallest has been found for a fairly puré 
magnetic dipole (5 «  0). This fact would give us the options ó'*' or S"*" for the r  of 
the level in question. Another arguraent supports this assignment: The 456.8 keV 
transition is of /  -> 7 ±  1 type, which gives spin 6 or 8 for the level at 1000.3 keV. This 
level decays also by means of the 326.1 keV line to the level in discussion. This line 
is very degenerate with another of 326.9 keV and.it is admittedly hard to separate 
them, although this can be done and the /  -> /  option is strongly favoured over all 
the others. In addition the M 1/E2 character for the 130.5 keV comes cu t from the 
conversion-electron measurements.

The 291.9 keV line, which is in prom pt coincidence with the 130.5 keV y-ray, has 
/  - » /  character; regarding the possible spin valúes for the level a t 647.2 keV we also 
obtain 6 or 8 for the present one. The four lines of 290.5, 279.0,'312.6. and 324.1 keV 
are of the A I = 1 type. Unfortunately there are not enough statistics to obtain a 
definitiye answer about the character of the cross-overs, in particular the two transi­
tions of 603.0 and 602.4 keV are also very degenerate and a x" analysis leaves the 
question completely open, except for the limitation \AI\ g  2. The allowed combi- 
nations (listed in the level order within each of them) would be 5, 6,4 , 5; 5, 6, 6,7(5); 
7, 6, 6, 7(5); 7, 6, 8 , 7; 7 ,S , 6, 7, 7, 8 , 8 , 9(7); 9, 8 , 8 , 9(7); 9, 8, 10, 9. From  here on 
only weak arguments can be made. Due to the fact that the branching from the 150 
nsec S ta te  to the isomer is not observed, we shall try to keep the spin difference 
belween them as large as possible. Anaiogous arguments can be made for the state 
at 977.6 keV. The cross-over transition to the 674.2 keV S ta te  (parallel to the 291.9 
keV line) is in the' best case very weak. This would probably suggest that the two 
nearby states do not have the same spin. In addition, the fact that the population of 
this part o f the spectrum is much weaker than for the negative parity band lead i s to
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choose thc first one of the above mentioned combinations as the best catididate. i t  is 
just in this spirit that the tentaíive assignments shown in fig. 7 have to be considered.

For the levéis at 1617.1,1892.7 and 2089.1 keV, all the transitions connecting them 
are o í A I  = 1 type. For similar reasons as given in the preceding subsection we shall 
propose a normal increasing spin sequence (6, 7, 8 ).

The positive parity of this part is also firmly supported by the measured conversión
coefficients.

4. Intcrpretation of the mcasurements

4.1. RELEVANTDEGREES.OFFREEDOM

As mentioned in the introduction, TI isotopes display a very interesting feature, 
namely the transition from a spherical to a deformed shape, above a certain excitation 
energy for some specific fámilies of states.

The low-energy lovv-spin part of the spectra in both odd-even (o-e) and doubly odd 
(o-o) isotopes can be accounted for in simple spherical shell-model terms 2. is . iS) 

The relevant single-particle excitations for ths discussion of this part are those 
arislng from s^ and d^ (positive parity) and h ^  (negative parity) orbitals for the 
protons and from p^, p^, f^ (negative pan ty ) and î x (positive parity) for the neutrons.

The s^ proton appears as the ground-state configuration in odd-mass thallium 
nuclei; the first excited states being can be identified as a hole in the d^ orbital. As 
long as the odd proton remains in the major shell ending at Z  =  82 we have to deal 
with a single hole in a lead core. The lowest excitation of this doubly even core is a 
2'*’ quadrupole phonon at approximately 1 MeV. The properties of the low-lying -f 
second-excited states in o-e TI can be reproduced by coupling the s^ proton to this 
phonon. This was done by sev.eral authors in the framework of the particle-vibration 
coupling scherae ^®) and in the pairing-plus-quadrupole ‘®) model. In this situ- 
ation the pairing forcé only can be eíTective for the neutrons.

The first -y~" state of non-collective nature (the meaning of this statement will 
become clear shortly) does not appear below 1.3 MeV and. can be identified as the 
opposite parity h ^  hole. The available data ^°) are given in table 7; as we can see 
there the excitation energy of this degree of freedom remains constant over a wide 
range of mass numbers (although the systematics are not complete).

At the neutrón side, we have in the odd lead isotopes the systematic appearance of 
low-lying negative parity states and \  . If we take as a  starting point, tne
spherical single-particle energies as given by M cGrory and R uó ^ ') , the experimental 
sequence can be reproduced with the aid of a pairing forcé. The independent fermionic 
excitations are then propsrly described by BCS quasiparticles. For instance, the baie 
particle p^ energy lies below that for f^. After turning on the interaction the occu- 
pation number distribution is no longer sharp and the Ferrai level is puslied up so 
that the f̂ . quasiparticle becomes the ground state pf the lead isotopes in the mass 
región around 200. Also the compiession of the quasiparticle spectrum as compared 
with the independent particle spacings is found in the data.
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Table 7
Systematics for 7+-2i” and S(h^-s^) enérgy differences
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A (Pb) A (TI) A (Hg)_ E ( l* -2 r )  E { ^ * . l r )  £ ( ^ - - i * )
(Pb) (TI) (Hg) (TI)

• (MeV) (MeV) (MeV) (MeV)

207 1.341
207 206 1.064 1.357
205 204 1.014 1.118

203 1.47
203 202 0.825 0.950
201 200 201 0.629 0.752 ' «  0.750

Í99 (1.394)
199 198 199 0.424 0.543 0.374
197 196 197 0.234 0.395 0.165

At somewhat higher energy the ¡4?. even parity orbital comes inte play showing a 
monotonic decrease with decreasing mass number (see table 7). The situation here 
is very diíferent to  that encountered for protons, because in going to the neutrón 
deficient side one is removing particles from the p^, f j  and p^ levels and the Fermi 
surface approaches the i^  State. Taking into account the above mentioned degrees 
of freedom it is easy to  discuss the already known low-energy part of the spectra in 
0-0  thallium nuclei. The low-spin negativeparity states can be constructed by coupling 
the low-spin even-proton states to  the low-spin odd parity neutrons. For instance, the 
gi-ound states are expected to be mainly [üs^ (g) allhough sorae configuration
mixing is likely to be present ‘ ®). Positive parity of low-lying states in 0-0  TI nuclei 
can result from the coupling between a neutrón of odd parity and ith.y. or a proton 
of even parity and vi î . In this way high-spin levels of positive parity may arise. The 
lowest states of this kind are certainly those of the second typc,’beca use of the much 
higher energy required to  excite the hole. Let us suppose t h a  the dominant 
component of the 7'*' isomeric states is [ñs^ ® vi-f I?*- If this would be the case íTie 
level spacing should vary with mass number in approximately the same way
as the i^-t^ spacing in the odd lead isotopes. The experimental situation is also 
displayed in table 7. As we can see both variation and magnitude of the spacings are 
very similar for the same number of neutrons, which supports the interpretation 
given above.

Now, when the odd proton jumps to  the next higher-lying major shell the situation 
changes in a rather drastic way. We are left with a Hg core and the extra polarizing 
effects of the particle in the high-7 shell. Looking at the Nilsson diagram *■) a t the 
Z  =  82 shell closure one can see that in going to  óblate shapes energy is gained from 
two sources: first the ĥ " [505] state'comes down and second the levsl density in the 
vicinity o f the Fermi surface increases allowing the development c f  pairing corre- 
lations (even when it is not clear to what extent) ®). In  addition, microscopically



calculated potential energy surfaces suggest some tendency to óblate shapes So- 
called strongly coupled bands based on this h . proton were in fact shown to exist ’ ) 
in all neutrón deficient odd-mass thallium nuclei below mass 200. Even when tlv.s 
band is strongly distorted by the Coriolis interaction, the situation is such that a t the 
beginning of the band the coupling to the deformed potential dominates the decou- 
pling tendency of this forcé The proton has henee a fairly well defined projection 
of its angular momentum along the symmetry axis, specifically the máximum posssble 
one, so that its j  points in thrs direction. We also try to describe'.his band in the 
framework of the particle-vibration coupling model in the QRPA approximation 
including third-order anharmonicities but it has recently become clear^that
higher-order terms are required in order to reproduce thé experimental data

In front of the above situation it is pertinent to review briefiy somc facts of the odd 
Hg isotopes.

We encounter here systcmatically low-lying i " ,  |  and f  states, the ordering 
of which can be reproduced if one assumcs some small óblate deformation. The 
quasiparticles associated with the r [ 5 0 1 ] ,  l '[ 5 0 3 ]  and r [ 5 0 1 ]  Nilsson states 
will respectively provide the basis for such an explanátion. This holds even when the 
blocking of the odd partióle is taken into account.

The next feature to be mentioned is th& appearance of states, recognized as the 
lowest members of decoupled bands on an iij. quasineutron with its angular mo­
mentum completely aligned with the rotation axis""^). The variation with mass 
number of the excitation energy of these states is again ind:cat.;d in table 7 and 
is also found to be similar to the situation in odd lead nuclei.

In view of the facts presented so far and the success of the particle-plus-rotor model 
in reproducing the rotational structures in odd mass transitional nuclei we will search, 
also in the doubly odd case, within this framework for a description of our experi­
mental results.
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4.2. THE MODEL
The system’s Hamiltonian is that óf the particle-plus-rotor model for the case of 

tv/o out-of-core particles [see for instance, ref. p. 85]. The configuration space 
for the intrinsic motion is spanned by allowing both protons and neutrons to move 
jn two sets of speciílc Nilsson orbits. In addition, a pairing interaction for each type 
of particle is separately taken into account and treated in the BCS approximation. 
The two well known superconducting cquations were solved for each valué of the 
deformation p. For this purpose, all Nilsson states belonging to the major shells 
below. and above Z  =  82 and =  126 respectively were taken into account. The 
pairing strength for neutrons, for which these effects are significant, was taken so as 
to  give a gap of »  0.7 MeV, of the order of the odd-even mass differences in this 
región; for protons we take Gp a; 0.13 MeV (this point will be ciscussed in some 
detail later). This procedure gives us the Fermi level, the quasiparticie energies uiid



the occupation amplitudes which are in turn used to calcúlate the reduction factors 
for the Coriolis matrix elements.

The resulting intrinsic states are then product states of a quasineutron and a quasi- 
proton which retain the quantum numbers of the Nilsson particles. N o residual 
interaction is considered between the valence particles. We only treat the rotational 
degree o f freedom of the core. The basis states for the whole system are then

\IM K ^  (Í3„, Í2p)> =iV a:(í2„)lBCS>„aJ(í2p)iBCS>p

+  (-l)'^^i)í,_K ,aI(í2„)|BCS>„a¡(í2p)lBCS>p} =  Í3„ +  Í3p),

\IM K ^  (Í2„, Í2p)> =  N  {i)f,,^.aI(í2„)|BCS>„aJ(í2p)lBCS>p .

+  ( -  l y aI(í2„)lBCS>„a;(í3p)lBCS>p}

[e.g. Í2  ̂ g  Í2„; =  |í2„-í2p|; N  = ((2 I+ l)ll6n^)^]  with energies 
£p(üp) + {h^¡29) The quantities Í3„ and Qp are always taken to be
positive and the Bohr and Mottelson sign conventions are used throughout. 
Operators otJ(í2„) [aj(í2p)] create a quasineutron [proton] in a State characterized 
by the quantum numbers «, Í3„ {p, üp). Further, and £p(í2p) are the quasi-
particle energies and h^jlO has been calculated using the traditional Grodzins relation, 

=  2 0 4 /? - 2 ^ - í  [ref.»)]. ■
In this basis vve diagonalize the particle-rotation coupling term which in our case 

takes the form

=  - ( A ^ /2 9 ) { ( /V -  +  /V " )+ 0 ;;:+ y p 7 :)+ Ü p ^ 7 p -  

Jip'^Jnjn Jin)}

Only the one-quasiparticle part of the operators are efíectively used because we al­
ways restrict ourselves to systems of two independent quasiparticles. The last coupling 
term is written in a somewhat unusual manner to indicate that it has nondiagonal 
matrix elements between different Nilsson states provided they have the same Q. 
Due to the fact that the stepping operators are only able to connect Nilsson orbits 
of the same parity, our configuration space divides naturally into several systems. In 
first place the systems ñh.^ ® vi^ and ñh^ ® v(p^, fj., p^) were investigated. In  both 
cases the odd proton lies in the single-y shell h . : in the first one the neutrón is also in a 
single-y shell and in the second one the neutrón is allowed to move in the six low- 
spin odd parity Nilsson orbitals arising from the spherical p^, fj. and p^ shell-model 
states.

These two systems, according to our previous discussion, are expected to play íhe 
im portant role in o-o thallium. Also, the systems jch:  ̂ ® vi:yi and tí(ŝ , d^) (g) vi.^ 
were calculated to see how the resulting structures will look like if TI nuclei would 

_actually assume an óblate deformation in such a situation. The second system here 
has also to be understood as the coupling of the proton moving in the three Nilsson 
states originating in íhe s^ and d^ shell-model states and vi^. The whole calculation
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Fig 8 Level sets obtained diagonalizing the particle-plus-rotor Hamiltonian wilhm the subspaces 
spanned by P^): SCs*. (wavy lines over --r and v

denote as usual quasiparticle states).

has essentialiy oiily one free parameter, namely the quadrupole deformation /?. No 
effort was invested in ihe o p t i m i z a t i o n  towards quantitative agreement with the data 
because we are interested in qualitative features and also do not expect such an agree­
ment to be other than fortuitous in the framework of our simple model. Bbcking



eíTects were investigaled and it was found that even though the pairing correlations 
are somewhat rcduced no substantial modification of the results takes place.

The results for these four sysíems are presented in fig. 8, where mainly the exci- 
tations energías of the yrast states are displayed as functions of p. The energies are 
intercomparable for each deformation, they represent excitation energies on the 
ground State of the ^^®Hg core. Let us discuss now in somewhat more detail the 
diñerent systems.

4.2.1. The ñh^ ® v/^ and ñ(s^, d^) ® vi¡¡. systems. The first systen represents the 
best candidate to give the yrast sequence in o-o thallium, and therefore should receive 
the strongest feeding in (a, xn) experiments.

This systera was treated in the single-y-shell approximation. The proton was 
allowed to move in the five Nilsson states arising from the magnetic substates of h j 
and the neutrón in the seven states arising from i^ , this produces then seventy difTer- 
ent intrinsic states by parallel and antiparallel addition of the corresponding angular 
momentum projections {K> =  lí2„±Dpl). The results of the diagonalization of 

within this subspace are shown in the upper left of fig. 8, we set;, for 7 ^ 5 ,  the 
State of lowest energy (smaller spins lie even higher). Yrast states are characterized 
by solid Unes; a band with a normal spin sequence {A I = 1) deveiops based on the 
8f  level practically over the whole range of deformation. This range was selected 
around the best valúes found for the odd mass TI isotopes ®). The second excited 
states for each spin are not shown because they appear above the 1 2 , state and are 
therefore not expected to have experimental relevance in our case. The wave functions 
for the yrast states display the following features. At the beginning of the band the 
proton remains in a relative puré Í2p =  f  state. With increasing ípin, where the 
Coriolis éffects are stronger, the admixture of lower Í2p components becomes more 
and more important, reñecting the decoupling tendency. For the neutrón, as 
expected, the situation is very diíTerent. Throughout the whole band several Í2„ 
components are considerably admixed, with a fairly constant distribution centered 
around =  +  -̂  reflecting here the fact that the quasineutron j  is aligned with the 
rotation axis. In  this form the coupling at a right angle of proton and neutrón angular 
momenta becomes the energetically most favourable ene, making the 8 ~ state the band 
head ofth is system. W eshow in ñg. 9 a comparison between the.calc ilation and the 
measured negative parity band.' The energies labelling these levels represent the spacings 
between adjacent states (i.e. the transition energies for /  -+ / — 1 ), for the calculation we 
have chosen the numbers at =  —0.15. As can be seen some qualitative features are 
well reproduced. The ordering is the right one and the small distance between the first 
two members as compared with the other spacings inthe band comes out. The relativeiy 
small spacings of the first steps as compared with the measured ones are probably due 
to a residual p-n interaction, neglected in the calculation, which splits the difTerent /-val­
úes (J = jp+ ja)- This could happen if the structure of the intrinsic state c hanges to some 
extent as one proceeds in the band. Even though some staggering of the levels is present 
in the calculation, it is a very much pronounced effect in the experimental sequence and
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Fig. 9. Comparison between the calculated yrast st-'tes for the jxhj®vÍY system and ihe measured 
negativo parity band. We indícate the transition encrgies corresponding to =  -0 .1 5  agamst the

measured ones.

we expect such a feature to be correctly described if the core is allowed lo assume 
asymmetric sliapes. This is the case in the odd thallium nuclei where Meyer-ter- 
Vehn ®) found a valué near 40“ for the y-deformation.

In addition we have tried to understand the large hindrance factor of the E l tran­
sition depopulating the 8 “ isomeric state in the framework of this model. For this 
reason let us briefly discuss the ñ{s^, d^) ® vi^ system which is í hown in the lower 
right of fig. 8. Although it is not justified to undertake a detailed comparison be­
tween the calculation and the experiment, because of the incompletcness of the latter 
Information, we can see that the level density is much higher at the beginning of this 
structure as compared to the o re  already discussed. The 7+ State lies very near to the 
bottom of this system and even though we have not shown the slates there is a 63 
and a  7^ state lying in between the 6^  and 8 +̂ states; in principie there are enough 
states to account for the set of transitions promptly related to the 130.5 keV Ime
depicted at the center of fig. 7.

If the State (from now on identified with the 7'*' isomeric state) were complctely 
spherical, the transition from the 8” state would be absolutely forbidden. On the 
other hand, if the assumption is made that this state actually adopts a small defor- 
m ation the transition becomes possible. The measured hindrance factor relative to 
the single-particle valué is «  2  x 10 " ’ ; we were able to  get a similar retardation 
( x  3 X 10” ®) assuming a valué of jS =  -0 .0 8 . It must be sa:d, however, that this



result depends scnsitively on the dctaücd structure of the levcls ¡n the vicinity oí' ihe 
proton Fenni Icvel iiud on the magnilude of the pairing slrcngth which in tum  deter­
mine the elTectiveness of this forcé. Taking the level sequence givcn in ref. *^) the 
superconducting solution begins to develop at G¡, =  0.132 MeV {26.2¡A MeV), the 
transitiou between the norm al and superiluid óystems is very sharp and takes place 
in a  very small range of Gp, resulting in a variation of the hindrance factor from 10 “ * 
to zero. Playing around with the valué of P> and /or the experimental valué can 
certainly be reproduced, but more interesting than that is to look a t the difíerent 
causes contributing to the hindrance. They can be easily understoód if one rcmembers 
the selection rules for the E l operator. The valúes AQ^ = ± 1 , 0  imply that the transi- 
tion can only proceed through the small admixtures of low components (í?p._ ¡ ^  4) 
into the wave function of the 8 ~ state caused by the Coriolis forcé. The valúes Aj^, =  
± 1 ,0  mean that only the high-; (7p_ f = i ,  §) amplitudes of the Nils'son states, arising 
from  the s^ and d^ orbitals, in the final State will contribute. Th s coefllcients are 

. known to be small and are functions of Additional hindrance comes from the 
pairing factor u^U2 — ViV2  appropriate to  reduce the sing!e-partic!c matrix elemcnts 
when one-quasiparticle states are connected, it is clear that a \e ry  sliarp Fcrini 
surface would suppress the transition.

4.2.2. The ñ/i^ 0 sy.'íícm. This structure is also shown in fig. 8 , similar 
remarks as those concerning the d j)  0  vi^i.can also be made in tiiis case. The 
incomnlete e.xperiinenial Information makes the comparison between thcory and 
periment very speculative. Again here, tliere are enough states to allow in principie 
an interpretation in these terms o f the structure constructed on the 150 nsec isomcr. 
A 5i level is among the lowest states, 4^ approaches 6  ̂ around p — —0.14, and, 
although not shown, 4 j and Sg are near and bclow Tj, and 63 and (in this order) 
in between Sj and 82. Additional complication is expected in this case where a residual 
p-n interaction could mix this system with ^(s^, d j)  0  vi<f (also of posilive panty).

4.2.3. The ñhi¡. ®  vi,¡. system. This case is shown in the upper right of íig. 8. Due 
to the fact that in our case both orbitals lie well below the cori-esponding Fermi levcls, 
the two quasiparticles are completely aligned with the rotation axis giving the máxi­
mum possible angular 'momentum ( 121“ ) and a decoupled band develops on top of 
this S ta te  (the “ favoured states” 1 2 f, 14f and I6f  are indicated by solid lincs). Such 
a situation is expected to be found in nuclei with more proton holes in the shell 
ending at Z  =  82, than in the thallium case.

5. Conclusión

Relativo simple and puré structures are shown to survive in ^’ ®T1, in spit’e of the 
expected complexity of the eicciíation spectrum of heavy mass 0-0 nuclei.

High-y, unique parity orbitals seem to play, also in 0-0 traní;itional nuclei, an 
im portant role. Strong Coriolis effects are found to  be present, as in the odd mass 
thallium case, and probably dominate the neglected residual p-n interaction. In
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addition shapc coexistence phenomena are very likcly to show up. Further work is in 
progress towards the better understanding of these various interesting features.
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