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NUCLEAR REACTIONS 122w *w,sny)1°lT1, E = 86-105 Mev;

181Ta(_l60,6nY)191Tl, E = 109-122 MeV; 197Au(a,8ny)193Tl, E = 93-116 MeV;

181Ta(160,4ny)193T1, E

184W(»14N,5n'Y)193Tl, E =.82;89 MeV; = 79-98 MeV;
181Ta(19F,7n)193Pb, E = 110-130 MeV; lg?Au(u,GnY)lgsTl, E = 68-80 MeV;
l8805(118,4nY)195'I%1, E = 57 MeV; 186W(14N,5nY)195’1‘l, E = 85-93 MeV;
180 (%, 5n) %b, E = 86-105 Mev; % Re(**N,4n)*%pb, E = 74 MeV;
197Au(@;4nY)197T1, E = 42-59 MeV; lgoOs(llB,4nY);97Tl, E = 57 MeV;

187R.e(l4N,4n)197Pb, E = 74 MeV; 186W(lGQ,Sn)197Pb, E = 89 MeV;

measured O(E;Ec ,E_,8.),YY-coin. 191’193’195’197Tl deduced levels,

e Yy Yy
J,T,cc,Y-mixing, oblate shape.v Natural and enriched taféets.

Ge(Li) and Si(Li) detectors.

raproacTIviTy 123419541975 neasured B, I, E , I
Y’ Ty Tce’ Tce

193,195,197

YY-coin. Tl deduced levels, J,7T,cc, log ft. Ge(Li) and

éi(Li) detectors.
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Abstract

The odd-mass nuclei 191—197T1 have been formed in a variety of (HI,xn)

reactions and studied by in-beam spectroscopic teghniques. The decay of the
. . L o . S 193-197
high-spin Pb isomers, also formed in (HI,xn) reactions, leading to T1
have also been investigated. Evidence is presented for the existence of levels
of the previously proposed 9/2 [505] rotatioﬁal bands in the nuclei. Tentative
evidence is given for the existence of oblate rotational bands, based on the

l9l-l95T1.

13/2%[606] state, in

. : | .
* . . IS .
Work performed under the auspices of the U. S. Atomic Energy Commission.
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1. Introduction

In the light odd-mass thallium nuclei; Diamond.and Stephensl)
identified.low~lying 9/2  isomeric states having excitatiqn energies varying
systematically with mass ﬁumber. The interpretation of these sfates was a
puzzle for some years, since the only low-lying étate of high spin predicted‘
by the simple sbherical shell ﬁodel is the 11/2 hole state arising from the

orbit. More recently Newton ggigifz) reported én in-beam study of 199Tl

using the 197Au(oc,ZnY) 199Tl reaction, and also included a preliminary report

hi1/2

of some of the present work. They found the systematic occurrence of 11/2_,
13/2_ and 15/2_ states above the 9/2  isomers. The proposed interpretation
was that these states formed a rotational band based on the K = 9/2_[505] state
arising frqm the h9/2 orbital. Reasons were given wﬁy the thallium nuclei

might be expected to have oblate deformation in this band, as required

by the interpretation, and why the K = 9/2— state should be low-lying.

- More recently, evidence has accumulated that rotational bands, based on

states arising from high-spin orbitals, are more commonly seen in supposedly

spherical nuclei than previously thought3).

Here we report on the level schemes of the odd-mass nuclei 191-197T1, as deduced

from several in-beam (HI,xnY) reactions and from the decéy of the high-spin

lead isomers. Tentative evidence is presented for the ‘existence of another Y

rotational band, based on the K = 13/2 [606] state arising from the i13/2 orbital.
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2. Experimental Method

The decay of excited states in the thallium isetopes was studied through
gamma-rays and cohversion electrons. A variety of heavy-ion, xn reactions was
used to form the thallium isotopes, either directly in-beam or via radioactive
isotopes decaying to them. The Berkeley HILAC provided the heavy-ion

97Pb) the Manchester University LINAC was used. The

beems, and in.one case (l
o-particle beams, with energies up te 116 MeV, were obtained from the Befkeley'
88" Cyclotron. The general methods of measurement were the same as described
in the paper on 199T1, ref ).

181

7 ' L e
The Ta and 19 Au targets were metal foils, either thick or rolled to

2 " . 2
"5 mg/cm for the y-ray measurements or to V1 mg/cm” for the conversion-electron

studies. The targets of separated tungsten and osmium isotopes were made by glueing

the fine metalic powders onto lead or. uranium backings, respectively, with a dilute
eolution of Duco-cement in amyl acetate. The backing and cement did not significantly
contribute to the Y-radiation from the target, bﬁt impurities‘in the separated'
isotopes somefimes did.

The method of detection of the conversion electrehsvin the eiﬁgle—gap
wedge spectrometer used in the earlier measurementel'z)bwas improved by replécing
the anthracene crystal with a cooled Si(Li) detecéor. Because of better resol-
ution and less‘sensitivity to fast neutrons, the spectra‘had much higher peak-
to—backgroﬁnd ratios than previously._ The electren,puleee were eelected by a biased
amplifier, followed by a sihgle—channel analyser. At each_etep of the maghet
current, the bias was_changed proportionately, so that theipulses out of the
biased amplifier were roughly. constant as the magnetic field changed. of

course, they would not be exactly constant, both because electron energy'is
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not exactly proportional to the field and because the;fiéld is not exactly
proportional to the magnet current.  In order to improve on this linea; inter-
polation,_the.pulses from the biased amplifier were passed through a variable-
gain amplifier to a pulstheight analyser“fitted with a digital stabilizer.
This, by varying thé gain_of the amplifiér, kept the pe;k;from the solid-
state dete&tor within é chosen set of channels; Thus it was possible to keep
the pulses from the focussed eiéctrons accurately constant in height at the-
input to: the pulse-height analyser. To minimize dead-time lqsses, a single-
channel analyser, with app;opriate window width, was connected at this point
and its output‘scaled.

A solenocidal electrbn spectrometer was used to étudy the conversion
electrons from 195Pb decay between the beam pulses. fhe electrbns were
detected in a cooled Si (Li) detector. The purpose of the.solenoidal mégnetic

field was to prevent scattered heavy-ions from reaching the detector and to

reduce the solid angle for Y-ray detection relative to that for electron

detection. . The efficiency of this device varied somewhat with electron energy.

The measﬁrements on the decay of the lead isotopes were made by bomb-
arding thé appropriate targets for about a half-life ana‘then observing, with
multichannel analysers, the change in ‘the Y—spectra‘with_time. The half-
lives could be'sbtained after‘correcting the spectra for-dead-time loss.

The 1og‘ft values for decay to the stateé whose population was observed were
deduced as follows. It was éssumed that at least 80% of the obgerved decay
arose from the high-spin Pb isomer, as would be expected.in (HI,xn) reactions.
It was also assumed that all of the decay of the high—épin isomer proceeded
fingily through the_3/2+ first excited state to the éround_staté of the T1

daughter. The fractional feeding to the various populated states could then
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be estimated by'takiné into account app;opriately the observed Y-ray strengths.
Since not all of the decaying Y-rays were observed or could be placed in the.
depay schemeé, the fraction ofvféeding to a gi?en state must necessarily be an
upéer liﬁiﬁ and hence the deduced 109 ft value a lower limit. The decay
energies of the high-spin Pb iéomers{were deduced from the fabulation of
Wapstra and Gove4), and from the systematics of the separaﬁion ene}gies between
the_low; ahd ﬁigh—spin isomers. An error of * 1 MeV wés allowed on these

values. From the»systematics of the heavier Pb isotopes, it was assumed that

» +
the high-spin isomer corresponded to a 13/2 state.

3. Results and Level Schemes.

Level schemes were deduced from coincidence relationships, energy sums
and intensity flows. Spin assignments for the levels wére determined from the
measured conversion coefficients, from log ft values and-from the y-ray angular

distributions, taking into account empirical attenuation coefficients. The

fact that in a (HI,xnY) reaction a state of a given spin is usually very weakly

.populated if its energy exceeds that of the yrast level of the same spin by

o 5 : : '
more than about 500 keV™) was useful in restricting the spin values. Full
details of the methods used for the establishment of the level schemes are

given in the 199Tl paperz).
3.1. THE NUCLEUS 193Tl

The in-~beam Y-rays from the'decay of 193Tl were studied through the

181Ta(160,4ny)193T1 at bombarding’enérgies of 79, 84, 89

197Au(4Hé,8nY)193Tl at

following reactions:

184W 14

and 98 MeV; (

N,5ny) 12311 at 82, 86, and 89 Mev;

.93, 104, and 116 MeV. The first of these reactions at 84 MeV gave the best .

spectra and was used for the angular distribution measurements. A typical
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spectrum is,shoWn in fig. 1. Gamma—gamma_coincidences were measured and a
spectrum, taken in coincidence with the 392 keV line,iis given in fig. 2.
The conversion-electron spectrum obtained with the aid of a wedge-gap spectro-
meter is shown in fig. 3. 1In Table 1 are listed the gamma-rays which we
. : . . 193 ‘ . .
attribute to the decay of exc1ted states in T1, togethe; with their conver-
sion coefficients measured at 90° to the beam directioh;’the measured'angular
distribution coefficients, and the degree of confidence in the assignments.
Coincidence relationships between the observed'Y~rays are given in Table 2.
193 . 193
A somewhat rough measurement of the decay of Pb into Tl was also

made. The 193Pb was produced by the 181Ta(19F,7n)193Pbvreaction, for which

124 MeV was found to be the optimum bombarding energy. The only two lineé

193

which we could definitely assign to the decay of ' Pb.were at 392 and 366 keV.

The latter follows the decay of the 2.1 min 9/2  isomer in "°°T1. The half-
lives for these two Y-rays were found to be 5.0 * 0.6 min and 5.8 + 0.3 min, -

respectively. ‘These values are consistent with most of the 366 keV strength

193

" coming via the Tl 9/2 isomeric state, which must be fed through the;high—

spin 193Pb isomer. A 332 keV y-ray, which decayed with a.10.5 £ 1 min half-

life, was also seen. A Y-ray of the same energy occurs in the in-beam spectrum

195,197, (sections 3.2, 3.3) would be

expected in %93Pb decay. The longer half-life might mean that it is mixed with

. a line from a longer-lived nuclide. The relative intensities of the 392, 366

“and 332 keV lines were found to be 35 * 2.5, 100 and < 13 respectively.

3.1.1. bevel positions.

193

The proposed level scheme for Tl is shown in fig. 4., The energy X

‘of the E3 isomeric transition depopulating the 9/2_ state is only known to be
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less than 25 keVl), hence the enerxgies of the states whose Y-decay eventually ends up
in the 9/2 state afe uncertain by this amount. In the discussion below we have, for
brevity, not written +x after each level energy; howevexr, it should be understood on

all 193Tl level energies (except the 365.3 keV level) and, as a reminder, is explicitly

" written in fig. 4. ‘ :

- From the coincidence relationships, precise energy sums, and measured
intensities we cén establish levels at 757.6 keV and 1081.3 keV with fair
certainty. As can 'be séen in fig. 2, the sfrong 716 keV y-ray is clearly not
in cbincidence with the 392.keV Y-ray, consistent with this interpretation. The
level at 15l2;l keV is less definite. It is established by an accurate energy
sum and by the fact that the 431 keV Y-ray is in coincidéncé with the 324 and
392 keV Y-rays. The poor statistical accuracy of the measuféd coincident
intensity of the 754 keV line is not sufficient to eétablish that it is in
coincidence with the 392 keV line, but is cpnsistent witﬁ it beingAso. All of
the other measured singles and coincident intensities are cénsistent Qith the
abové scheme. The level at 1833.0 keV is established by means of an accufate
energy éum and by the 321 keV Y-ray being in coincidehceIWith thé 392 and 431
keVv yY-rays. :Other coincident intensities have too poor stétistical accuracy
to give definite information. The_269 keV Y-ray is most brobably in coincidence
with the 324 énd 716 keV transitions and also with the Weaker 202 and 208 keVv
transitions, which are, howevgr, probably,not in coincidence with each other.
From this it seems likely that there are levels at 1350.2, 1552l5, and 1558.1 KeV.

Another set of Y-rays is in coincidence with the 392 keV transition,
but only weakly or not at all with the other transitions frdm tpe levels

propoéed above. These are the 97, 108, 126, 162, 317, 406, 467, and 736 keV

‘Y-rays. The 736 keV y-ray is easily the strongest of the set and therefore seems



-8 LBL-2333

most likely to arise from a level at 1493.2 keV and feed airectly the 757.6

keV level, which decays by means of the 392_keV transition. The 126 and 406 keV
Y—raYs are most brobably in coincidence with the 736 keV:transition, and also
wifh the 162, 317 and 467 transitions, which are also in coincidence with one
~another. Unfortunately the statistical accuracy of our meésurements is not
good enough to tell whether or not the latter three Y-rays are in coincidence
with the 736 keV transition. Any of these which are ﬁot:in coincidence with

it must be involved in a cascade of y-rays, presumably dépopulating.the 1493.2
keV state and leading to the 757.6 kev state. We do no£ find any satisfactory
energy sums which might indicate such a cascade, though it is always possible
that one of its members has not been observed. On balance it seems more likely.
therefore that these Y-rays are in coincidence with the 736 keV transition.

One slight doubt about the proposed 1493.2 keV ;evel arises because the angular
vdistribution of the 126 keV Y-ray is not known and neither is_its‘multipolarity.
It is just possible, if it is a pure M1l transition, tha£‘its intensity could be
equal to,or slightly exceedvthat of the 736 keV transifion, in which case it
would follow this transition. The multipolarity of the 126 keV transition can-
not be M2 6r higher because its lifetime would thén be 1oﬁger than about 1.usec,
which is much longer than the coincidence resolving time.‘ In the following we
shall assume the assignment of the 1493.2 keV level to be correct. Apart fiom
noting that the 317 keV line must be double bécause it is in coincidence with
itself (Table 2), further discussion of this part of the decay scheme will be

: deferfediuntil Section 4.

The 672.5 keV y-ray does not appear to be in coincidence with any others.
Because it is a fairly strong transition, it seems most likely tth it feeds the
. ° i

isomeric state, rather than the low-spin ground or first excited states. If this

hypothesis is'correct, it establishes a level at 1037.8 kev.
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3.1.3.. Spih assignments.

The states at 758, 108l and 1512 keV have great similarities'in theix
relative spacings, decay modes and Y-ray angular distributions to thbsez) of
the 1118, 1450, and 1867 keV states jn 19?Tl. The evidence leading to their
spin assignmen%s is nearly identical to that for the'cérresponding 199Tl assign-
ments, apart from the following two points. We were nét able to measure.the
K/L ratio forbthe 323 kev transitiqn and so it is nét possible, as it was in

199Tl, to distihguish between the M1 + E2 and El1 + M2 possibilities for this

" transition by this method. Further, we do not have detailed excitation function

data, which can éive‘ useful evidence on the spins of the states, particularly in
(0,,2n) reactions.

..For the 758 keV state, the angular distribution and conversion data allow
ll/2i, and less likely 7/2% for which the A2 coefficient of the 392 keV angulat

distribution is two standard deviations too large. Indeed, the latter possibility

can be ruled out on the grounds that the 392 keV Yy-ray is the strongest in-beam

'Y—ray, s0 it can hardly come from a 7/2 state 392 keV higher than a 9/2 state,

when these are made in-a (HI,xnYy) reaction. Further, it is populated in the
decay of l93Pb with a log ft value of 6.1 * 0.3, indicating that the transition
is most likely to be first forbidden, although an aliowed transition is not

193Pb,

excluded. Since we would expect to make mainly the high—spin isoﬁer of
and since the high-spin isomer most likely has a spin of 13/2 , this again fairly

strongly rules out the 7/2 possibility and favors 11/2° for the spin of the

. + , _ .
~-758 keV state. An 11/2 assignment is unlikely because it would require an

unuSually large ‘(about 30%) M2 component in the El/MZ'tranSition, By essentially

similar arguments to those used for establishing the possible spin of the 1450

kev state in‘lgng, we deduce that the spin of the 1081 keV state, as allowed by
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. + - .
the -angular distribution and conversion data, is 9/2 or 13/2 . 1In view of
the strong population.of the state, which is 754 keVv abovevthe 9/2_ state, the
13/2° possibility seems most likely.

Again arguing by analogy lwith the 19

9Tl case, consideration of the
~angular distributions and conversion.coefficients of the 754 and 431 keV R
transitions, tdgéthér with the above conclusions, leads to the following pos-

sibilities for the spins of the 758, 1081, and 1512 keV states, respectively: .

(1) 11727, 13727, 15/27 or 11/2%; (11) 11727, 13727, 15/2% or 11/27; (1ii) 11727,
'9/2f,.il/2- or:7/2_; (iv) ll/Zf, 11/2° or 7/2+. For the reasons already given,

(i) seems most likely to be correct, with (ii) somewhat unlikely,vand (iii) and.

(iv) very unlikely. For (i) and (ii) the 11/2 possibiiity for the 1537 keV

state is unlikely on intensity grounds. Hence the most probable assignments

for the three states are 11/2, 13/2 and 15/2 respectively, with negative parity

most likely. In the arguments below we assume the ll/2_'énd 13/2_ assignments

for the 758 and 1081 keV states to be correct. |

For the state at 1833 kev which decays to the 1512 énd 1681 keV states,

we Merely comment that the angular distribution and conversion data are consist-

eht, within the rather large errors, with the 321 keV Y—fay being M1 and the

752 keV y-ray being a stretched E2 transition, as would be required if the

1833 keV state were 17/2 . . v C | El

A slight resérvation should be madé to the preqédiné,arguments."Namely, :

in ﬁhe angular distribution méasurements,'the 321 and 324 kev, the 464, 467 and
469. keV and 752‘and 754 keV lines were not fully resoived. .As. far as can be

seen, they have similar distributibns, but we cannot be completely certain of this.

o The 1350 keV state decays via the 269 keV transition to the 13/2 1081

keV state. The angular distribution shows that it is not a stretched AI = 2

transition, so
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the spin can be 11/2, 13/2 or 15/2 with either parityt Of these possibilities
15/2 is slightly preferred, since no deéay is observed to the 758 keV state.

The 1038 kev state decays to the 9/2” 365 keVv étate by means of the
672 keV transition. Its angular distribution is consistent with the state
having any spin between 5/2 and 13/2. Since the transition is fairly strong,
spins of 9/2 and below would seem very unlikely.

The state at 1493 key decays tb the 11/2° 782 keV.state via the 736 keV trans-
ition. The angular distribuLion of this transition excludés the possibility of its
‘being a sttetched E2, and the conversion coefficient seémS~only consistent
with E1 + (3.5%2)% M2. An aséignment of 11/2-‘would be pbssible if the trans-
ition.wére mainly E2, which in itself seems most unlikely, but ﬁhe conversion
coefficient would then be more than two standard deviations from the measured
value. These data allow 9/2+ and l3/2+vassignménts. 'Howéver, because of the
éreat sﬁrength of the 736 keV transition, the l3/2+ possibility seems almost“
”certain to be.the correct>one.

The piacement of tﬁe 406 keV gnd 467 kev Y—raysVWill be discussed in
Section 4. Here we comment that their conversion coefficients and angular’
distributions exclude them from being stretched AI = 2 transitions or T> 1

transitions. The data are consistent with them being mainly M1 (+ Vv10% E2) or

El + v40% M2 transitions. Of these, the former seems to be more likely.

3.2. THE NUCLEUS 12°T1

, : : ' 195 , )
Gamma rays following the direct production of ;9 Tl were observed with

186w 14

the following reactions: ( N,SnY)lgSTl at 85 and 93 MeV, including an

angular distribution measurement at 85 MeV; l97Au(a,6ny)195Tl at 68, 74, and

188

80 Mev; Os(llB,4ny)195Tl at 57 MeV. The data on the last of the above
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reactions were taken at a later date and owing to improved detector resolution, .

are of better quality. None of the spectra were of as good a quality as those

obtained in the lg?Au(a,Zny)lgng and 181Ta(160,4nY)193T1 reactions. This

was due to target problems in the case of the reactions on 186w and 18805.

These. separated isotopes were in metallic powder form but contained impuritiés
which contributed étrong continuous Y-ray backgrounds as we1l as discrete Y-rays.
The measurements on the (0.,6nY) reactions suffered froﬁ poor detector resolution.
Also, for large numbers of particles emitted, the excitation functions became
broader, overlappiﬁg more, ahd decreasing the_uniquenessiéf the product nucieus.
In spite of these problems, the use of a‘variety of reactions ana bombarding
energies to produce 195Tl was valuable in enabling firm identification of its
Y-rays.

The decay of 195Pb into 195Tl was also studied. It was pfoduced by the

181 1°

Ta ( F,Sn)lgspb reaction at 97 MeV bombarding energy. An excitation function

had pfeviously been measured in order to deduce the optimum bbmbarding energy.

3.2.1. The in-beam measurements. A spectrum of the in-beam gamma rays

_ from the 188Os(llB_,4nY)195Tl reaction is shown in fig. 5. The energies, intens-

ities and angular distribution coefficients of the gamma. rays attributed to
.. 195
decays within Tl are given in Table 3.

'

3.2.2., The decay of 195Pb. A spectrum of the Y-rays, taken for the

first twelve minutes after bombardment, is shown in fig. 6. 1In order to assign
the lines and obtain the half-lives, the decay was followed for a period of 70
‘minutes after bombardment. The half-lives associated with the 394 keV and 384 keV

gamma rays were found to be identical within the experiméntal errors, -and the

-
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best value was 16.4 * 0.3 m. The 394 keV Yy-ray arises from the decay of the
high-spin isomer of 195Pb, while the 384 keV Y-ray can arise from the decay of
both states. However} as previously explained, it seems uhlikely that we

l
would make very much of the low-spin_.isomer.

We exemined the conversion—eleetron spectrum fromzlgst decay with a
cooled lithium—diifted silicon counter, placed in a solenoidal magnetic field.
The spectrum, taken between the beam pulses with a 1 mg/em2 Ta taréet; is shown
in fig. 7. The strong 99 keV E3 transition in lgSTl is notable. However, no
other sttongly converted line is seen above 55 keV. As miéht be expected from
~the systematics, this indicates that the M4 transition between the l3/2+ high-
spin isomer in,lgsﬁb and the 5/2 state no longer competes with thevelectron—
capture deqay of the l3/2+state.

The energies and intensities of the gamma rays from the decay of the
195Pb states are shown in Table.4. The assignments were made on the basis of
half-life, and the degree of confidence in them is indiested. Rather rough
estimates of the K-conversion coefficients, derived fromithe electton data,
are.also given in the Table. They were obtained by assuming a value of.0.069
for that of the 384 kev transitien, whose M1-E2 mixing tatio is knownl). The
values are rough because of uncertainties in the efficiency of the solenoidal
spectrometer as a function of electron energy. Thus, beth:they and the multi-
polaritiesrdeduced from them must be tsken with seme cautioh. Our rough value
for the intensity of the 99 keV isomeric transition suggests that it is about
;75 * 15% of that for the 384 keV transition. The results ef Y-Y coincidence

measurements, taken with two Ge (Li) detectors, are also given in the Table. ' We

disagree with the recent result of Hopke 93.3&:6)' who also studied the decay of
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195Pb, that the 384 and 394 keV Y-rays are in coincidence. Our results also

suggest that the 313 keV transition is Ml rather than'MZ, as reported by Hopke

et al.6). Even with the mentioned uneertainty in the determination of the

relative intensitites of the conversion electrons, previdus experience with
the solenoidal electron spectrometer suggests that our result would not be in
error by more than about 30%, whereas a factor of three is required to bring it

in accordance with the value appropriate to an M2 transition. Of course, the

313 keV transition could be an El,M2 admixture.

3.2.3. TLevel assignments. Much the strongest line in the in-beam

,epectfum is that at 394 kev. Therefore, this Y-ray is most likely to feed either
the ground state or the 9/2- state (see fig. 8). Since it is sech a strong line,
fhe latter possibility is much more probable. We shall assume it to be correct
and therefore that.the 394 keV Yy-ray originates from a state at 877.0 kev. A
state at 1190.5 kev, from which the 313 and 708 keV Y-raysearise, is established
by an energy sum and more firmly by the fact that the 594 end 313 keV gamma-rays

are in coincidence in lgst decay. The state at 1484.6 keV is established from

the coincidence of the 394 and 608 keV gamma—rays in }95Pb decay. An energy

sum with the 313 and 429 keV lines suggests a level at 1619,6 keV.v The 878.2

195

keVv gamma-ray is seen very strongly in the decay of Pb, but is very weak or

absent in the in-beam spectrum. This suggests that it-eriéinates from a state.
of relatively low spin end may possibly be fed by tﬁe low-spin level of’}gst.
Its strength euggests that itrfeede eithe} the 384 keV state or the 483 keV

state, since the intensity of the 384 keV transition is much greater than that

reaching the 483 keV state from the 394 and 708 keV transitions. However, a

father poor energy sum between the weak 493 keV line and the 384 keV line

- l
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somewhat favors it feeding the ground state. Without further information,
we are not able to place any of the other iines in the decay scheme.

The information on the angular distributions of the gamma-rays from
the.877 and 1191 keV etates is similgr to that on the gamma-rays from the

199Tl, which were assigned spins of 11/2  and

1118 aﬁd 1450 keV states in
13/27, respectively. Similar information is.available oﬁ the K-conversion
coefficients, but the K/L ratio of the 313 keV transition is not known. From
this information, we can deduee that the 877.keV state cen_be 11/2% with the
1191 keV state 9/2% or 13/2°, or less likely, the 877 keV state can be 7/2%
with the ;191 keV state 9/2+. The iﬁformation from the decay of 195Pb can be -
used to eliminate some of these’possibilities if we assume, as is likely, that

195

L + - ' '
the spins of the two Pb states are 13/2 and 3/2 . The log ft values of .

6.2 £ 0.2 and 6.3 # 0.2 for’the decay:to the 877 and 1191 keV states, respectively,
indicate that the transitions are most likely to be first‘forbidden (not uni;ue),
‘though one cannot exclude the possibility of them being allowed. Thus, fhe only
possibilities for the spins of the 877 and 1191 keV staﬁee are 11/2* and 13/2-;

" respectively, with negative parity for the 877 keV state being easily the most
likely. Negative parity is elso favored since otherwise the 394 and 313 keV
transitions would have to be mixed E1/M2 with special mixing ratios to give
approximately the same conversion coefficients as for Ml fadiation. Moreover,

the 30% M2 admixture needed to do this is unusually:’ large.

The 1485 keV state decays to the 11/2, 877 keV state. The sign and

2
poésibility_for the spin, leaving 13/2° and 11/2— allowed by the

coefficient of the 608 keV gamma-ray eliminates the 15/2

195Pb decay.

. magnitude of the A

The somewhat tentative 1620 keV state feeds the 13/2— and 11/2_ states.'_It may
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also be fed in the decay of lgst since a 741.9 keV Y-ray is observed which

195P

has a half-life consistent, within the rather large errors, with that for b

decay. A 429.1 keV y-ray is also seen but decays with a’ longer apparent half-

. 195 o ' . Lo e 195
life than Pb. This could either mean that it is not present at all 'in- Pb
decay, or else that it is present, but anbther line at approximately the same
energy is either growing in or decaying with a long half-life. The possible spins
are 11/2, 13/2 or7l5/2. However, in view of the strong population of the state

and the fact that there is a 13/2 state 742 keV below, the 15/2 assignment seems

most likely.

3.3.1. The nucleus 197Tl; The lines attributed to the in-beam decay

of 197Tl, shown in Table 5, were deduced from Y-ray spectra from the

197

197Au(4He,4nY)

Tl reaction, taken at bombarding energies of 42, 52 and 59 MeV and from the

190 11
os (

B,4nY)197Tl reaction at 57 MeV. ‘A spectrum frém the latter reaction is
'shown in fig; 9. .All the measurements were taken at 90°vto the beam.direction.
No angular distribution , coincidence, or converéion electron measurements were
made. The proposed level scheme, shown in fig. 10, is therefore necessarily

193'195Tl;

more  tentative than for
Since the 387.7 keV Yy-ray is by fér the strongest in the spectrum, it
must almost certaihly feed the 9/2--isomeric state at 60871 kev, indicating a
level at 995.8 kgV (see fig. 10). This and the level afvl303.é keV, which is
suggested by an energy sum, are in general accofdance with the syétematics for
the_odd thallium iéotopes, as is.a further le;ei at l720.0vkev, which is sug-
: geéted by energy sums. It seems plausible that'these‘may be the 11/2-, 13/2"
and 15/2  members of the proposedz) éblate rotational band. The strong 561.2
keV Y-ray seems, on the basis of intensity considerations, most likely to feed

the 995.8 keV state or possibly the isomeric state. We cannot distinguish with

certainty between these possibilities without coincidence measurements.

LN
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A partial study of the decay of 197Pb into 197Tl was made, and y-rays

197
with energies up to about 500 keV were observed. The 2 Pb was obtained through

the 187Re(l4N,4n)197Pb reaction, by bombarding a natural rhenium target with

o | . : |
74 MeV 14N.~ The nucleus 195Pb was a%so produced from the reaction with 185Re,

!

but because‘of‘its shorter half-life, its decay could easily be distinguiehed
from that of 197Eb; A number of spectra were taken over a period of several
hours and the lines which we attributed to the decay 6f‘197Pb are given in
Tabie 6. -The assignments of Hopke gg_al,G) are also included in the table.
There are differences between the results. Soee may be due to the different
methods ef:source preparation, possibly leading to different relative amounts
of high-spin isomer and ground state; A major discrepanef is their claim that
.the 385.6 kev line.is sinéle and does notvhave a 387 keV component, as indicated '
by the early results of Anderssbﬂ 25_35.7) and by the present data (fig. 11).
From a compafison of the in-beam and 197Pb decay fesulte, it appears that the
high-spin isomer populates the proposed levels at 995.8erV>and 1303.6 kevV.
Assuming an energy of 4.0 * 1 MeV for decay from the isomer to ﬁhe ground staté
of,197T1,'we obtain log ft values of 6.5 * 0.25 and 6:6 £ 0.25 for the decays
to the 995.8 ‘and 1303.6 keV levels respecti&ély. These‘values suggest

that the'transitions.axe first forbidden (not unique) though it caanot,be
éxcluded that they are allowed.  The Valaes could in fact be semewhat

vvhigher, since we have only considered direct population of the two

states by electron capture and positron emission. These results of the

197, Pb decay strongly support  our éroposed scheme, 51nce the 13/2 isomer can
only populate states with spins between 11/2 and 15/2, unless the log ft values

- 'are grossly in error, which seems unlikely. Further, negative parity seems most

likely for the two states.
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The 5/2+ level aﬁ 761.0 keV was pioposed by Hopke et al. on the basis
of a coincidence ﬁeasﬁrement. A 5/2+ level at abouﬁ fhis eﬁergy would be
expected from the'systématics of the heavie£ Tl isotopes. We also see the
375.3 keVv Y—rayﬁfromvits decay but more geakly than do Hopke et al., suggesting
‘that we make less of the low-spin ground stéte than they.do. Over a period of
about four half-lives, we were not able to detect anY'éignificant (> 5%) change
in the ratio of the intensity of the 387.7 keV line, which arises only from the
decay of the iéomer,‘to that of the 385.7 keV line, whiéh arises both from the
decay of the isomer and the ground state (see fig. 10). Since 20% of the isomer
dgCéy goes to the grouﬂd state of 197Pb, this implies that the ground state
has a shorter half-life than the isomer or at least‘that it is not much longer.
In our expefiment it seems that, as expected,_we made rétﬂer little of the

ground state directly, since the total ihtensity of the 222.4 keV transition

(including internal conversion) is about 75% of that of the 385.7 keV line.

3.4. THE NUcLEUs 1 lT1

In order to identify the Y-rays in l91Tl, the following reactions
were studied: 181_Ta(l60,6nY)191Tl at 109, 116 and 122 MéV.and'l§?W(14N,5nY)191Tl
at 86, 93 and 105 MeV bombarding energy. The spectra (see.fig. 12) were
generally of poorer gquality than for the other odd thaliiﬁm;nuclei, possibly
‘because chargedearticle emission %s becoming important fof this Vefy neutron-
deficient system. No coincidencevor detailed angular distribution measurements
were made. However, spectra were taken af 0° and 90° to the beam direction in
ordér to determine which Y-rays were peaked at 0° (positive A2) or at 90°

(negative A2). No delayed y-ray was seen, indicating that the isomeric 9/2"

' + ' . .
state has now fallen below the 3/2 state. Because of the high internal-




~
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conversion coefficient for low-~energy E3 transitions, it is unlikely that the
half-life of the E3 transition to the 3/2 state would become significantly

193TI; One would

i

longer than that of 2.1 m for the < 25 keV transition in
+ + . - ' +

therefore expect to see the 3/2 > 1/2 Y-ray, if the 9/2 state were above the 3/2

state, even if there was some competition from electron-capture decay. The

information obtained from these studies is summarized in Table 7.

1 .
3.4.1. Level positions and assignments. Because of the absence of

L. ‘ ~191 ‘ . )
coincidence measurements and decay measurements on Pb, the assignments are
necessarily more tentative for this nucleus than for the other thallium nuclei.

In l91T1 we again see that the strongest in-beam Y-ray (387.6 keV) has an energy

of approximately 390 keV and is strengly peaked at 90°, as in 193—199T

1. It is
very likely, therefore, that this transition feeds the 9/2—:state. We have no
information about the excitation energy of the 9/2  state aboye the ground state,
apart from extrapolating from the systematics of the heavier thallium isotopes.
Therefore in the following we shall measure excitation energies relative to that of
the 9/2_ state, though these energies ere followed by +x invfig. 13 as a reminaer
that the energy above the ground state is not known. Ourvfirst proposed level is
‘ , * . 193-199_. .

at 387.6 keV (see fig. 13) and by analogy with T; we would expect it to be
the 11/2- level. An energy sum between.the 387.6 kev Yfray.end the.etrong 325.6

keV'Y-rays suggest. a leVel at 713.2 keV. The energies an§ angular anisotropies 
193—199T

~

are closely analogous to those for the decay of the 13/2° level in 1. The

data on the higher-energy Y-rays are not of sufficient accuracy to justify estab-
1iShing levels by energy sums. From the systematics of ‘the other thallium nuclides
(See_Table 8), the 434.5 keV Y-ray, which is peaked at 90°, seems the best candi-

date for the 15/2_ to 13/2° trjnsition. If this is correct it arises from a level

at 1447.7 kev.
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3.5. SUMMARY

In each of the studied nuclei we have 6bserved’a band of states with
similar spacings and with spins, increasing with excitgtion energy, which are
most probably 9/2_, 11/2_, 13/2—; «... These states decay by Ml +E2 cascade
transitions and E2 crossover transitionsi The E2/M1 amplitude mixing.rgtio §
is negative in all cases and of similar magnitude to that observed in 199Tl

for decay of the corresponding states. We also observe,Y—rays-arising from

other states, whose interpretation will be considered in the next section.

4, Discussion

A preliminary report of the systematic occurrence of 11/2_, l3/2_ and
15/2- states above.the 9/2- isomeric state in the lighter odd—massvthallium
nuclei was givené) ih the 199Tl paper. ‘ An explana£ion was given in
terms of a rotational band based on the 9/2— [505] Nilsson state. This state,
derived from the h9/2 ofbit, can be low lying if the théliium nuclei ha&e
oblate deformation and if there is sufficient gain in pairing energy, due to
reduced blocking, when the odd proton is excited up to the next shell. This

conclusion was supported by theoretical evidence on the deformation potentials

for the doubly-even mercury nucleis) and by empirical evidence on the gain in

pairing energyg). The observed departure from simple rotational energy spacings

was of the right form and order-of-magnitude as expected from the strong Coriolis

mixing between states derived from the h orbit. Also the E2 branching ratio

9/2
from the 13/2— to the 11/2  and 9/2 states in 199Tl was consistent with this
explanation. Later, Nakailo) pointed out that the sign of the E2/M1 mixing
ratios between the states of the proposed band supported the hypothesis of

oblate deformation. Recently Stephens gE_gi,ll) have carried out computer
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calculations in which they have diagonalized the matrix of the Coriolis inter-

action operatihg on all the states arising from the h9/2.orbit. These calcu-
, .

lations show more quantitatively that the above proposed explanation for this
. 1
band in the odd-mass thallium nuclei appears to be correct.

In addition to the states meﬁtioned above, other‘high—spin states are
seen, though'they exhibit no obvious systematic behavior. ‘In order to gain
further insigbt, let us consﬁder, in a simple way, the hiéh-spin‘states which
may be expected to exist below about 3 MeV excitation energy in the odd-mass .
thallium nuclei. When the nuclei are spherical, these are likely to érise
principally from fhree-quasip;rticle states or from weak édupling between one

of the odd-proton orbitals and collective states of the core. The nearby .

orbitals in the occupied shells are 51/2' d3/2 and h11/2 for the protons and

and h9 2 for the neutrons. "By analogy with 207Tl

P1/27 £5/27 P30 113/ /
the only low-lying one-quasiparticle state of high spin, the (hll/z)-l state,

would be expectéd at about 1.3 MeV excitation energy. Wevqonfine ourselves to
three-quasiparticle states of the [2v,1T] type, éince'[3w ] states are
expected to be at very high exqitation energy. Here we can be guided by
empirical information on the [2V] states in the doublervén.Hg and Pb nuclei
(see fig. 14, éhéwiﬁg systematics of various levels in the Hg ahd Tl nuclei).

In both cases, 5 and 7 states, probably attributable mainly to- the configura-
12-17

tion [i and pl/2]' occur systematically ) at roughly constant

1372 P3/2
excitation energies of about 1.8 and 2.1 Mev, respectiVely. In addition 9

states are reported in 20ng’and 194_204Pb at about 2.2 MeV. Even-parity [2V,1T]
-1 .
states can be obtained by coupling these [2V] states with the (hll/2) proton

' state, whilst odd-parity states can be obtained by coupling with the 51/2 and d3/2
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proton states. Assuming weak coupling, we can dedudé the approximate positions
of the [2v,lﬂi states from.the known energy differences bf.the single~proton
states. These are ihdicated in fig. 15.

Similarly we can estimate.the positions of the states obtained by
coupling between the odd-proton states and the collective States of thé core
(see fig. 14). The existence of 2+ and 4+ states have’been.reported in

190~202_. . 194-204 190-200 12-19
Hg and H ,

Pb and 6+ states in g, ref. ). Taking the

mean of the Hg and Pb results where possible, we might estimate the energies

of the 27, 4a¥

and 6+ core states to be around 700, 1300 éhd 1800 keVv, respectively.
Whilst we cannot expect to get a precise representation of the energies
of the high-spin states by the above method and certainly some states will nbt
have been included, it should at least give a good guide ﬁo their géneral distri-
bution in this region_of excitation eneréy. Roughly, this should be independent
of mass number. In fig. 15 two notable features can be ééén. For spins 2 15/2,
the density of odd-parity states is from three to four times higher than that of
even-parity states. Also, by comparisoﬁ.with the partial level schemesvof
193'199Tl, (fig. 15), one sees thaé members of the K = 9/2° rotational band have
been identified, presumably because strongly populated, only when there are not
many nearby levels of similar spin. Thié result, although éxpected, gives some
confidence that our esfimates of the posiﬁions.of the statés are not seriously in
error. | . .
We now consider possible nén—spherical states,vof which the K = 9/2°

band is an example. The only other band which might be formed in the same way

. , . . . +
and also produce high-spin states at low-excitation energy is the oblate K = 13/2

band arising from the i3/, orbital. In 20%; the hg,, and i lstates are

/2 13/2
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' , .20 :
separated by 1.6 MeV. Also, from Nilsson's calculations ), one expects a
more rapid decrease in energy with increasing oblate deformation for the
K = l3/2+ t606] state, than for the X = 9/2 state. This ranges from about
) 199 : 193 - +
0.3 MeV for Tl to 0.4 Mev for Tl. Hence the 13/2 state would be expected
at an excitation energy of about 1.2 to 1.3 MeV above the‘9/2- state, or about

193 199T

1.4 and 2.05 MeV above the ground state for Tl and 1, respectively.

' . + . . .
From fig. 15 we see that thé possible K = 13/2 state is considerably lower in

energy than spherical states of the same spin and either parity in 193Tl, but

not‘lgng. Hehpe one is much more likely to observe Y-rays from strongly
populated states of the deformed k = l3/2+ band iﬁ the more neutron-deficient
nuclei such as-193Tl, than iﬁ 199Tl. In addition, we might expect such a

K = 13/2+ band ﬁo be perturbed from the norﬁal rotationai spaéings in a similar
manner, but to a larger extent, than is the 9/2_ band. This is because the
Coriolis matrix elements coupling the states arising frdm a given shell-model
orbital are larger, the higher the anéular momentum of thé orbital. For the
same reason,.thé aecoupling parameter of the K = 1/2 band, which gives rise to
the irregular spacings, is also larger; the Nilsson values.for these are +4.7
and +6.9 for the states arising from the h and il3/é_orbitals, respectively.

9/2
. + L . 193 . .
A strongly populated 13/2 state is seen in Tl at an excitation
energy of:1493,2 keV, quite close to our roughly estimated 1.4 MeV for the
' + - : . .
I = K= 13/2 state. Because there are no energy sums which might guide us in
placing the energy levels which decay‘finally'to the 1493.2 keV level, we did
not discuss possibilities for these levels in Section 3.1.1. However, we shall
|
. . iy s s + \ X . .
now do this with the possibility of a K = 13/2 band in mind. From intensity

considerations, either the 406 keV or the 126 keV transition (if M1l) could feed

the 1493.2 keV level (see Section 3.1;1. and Tables 1 and 2). , If these
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transitions do arise from a K = 13/2+ band, then we Qouid expect to have the
406 keV transition lowest. Thus there should be levels at 1899.5 kev (15/27)
and 2025.4 keV (17/2+). ASimilafly, it is plausible that there should be levelé
at 2492.2 kev (19/27) and 2653.8'kev (21/27) from which the 467 and 162 keV
Y-rays arise, though the experimental evidence in favor of these is not quite
so strong.

| The angular distributions and conversion coefficients of the 406 and
467 keV transitions are'certainly in accordance with tbiS interpretation, which
requires them to be Ml, with a Small E2 admixture, and.negative sign for the
amplitude mixing ratio 610). Thé calculations of Stephené’gg_gi.ll) suggest
that for lBlzb.IS the energies éf the I =.K +1~>1 =.K ﬁ:ansitions, in these
strongly perturbed bands withvoblate deformation, shéuld be approximately equai
to those. of the corresponding 2+ -> O+ transitions in.thé ground-state bands of
the doubly-even Hg nuclei. Also the energies of the K 4’5 % K + 1 transitions
should be close to those of the 4+ > 2+ transitions. bThese comparisons are
made in Table 8 for the 9/2" bands and for the proposed l3/2+ band. 1In all
cases thevagréement with this prediction is quite good. |

A possible objection to the proposed 13/2+ band ié that no E2, I + 2 > I,

crossover transitions are observed, whereés they érg strong in the 9/2" band.
Though a Coriolis mixing calculation would'be requiredvto,establish this point
with certainty, it is easy to show that it is very unlikely that the crossover:
transitions would have been observed in our experimenﬁ.b Fdf a given Nilsson

2, where

state, the reduced Ml transition probability is proportibnal to GMl

. . 20
GMl is given by )
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_ 2 T-1/2 | ) .
Gyp = E: agn =) (gs gR) + 2A(g2 gR) . ‘ (1)
L,A

|

Here the ag, are the amplitudes for the wave function in the |NLAZ> repre-
sentationzo). The component Z of spi% along the symmetry axis is predominantly

+1/2 for levels arising from the i orbital and ~1/2 for those from the h

13/2 9/2

is much larger for the i

orbital. Hence GM levels. Téking 9, = O.6gs(free)

1 13/2

' 2
(

GMl Assuming, as is almost

’ 2
and 9 = 0.3 we find that GM

149320 T

h9/2).

certainly the case, that the intrinsic quadrupole moments éf the.two bands are
nearly equal, and that the relative M1 strengths in the pérturbed bands are
proportipnal to the.relative values of the GMi' Qe deduce that the intensity of
the 17/2 + 13/2 E2 crossover transition is just possibly observab}e, but that the
~ crossover transitions from higher spin states in the 13/2+vband,should be well

below the limits of what we could observe in these measurements.

193

N . v .
.The postulated K = 13/2 band in Tl therefore seems to be in accord

with our measurements, though they do not prove its existence. It would be of

considerable interest to extend these measurements and attempt to do this. If

193 191

- the band is strongly populated in Tl, it should be even more so in Tl and

195

somewhat less so in Tl. Unfortunately, neither of these two nuclei were

studied as carefully as was 193Tl,'hence we are only able to proceed in a spec-

. | .. 193 191 .
ulative way by analogy with Tl. 1In T1l, the strong 614.2]keV Y-ray might
well be expected to feed the 11/2 state from intensity considerations and there-
fore arise from the decay of the 13/2 state. Likewise the strong 405.0 keV

: : + o 195, .. . .

- Y=rdy might be the 15/2° - 13/2  transition. In Tl the situation
. . + - + +
is even less clear, but the best candidates for the 13/2 * 11/2 and 15/2 - 13/2

‘tranSitions are the 848.1 and 458.9 kéV‘Y—rays, respectively,
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though the latter seems somewhat higher in energy- than dne_might expect
. : + :
(see Table 8)._ The positions of the 13/2 states deduced from these specu-

lative considerations are roughly in accord with expectations (see fig. 14).

5. Conélusion'

We have shown that iow-lying K = 9/2° bands witﬁ oblate deformation
dccur systematically in‘the light odd T1 nuclei. These are probably the best-
developed rotational bahds known to occur in nuclei with oblate shapes. At
first glance, their occurrence in Tl nuclei seems very sﬁrprising, but it can
be éhoﬁn that a combination of the deforming tendency‘of the‘9/2— [505] Nilsson.
orbital, the gain in pairing energy, and the very soft deformation potentials
calculated for the Hg nuclei could be expected to produce such bands. We have
probably also identified very analogous oblate 13/2+ [606] bands in ‘some of these Tl
nuclei. This type of behavior coula be expecﬁed to occur as a general feature
juSt below closed shells if the potential energy as a fﬁnction of deformation
for the even-even core nucleus is sufficiently flat in the region of zero
deformation. Whether this happens in otﬁer regions is.at present an open and.

interesting question.
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TABLE 1. Transitions 1in T1
a | e ( e ' A. Con-
' I (90 K/L(90°) A
EY(]\CV) Y ' . ql\( ) /Lt 2 4 fidence
96.8 5+1,5 A
107.9 5%]1 C
125.9 8%1.5 A
161.6 6x0.7 A
202.3%0.3 3£0.4 C
207.9 4:0.5 | A
268.9 10+1 -0.49+0.15 -0.02+0.15 A
316.6 17¢1.2  0.20 £0.05 -0.60%£0.04  -0.01*0.04 - A
320.920.3 12%1.4 : -0.55% .02 0.06%0.02
323.7 28+¢3.2  0.21 #0.05 o . A
365.3 a3” 0.07+0.03 -0.0340.03 A
392.3 100 0.11 +0.025 6.5¢1.6° -0.74+0.02 02+0.02 A
406.3 31#2  0.12 £0.03 4.6%0.8 -0.68+0.03 .02£0.03 A
431.0 15¢1.2 0.12 $0.03 4.3+0.8 -0.51%0.08 -0.16%0.08 B
: ‘ C
464.0 81 {-0.56t0 05 0.02¢0.05 1
466.8 19£2.5 0.09 *0.025 - .
469.7 51 c
672.5 2142 - 0, 18%0.07 0.0040.08 B
716.2 40%3 © 0.0075%0.002 0.32%0.05 -0.020.05 B
735.6 48+3 0.006 *0.0015 -0.19%0.04 0.04%0.04 A
741.6 9+2 0.03 +0.015 0.24%0.17 -0.05%0.17  C
751.7 31t4  0.013 *0.004 .?-o 152006 -0.14%0.06 B
754 .4 23+2.7  0.011 £0.004 3; B
790.0 6:1.6 c

Hihere Ap and A4 coefficients are quotéd, the intensities are corrected for the
angular distributions. (In the three cases where two close-lying transitions
. ‘'were not fully resolved in the angular distribution measurements, the pairs of

transitions were taken to have the same distributions.

The data suggest that

“‘this would not be seriously in error.) In the other cases the intensities cor-

respond to [Iy(90°)/I393(90°)] X 100.

b . . .
This intensity depends on the duty cycle.

®Deduced from K/M + N + ...

(the L line was obscured) assuming M + N + ... /L=0.3.
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Table 2. Coincidence relationships between the Tl Y-rays. The symbol Y
indicates that the observed intensity is greater than three standard
deviations 0 above zero, whilst PY indicates that it is greater than 1.5 0

above zero. Absence of a symbol does not necessarily mean that a Y-ray is
not in coincidence, it may simply indicate inadeguate statistical accuracy.

| |

97 108 126 162 208 269 317 321 324 392 407 . 431 467 716 736

97 PY . ’ Y PY
108 | PY ©PY
126 PY _ : Y PY Y Y Y Y
162 Y Y Y Y Y
208 Y . PY PY
269 o e PY PY Y ,_. . pY
317 PY Y Y Y py Y
321 | PY Yy Y
324 ' © PY PY Y PY
392 PY bPY Y Y PY Y Y Y Y Y Py v Y
407 PY PY Y Y py PY Y Y
431 - Y PY
467 Y ¥ | Y : Y l
716 " PY | S !

736 Y Y Y
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Tablé_S. Tranfitions in 195Tl .
Ey(keV) ' I$ A, A, Confidence
117.1 14%4 C
1215.9 ) 5:0.8 C
305.8 6+1.5 C
311.7+.25 1745 c
313.2 3525 -0.44%0.05 -0.05%0.05 A
316.6 142 - B
1383.70 17520 -0.04%0.10 . 0.02%0.11 A
:394.2 100 -0.64%0.04 0.06%0.04 A
92.1 253 -0.30£0.12 0.27+0.14 B
458.9 23£3 -0.51%0.16 0.18+0.17 B
| 607.6 1624 ~0.10£0.16 ~0.100.17 A
707.8 516 0.28%0.09 -0}19:0.09 A
.742.5 103 . C
821.9 8+3 0.3 +0.5 0.2 %0.5 C
848.1 2915 0.01%0.16 ©0.25£0.17 B

a . L. '
: "The intensities are evaluated as in Table 1.

. _
Includes between beam-intensity .
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Table 4. Transitions in 12°pb decay
EY(kGV) I, ak Coinc. Multipol. Confidence
313.4- . 15.5%1.5 .27 394 Ml A
383.7 243 #4 L0692 E2 + Ml A
394.2 100 .14 313,607 M1 A
493.2+0.6 5 i1 Ml C
534.1 5 #1 C
581.6 8 =1 .022+.006 M1 (+E2) c
607.5 21 2 .027 394 M1 (+E2) A
630.4 7 =1 C
691.2 6 #1. C
707.6 31 %3 .009 E2 A
741.9 7 %2 C
848.2 8 =1 C
878.2 55 s .008 E2 A

aBy definition.
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Table 5.A Transitions in 197T1
Ey (keV) |  1Y(éo°)  Confidence
152.5 - 7 %1.5 B
171.2- 14 4 B
205.8 8 3.5 B
219.5 " 4.1%0.8 C
222.4 17 #1.32 A
263.3 18 2.4 C
298.6 3.5¢1.3 cC
307.7 16 1.6 A
385.7 43 *4 A
1387.7 100 A
407.7 8 112 C
416.4 15. 1.5 B
561.2 | 40 5 A
-69576 17 #2.7 B
707.1 10 #2 C
715.8 7 %2 C
724.2 13 %2 C
740 4.4%1.6 c

a Depends on duty cycle.
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H

Tablle 6. Transition$ observed in 197P>b decay
This work Hopke et al.”)

EY (kev) IY Confidence EY (kev) IY

222.4 24 ' A | 222.4:0.3_ 22

239.5 4.5 B |

252.9 17 | B

290.4 1 C : 290.420.4 _ 0.8

307.7 5 B 1308.0£0.4

322.6 1 c 322.6:0.8 0.35

366.0 6 o

375.3 3 c 375.3%0.4 12

385.7 100 A Y
385.620.4 129

387.7 29 A j :

416.0 2 c 415.5£0.6 1.4
558.0£0.9 4
608.5%0.9 4
695.0%1.0 13
722.0&1;0 3
761.01.1 7

773.0+1.1 18
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Table 7. Transitions in T1.
E (keV) I (90°) I (0°)/I (90°)  Confiden
 (kev) , ,O7/1,(90°)  Confidence
o S +0.4 o '
306.4 2443 0.267)°5 | B
313.0 | 13£2 | - c
325.6 32¢3  0.24t0.1 = - B
387.6 . 100 0.25:0.08 A
+0.3
405.0 3643 0.0870 5 B
427.8 16£3.5 | | - C
+ .3
434.5 | 20+4 0.06" 5. c
614.2 40£5 0.3070-2 B
713.2£0.6 2436 12070 c
730.00.7 1535 | | S

749.6:0.7 1954 L3sTT C




Table 8. Ratios of energies of transitions in the proposed K = 9/2 and 13/2 rotational bands

" to those of the 2 > 0 and 4 - 2 transitions in the appropriate Hg core nuclei

- - - o= - : L+ + o+
K 9/2" 92 9/2 9/2 9/2 13/2 13/2 13/2
E[K+1 + K] kev  369.3 387.7 394.2 1392.3 387.6.  (405.0) 406.3 - (458.9)
E(0 > 2) kev 411.7 426.1 428.4 423.0 416.3 416.3 423.0 428.4
E (K+1K) /E(0+2) 0.897 - 0.910 0.920 0.927 0.931 (0.973) 0.960 (1.071)
E (K+3+K+1) keV  748.5 724.2 742.1 754.5 (760.1) 592.7
E(4+2) keV 636.8 635.3 636.8 634.7 625.1 634.7
E (K+3+K+1) /E (4+2) 1.175 1.140 1.165 1.188 (1.216) - 0.934 .
| &
[e)}
i ~ Y )
A 199 197 195 193 191 191 193 195

€eeg-1d1
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Figure Captions

- 181 16 193 .
Fig. 1. Spectrum of in-beam y-rays from the Ta{ 0,4nY) Tl reaction

at 82 MeV bombardiég enerqgy.

Fig. 2. Spectrum of Yy-rays in coincgdence with the‘392ikev Y-line from the

181Ta(160,4nY)193Tl reaction.
y n : : .' ; 181, 16
Fig. 3. Spectrum of in-beam internal conversion electrons from the Ta{~ "0,4nY)
- 193 ' ‘

T1 reaction taken with the wedge-gap spectrometer. The positions of the K-,

" L- and M-lines of a few transitions are ihdicated.

193T

Fig{ 4, Level Scheme of 1. Transition intensities and most-probable assign-

o + N s
ments are shown. The levels of the suggested 13/2 [606] band, shown by broken

lines, were assigned-partly from theoretical arguménts (see section 4).

188 11

Fig. 5. Spectrﬁm of in-beam Y-rays from the Os ( B,4nY)195Tl reaction at

57 MeV bombarding energy,.

195

Fig. 6. Spectrum of y-rays from Pb decay taken for the first twelve minutes

after bombardment.

195

Fig. 7. Spectrum of conversion electrons from ° Pb decay taken between the

beam pulses with a solenoidal electron spéctrometer. The positions of the

K-, L- and M-lines of a few transitions are indicated.

Fig. 8. Level Scheme of 195Tl deduced from in-beam Y-ray measurements and from

95P

' 1 ‘s . s
vthe decay of b. Transition intensities and most probable assignments

are shown. , S

Fig. 9. Spectrum of in-beam Y-rays from the 19OOs(ll

B,4nY)197Tl at 57 Mev

bombarding energy.

Fig. 10. Level scheme of 197Tl deduced from in-beam Y-ray measurements and from

o 197 . .
the decay of Pb, Gamma-ray intensities (90°) and most probable assignments

are shown. Uncertain levels are indicated by broken lines.
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. . -
Pig. 11. Spectrum showing the 386 and 388 keV y-rays from 19 Pb decay.

1

182w(l4N,5nY)19-Tl reaction at

Fig. 12, Spectrum of in-beam Y-rays from the
93 MeV bombarding energy.

Fig. 13. Level scheme of lngl. Gamma-ray intensities (90°) and most probable
assignhents are shown. The levels iﬁdicated by brokéh lines were assigned
only on the basis of intensities, systematics'andvthéoretical considerations
(see Section'4).

. Fig. 14. Energy systematicé of levels in Hg and Tl nuclei. Level positions for
Hg nuclei are connected by thick lines‘and for Tl nuclei by thin lines.
Some lévels, identified in the present work and.in ref;fZ, are shown by>open
circles and their proposed spins indicated. |

Fig. 15. Estimated energies of high-spin levels in spherical odd-mass Tl nuclei
(see ﬁext) are shown in the right and:left sections, -and partial level
schemes for the nuclei’lgBTl and lgng in the center. The estimated energies
are shown by thick vertical lines with a spread of ilCO kev. The energies of
the two-quasi-particle or collective states, in the‘ddﬁﬁly-even nuclei, are
shown by thick horizontal lines with their.assignments:in round brackets.

The assignments of the one-quasi-particle states with which théy are combined

are indicated by square brackets.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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