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. METASTABLE STATES I T0in bIGHm THKELTUM ISO”OPES'
S rnonucdn 1IN BEAVZ-ICN RLACTIONS*

SR Re M. Dismond and F. s. utephens‘ ' .

e ”i'_ f'Lawrence Rediation Laboratory v
i Undversity of California
S Berkcley, California. L

April 1963

Dow

Tnis paper reports en investigation of rel“tlvely short-livcd i omerIC'states

proauued in tne ocd-ma g thullium iootopcg.' Suitable tarugbs were irradiated at

_“:“bhe HILAC wi h nbavy ions rang ing ;rom Hen o) He?o to-produce exclted thallium

10

nuclel of mass_numbe; 200 to maes 191 accoraing tp_the type'r¢action, L

a+b-x - . o
Xaa.- Y —)8 l e xn~. L o - i;; ‘ .

“Those transmtions fo].:l.owi.nrr the decaj of a metastable state of millisecond to' minatcs

 '_ halL~l1ie could then be dbservcd very cleaaly in the intervala betwcen the three milli-

 ”1second long HILAC beam bur ts (65 to 165 milliseconus, depending upon the repetition

"~“r uscd), by either a gammu~ray or, most often in the preaent study, an electron
‘5‘2'1spuctromcter., By looking durinu the beam burs»s, the more num rous p&ompt transitions
'};'could also e stuaicd, and after the irradiation, the lon'er—lived transitions (incluﬂ-

‘ Rji-inv tnO°e of the. caabntor acolvitieo) could be observed with the hILAC turncd off.

- From the ele.ctron apectra, 'the ener(,les and in«.ens:.ties cf the various l;.ne.;. -

‘“{~could be actermined. MBBo a351gnmcnts of thege lines could be made from the nature

o (nfOJcctlle, tar¢cu, and cnergy) of the irradlation and in many cases, the lines

a‘f“could be 1dcnzifiea wi th previoqsly known traauitions.l Irradiatlong at two glightly

‘different pro*ectile cneroieo helped with uhc mas, assignments and showca whlch treonsi-

tiona beloawea to the same cascade.A Mcasurcmc . of the half-lives the.prlncinul

elcﬂ*ron llncs oaservea also showed which transitions ‘were associaten witn a particu,ar




: .

“l7 {l metastable State,?aS‘well.as determining the half-life of.thatlstate; Fron tne‘experi-

| ';nental K/L electron ratios, multipole assignments were made using the theoretical

"conversion cocificients of SllV and Band.2 The elemental assignments of the lines, :

vg_that is, whether they occurred in the original thallium nucleus or in tne mercury

Ll aaughter or gold granddaughter, were made from the energy difference between the’ K and W

:L converSion electron lines. | | |
_ Figures l-h illustrate the type of experimental results obtained. The first

‘_ﬂ'figure is an’ electron spectrum from a 22 MeV Hek irradiation of gold taken with the

'bcountinw equipment gated off for an 8 msee period, centered about and including the

: 3 msec beam pulse.' The resolution of this spectrum is about 1. 2% down to energies of

t:':about 25 keV, where. the target thickness causes additional broadening. In regions

L of particular interesc ‘better resolution was desirable, ‘short sections at about 0.6%

'f rcsolution were tanen and are’ inserted in Fig. l beneath the corresponding portions

*'fof the lower-resolution spectrum._ Essentially only the a,n and a, Zn reactions oceur

iwith 22 MeV Heu ions on gold, and the aSSignment of the lines to either leoo op TR

199m Rt i

was quite easily made based on the variation of their intensities with He1+ ion o
i.-_,:_energy and their grouping by half-life. The transitions of 29, 367, 362, end 720 keV
.”. all snowed a helf-liie of . 27 * h msec, those of 213 end. 539 keV gave 37 t L msec,. The

- 353-K€V transition was £0o weak to measure. without wore care, but it and the 367» and

199

720-keV transiuions were already known to be associeted with Tl from studies of

,'Pb199 dccay 1

' Figure 2 is 8 gamma ray spectrum taken under similar conditions to those of

B

Fig: 1. Here the resolution is t00 goor to indicate much; however, coincidencesf{i

between the. nrominent 370-keV photons and others of comparable energy were quite.

' j:intense. “An angular distribution of these coincidences was measured and will be‘

discussed.v'j‘ o ;*Jﬂf,f;" TR A\ 3 .,:""v




99 at °67 and 720 keV were previously known,l and a metastable

3

Levels in TL

» .. state of LZ msec nall—lilc has been observed. The transitions studled in this work

: ff"and with the’ nroperties summarized ia Table 1 suggest the iscmeric level h&o a 27 msec

i ’;c“half-lilo and is ab 7&9 keV.' :We measure the K/L ratiod of the 382~keV {transition as i-

: _0.88: 0.05. The theoretical E3 K/L.fatioz is 0.90, and taken together with the 27

" msec helg-life, this clearly indicates an B3 transition. The KAL ratio of the 3T-keV
‘etracsitioc is 2.5 % 0. 3, andisince this iS'alﬁost undoubtedly aﬁ Ml#EZ-mixture (fiom

‘Y~previous wor“vl and also by analogy to nll the other known odd-mags thallium isotopes),

: ,;@”we then obtain Tor the miling, 77 £ 8% B2 and 23 8% Ml. This mixture gives the total‘u
"'v;tranbltion incensity listed in column 5 of Tdble l. To eatimate thc intensit y cf ;
i '}vthe 353-keV trans ition, we have’ used the value 79% -25% EZ determined’ previouoly,r
:the intensi Ly of the 720-keV tranSition was calculated on the baois tnat it iu a pure o
*.f‘EthrahsitiOﬁ.> Ouf ratio of the iniensities of the 720- to tne 353-kev tranSLtions f-’

B ”is roughly in agrecment with the prevmous value.

The spin of the ground staue os Tl199 is meaauredh to be 1/2, and since the

- g367~keV level is connccted with thic state bj en ML-E2 transition, it must have spin
7f'J3/2. The parity of tnese levelg is very likcly positive as will be dlSCUoSGd later.i |
v lllne 720-keV level is probably uhe 5/2 staoe whicn occurs systematically at about
jcf nis energy in the heavier thallium iaotopes. The e assignmcnto were previously

"icuugeoted bj Anderscon et al.l‘ The 7%9-keV isomeric staxe,then, very li&ely has

" spin 9/2 since it is connected with & state of spin 3/2 by an E3 transition. The
vlariuy would be neNative if that of the lower two states is. pOSitive, a3 suggested.
A 9/2- staue ‘is not expec»ed at thlu energy in Tl 99, and therefore ve have

- measurcd the anﬂular diScrlbution ‘of the 367- and 382—keV ohotons in order to confirm

this spin.. Becauoe the intermediate level in the seqpence has a spin of only 3/2, the

o 51mple an"ular correlation expression, W(e) = l + A (cos 9), is applicable. The




of the‘NaI crystals is+0.20

-

31/2 sequence, vith d

:-4-' .

- consta nt, A 78 deﬁermined by measuring the yield of the 367-382-keV gamma-ray

2’ was

|« group in c01ncidence with iuself using two Nal counters set alt crnatelyAat 90°

B a“a at 180 to each 0uher.. OCur valuc for Az, cor;ected for the finite solid anale

+0. 04
-0.03°

taken to be positive as 1s found for the aeavier cdd-nass

' The theoretical vslue for the 9/2 (E3) 3/2 (xfﬁ.-EZ)

- \/Nl

E2

Vthalliam iso’conc:,5 (and corrected for a 5% cont ribution from the 3)3-367-kev cascade),

is. ?O 23 * The aﬂreemcnu ‘here is satls;actory., Un¢ortunately, the sequence ;1/2 (E3)

/2 (Ml, unoboervea) 3/2 (Ml-Ez) 1/2, glve° the seme theoreticel value of A, howcver,

.'.tuhls seguence seems unllkely as the energj sum, 29 + 353 = 382, would require thut

o error, that is, less then about 2 KeV,

the encr@y of the uncbserved ML tran51tion be equal to or less than our eAperxmenuel

{'v.

These :eaul lead to fhe level ocheme for ”ll99m shown in Fig. 5. BJ thls

SCheme the Lnteﬁoltj 0¢ the 367-keV tran51ulon must be equal to the sum of the lnten-

o ‘sities of the Q82- and 353~keV oreneltiona. r"his is shown to be the case in column 5 c¢f

t;able l. The 29-zev transition (presumably Mz)'represents about a Th branchihglefﬁthe

”;_target (5 mg /cm ) s uged. '

' "lOngQIived" 197 Tllga and Tl

7u9~keV levcl.r-

11197”

In o”der to prcduce *he Hey ion energy vas 1ncreased to about hz IeV;

To reduce the amounts of the heavier thalllum ioOqueS produced, a relatively tnmn bold

S

An e;cctron upec»rum taken under tnese condltlons, and with the- counters gatca

”.off1durin5_ﬁhe beam pulse is shown in Flg; 3;. he lines belonning to the releulvely

' l98m Vere easily 1dcnulfied by rerunning a gpcctrum 37

--immediatelx cr the beum was turned ofz.‘ These long~llvcd linea are 1ndicaued 1n

199z

the_flgere, es is one of »he lines previouoly idenuiflcd in i , which is qulue

i

week here.; $he remaihing lines aré assoeiated”with tWo‘transitions of 222 and 385‘keV.~



”tran31tidn, our K/L ratio is 3. h > O L, which assuming an ML-E2 mixture, gives 62 £ 10%

'71/2. Agaln, the u2~Ml mlxture of *the. 385-keV traneiolon reguires cnat the xlrst

- Fig. 5. The cascade arrangement requires equal intensities for the two trensitions,

the barrier energy. ' To separate

97

rpnese we “ttrlbute to ml

97

, and they have beeﬁ seen previously in stﬁdies of

cecay. The half-live we determined for the tvo llnes were tnc ~same, namely

'-O 53 £ 0. 03 sec, and nis valu° is in &ood agreement with tbe 0. 55 sec half-life

. prev1ously reasured for Tl 9{ (ref. 6).

‘The data on the ;1197. electron lines are summarized in Teble 1. .Our value

‘"_; ”Pow tne R/T ratlo for “the 222—keV tr_n31t10n is O 28 = O 05 The theoretical value'_
.“. 2 )
‘ for en Eg t~ansiuion is O. 2& and the prcviously measured value is 0. 28, 50 we are.

v'in_as mcnt w1oh *he prevxous assign mcntl of uhlS tranoiﬁion as 3. T*“o:c' the 3u5rkeV

+ E2 and 18 = 10% Ml.. The spln ox the Qround state of TL 97 has been measurgau to be vy

... excited state can only have spin 3/2, and the isomeric state then most likely hes

" spin 9/2. In no case can the spin be higher then 9/2, unless one egain invokes & =~

: low energy unobserved trénsition.

The level scheme we deduce i quite simple and is shown as heavy lines in

4and”the agreement heré'is shown in the last column of Teble 1L to be gocod. The main

: o o . R ' 1. .
point of disagreement between thls eand the previous work™ is that we have the E3 s

\

transition terminating at the first eAcited state rather then at tne (;ormer) sccond

- excited state of 772 keV. If whe T72-keV atate were populated by the E3 trangltion,
‘we would noz have regolved the regululng 385~ and 307-keV cascgde transitlons in

_this work; however, the 1nuen81ty of the composite K line woula then have been well

over three times the intensity observed. Such a situation can be completely ruled

out on the basis of the preseﬁt data.

" The Clz,#n readtions on Re 187 and Rela5 produce Tll95m and T1193m, respectively,

and such reactions can be réther clean if the Cl2 ion energy 1s only slightly ebove

! 95m o m’ll93m

from one can produce the latter alone

o, 18L 16

“by bomuaral ng ° a T owith O lons of the appropriate energy.



FPigure 4 shows the electron spectrum of rhenium bombarded with 67 MeV

12, S ST e A ) ' I 5 . .
C"7 ions, and directly beneach is‘the spectrum of tentalum bombarded with 79 MeV.

. . 16 . ' L
e -0~ ioms. In bOuh upcctra thu co ters were geted off during the beem pulse.

Tr 1alt¢OQu of 99 and Q83 keV have been assigned to TllQSm (see 2150 ref l and 7),

!

| I H - .
o - . .

Pl and single w“an51uion of cnergy 365 KLV ass ﬁned to: ”119“A. “The date ca these
. . ‘ ‘

fffﬁ” © . lines is SummariZGd in Eable 1.  Tae halx-ll4e of the 383 leV tra nsmtion vas measured

and gave 3.6 t 0.b sec, in good'agreement with_the previous Value of'3.5'sec for

7197 (rer. 6). The half-life of the 365-keV trensition was found to be 2.11 £ 0.15

min.

'The 1CVbl gcncme propo edvfof'Tll95m‘is shown'iniFig. 5 ‘Our date do not

f?ého« thwt che-99~keV tr nsi tion is L3, houuver,'lc W&o 80 assiﬁncd prevmously

;ﬁéﬁd we Lina folo) eviduvce o suogcuu otherwmoe. Our K/L ratio for the 383- meV Aaas~uion N
ié 3.8 = 0.3, which indicates T4 i‘8% L2 and'26 E 8% ML. The level scbeme‘;gggested
is sﬁrictljﬁénélb gous to the 3rev;ouu two odd—m ss.thalliﬁﬁ isotopés,'and differs4"
from,theiearlier'vor‘ again ln uh& the 99~keV E3 tramsition turﬁlnatcs ‘et the 3 ;83 ch
3/ex level ?lt. than &t the 77o-ch 5/2+% onei:'inis is glearly ‘shovn in,our spectru;.
Sy the ebsence of the h llny of the 393-keV t aition;‘whiéh‘vould héve'ﬁeén o&er'#

twice as int én se as bhe K llne of,the 38 ceV transit ion if both trans;tlons were in

:”“the'Caédé f‘ &h» vow.l 1ncensit1cu of Lhu 99-'una 383~keV 1tiono are ng n 1n
.co””q 5l6f Table l, aqd we ;cel these are ShfflClCnuly 51 Milar to’be'consistent'with
the casca deNacraa eaent of Aig, 5. Our use of thick targets produced 51veable taiis
on fhé Lines, and for energie§ as low as 90 kéV es timation of thié tail can be rather
uncertainil o o o . ‘ | -

‘The leV“l vCthe Paopooed for TLl93m is also chown in Flg 5. In thlo‘cése

the E3 t;an51ulon is not observcd, and oar e/pcrlm;nual l;mit on tne energy is less

&



169, 197, aad 195 isomers.

tuan 25 keV. From the pattern establiched by the mass

'D

(FL@. 5), such an upper limit »ppears‘to be quite recasonable and suggests way the
.7 isomerilc state is cbserved only trwough the decay of the following 365 keV trensition.
The letter appears’ to correspcnd ©o the usual irst excited state-to-ground transition

of the ocdd-mass thalilum isotope 3 the K/L ratio’ of 3.8 £ 0. coserved indicates

7L.£ 10% E2 and 29 £ 10% ML. The systematics shown in Fig. 5 elso.indicate that

191

the 9/2- level mey well become the first excited state in T1777, and s6 can only

'vdccay by a rel aulveWy slov Mk transition or by ¢lectron capuurc no E3 transition

: . o e ; ' 191
. Croany kOfu’LlVb& ~1tions, in fect, were observed for 11 9 .

o

Thug - in all four of the odd—mass nuclel studied, the E3 tramsitions must. ..
come frcm.a'9/9 level, rather then a Ll/z lCVLl, unlegs the sequence 11/2 (E3)

5/2 (undy served ML) J/Z (M-B2)1/2 oceurs 'systematically; We can ‘set an uppgr‘limit,'

Ao . : : 19 R
for the energy of the haobgc~vcd Mi transition of 2 keV in Tl_)9, and of ‘25 keV in. ¢

the other three cases. We feel thet an 11/2 spin is virtually completely ruled out

by,the necé sle oa'”uch unooucrvcd low cnc j “transit ons in all four ca "s; and* ]
by the dl&LLCQLulCu ¢n gccounblnﬂ"”or -/2» lcv s never derCVly obs;rvcd, buc;;j*

~oécU1ring systemaﬁically‘in.alllthes-‘quoicx & ;ew keV ‘above the f;rsg excltea utCCL

Cne of the mﬂ4n rés&lts~bf‘this'work3 “hen is the assignment of the iscueric
199 e e A ORI K
9 &g 9/2- states, as well as the corresporalng ones=1n”;;-;7

\

U,.f“~v1ously asblgnea as hll/Z single UuTilCle states., o1 - Since tnerells;no

uﬂd Tl

9/2— level aveileal lc in. uhi region from a tr single-nartlcle modcl aOyLogch,; he

surprizsing existence'of such low-lying level io stronv bv1dence that COlleCthL states
Play e pert in th lomer excited Su&ug OL tnu livht'thallium isotopesf One way of '
producing such a 9/2~ *evel is to couﬁl uhe hl /2 proton hole to a collective 2

oo .

CKClb o“Oﬂ (VL a ic n) or tne res 1dual evcn—even core, A“otner more aetalled wey - 1s

oy
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table I, Electron lines in cdd-mass thallium isotopes.

e — ——

. o o ‘-,-},'/ : . ‘ v . .
Mess -, Trassition 7. - Comve clectrons . o ‘Ireasiticn
~ 2 Wo. .. energy (keV);~j-[j -~ obgserved - - Multipolexrity | intensity

Lt
i

CLaLarspws 6

Laee 120 £ 250°
1250

ST ..V..';'

Iy 27

, .

KL, NN -

2

VLMl o
CUUURLMeN

9% M-

1933 JGb G TR i

0

jsed as an energy standard from Anderccon et al., ref. 1o -7

w

- “Used as an energy standard from Andersson et als, refls 6. o -

- Corror limit frquthe uncértaiﬁtyLin:thg’M;szlratib;??ff‘
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f‘_counter was caced on onlj betwccn thc beam PhlaCu-

T

" FICURE CAFTIONS
i 97 ch
Electron s ctrum from A lrrud¢¢ted by 22 MeV Lc «  The. -

fhe uﬁpc*-f

:fffcuer o8 to en ot l.ap resolution, while thc lcwor portions

\ Wg;o hakgn at o 6 resolution. ;;l ;gi;g

ﬂ {He%Q

Tondmmh;ray apcccrum of At 197 irr diaued by 22 HcV He's The -

qter wau gatcd onr only betwecn the becm pulscs.‘

The countervwas gated on OﬁlJ betwccn uhc bccm nulses.

Electron”sp ctrum zrom (a) na ural rhcnium targe irradiated;v_

12 16

and (b) Ta g;ﬂuargct i:rualatcd by 79 MoV o

;1.Tne coanuer was.gated on onlJ beuwcen the beam pulacs.aaf

' Level schemes of the odd-mces thallium lsotopes: . -
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