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. FI\O!>UC.E:D IN HEAVY -I0~1 RE:ACTIOHSJ.}. 

. . 

R. I:l.l. Diamond and 1". S. Stephena 

Lmn-ence I\c.diation Lo.boro.tOl'7 . 
University of California 

.· . Berkeley 1 California 

··.-;r 

This paper reports· an investigation of relatively short-lived isomeric states 

produced in the odd-mass· thallium isotOl)03. · Suitable targets were il.·ro.dio.ted a:c 
. . '• . . ·. . 4 . ~ 

... the HJI.AC rlith heavy ions ranging f~om 2Ho ·.'to 
10

He to produce excited thall~um 

nuclei of mo.s.s number 200 to rua.ss 191 according to the type reaction., 

· . .a ·. yb m
1

a+b-x · . 
81-zx + z -+ 81... + xn 

,.· ·-· j,:\. 
•I. 

-''l'hosc tt:a.nsitions following. the decay of a metastable state oi" millisecond to' minutes 

hillf-li.f'e could then be. ob~erved very cleanly in the. interval.a bet-vreen the three I:Jilli· 

. s.eoond long BIW\.0 beam bursts (65 ~o 165 mUliseconde, 'depending upon· the repetition 

rate ·used), .by:e~thor o. e,ammawray or 1 mo!it often in tl"1e present. study 1 an electron 

. spectrometer •.. By looking ·durinc; . the beam bur~ts, ·the more numerous pl.·omP,t tra.nsi tions 

could.also be studied, and after th~.irradiation,.the longer-lived transitions (includ .. 

ing those. of the. daughter ecti vi ties) c.ould be observed w1 th t4e Hll.AC turned oft. 

Fl1 om the electron spectra., the enerGies and intensities of the various lines 

· could pe determined. Mass assignments of those lines .could be made from the nature 

( projpCtilC 1 target 1 , arid energy )of' the irre.diatio'n and 1' in rm::.nY: Cases 1 the lines 
. .·. . '', . 1 

't' could be identified with previously knolvn transitions. Irradiations at two slig.~tly. 

different projectile energies helped with the mass assiG~ents and showed which·trcnsi· 

tions belonc;ed to the same cascade •. Measw·cmcnt of ·~he ho.lf-livea ot the princir;o.l 

electron lines observed rilso showed which transitions were associated with a pa.rticulax 

'' ·', ' ~ ;, ' 

·•. '. 

::'f. '. 
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metastable state, as well as determining the h~f-lite.of that state. From the eA~eri­

mental K/L electron.ra.tios, multi:pole assignments were made using the theoretical 

conversion coefficients. of. $liV, and Ba~d. 2 The elemental assignments of the lines, 

· that is, 't-rhether they occurred in -:the. ~riginal thallium nucleus or in the mercury 

··~ · ·daughter .or gold granddaughter 1 were made 'from the energy difference between the· K and " 
. . . ~· .• . 

'•' •. ~· i . -:·· '. 

:.:·.=.· 

I , Y'+ 
I . . . . . . . 

! • 
! . 

;. ·. '• 

·.·· ·, 

L conversion electron lines. 

Fie,~es i-4. illustrate· the type of experimental results obtained. The first 

figure 
. . . . . . 4 

is an electron spectrum from a 22 MeV He irradiation of . ' . ~ 
gold taken with the 

counting equipment gated o:f'f :f'or an 8 msec period 1 . centered about and including the 
} \ . '' .· ... ".:·.····.' '.·, .. ·: I .', .' ' • . • • • ,• ' ~ . • ,' • 

3 ~sec beam pulse. The resolution of this spectrum is about 1.2% down to energies of 

about 25 keV, vrhere . the. target thickness causes addi tionai broadening.' In regions 

of particular interest better resolution vas desirable; short sections at about· o.6'fo 

· · resolution were taken and are. inserted in Fig. 1 bel:lea.th the corresponding portions 
. . 

· of the lower,.;r~solution spe.ct~~~ Essentially only the .a,n and a, 2n reactions occur 
. ~\;· . . . . . . . . . 4 ·. . -

~' 'i-rith Z2 M~V .He , 'ions on gold 1 ·and . ,.,.•, .. ,.. .. ' 

. . 00~ 

the assignment of tne lines to either Tl or·~·.·· ..... , . .,.,~. 
. . . ' . . . . . . ' 4 ... , ... , .· :'·· ···:.>: ,. 

on the variation ·of their intensities with He _ion . · Tll99rn was quite easily m!lde .. based 

energy and their grouping by half-life. The transitions· of 29, 367, 382, and. 720 keV 

all showed a .l1alf -life of 27 ± 4 msec; those of 213 and. 539 keV. gave 37 ± 4 msec. The 

353-keV transition was too veruc to measure ~ithout more care., but it and the 367-. . . ' . . ' . . . and 
. . . ' 

720-keV.transitions were already known to be associat~d w1thTl199 from. studies of 
• • I ' • ' • • 

199 . . l 
Pb . decay. 

Figure 2 is a gamma ray spectrum .taken under .similar conditions to those of 

Fig. l. Here the r.esolution is too poor to indicate much; however 1 coincidences 

betw·een the prominent 370-keV photons and others of comparable energy were quite . 

. · · intense. An angular distribution of these coincidences was measured and will be 

· .. · discussed. 
:.• .·' 

',· 

·.· ' ... 
· .. ·' '. '• 

' ,•. . .... 
.·~·. ,' •·. ~ .• . ~ .. · 

'·t, .• :· 

\• ... . ''' 
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Levels in T1199 at 367 and 720 keV were previously known.,1 and a. metastable 

.. state of· 42 msec haJ.:r.:.lite has· been observed. 3 The transition~~ studied in this wqrk 
. . 

and with the propel·ties summarized in Table l sllgGest the isomeric level has a 27 msec 

•· half'-lif'e and is at 749 keV. ··.·We measure the K/L ratio of the 382-keV trausition as 

0.88 ± 0.05.' The theoretical E3 K/L ratio2 is 0.90, and taken together with the ·27 · · 

msec half-life, this clearly indicates an E3 tr~~sition. The KjL ratio of the 367-keV 

·tra~si·ti~n is 2.5 ±. 0.3., and since this is almost undoubtedly an Ml.-E2 mixture (from 

. previous work., 1 and. also by analogy 'to all the ~ther 'Jm_own odd-mass thallium isotbpes) 1 

. · ·,~e then obtain' tor the. mixing, 77 ± 8% E2 and 23 ±. 8% · Ml.. · This ruixture gives the total · 

transition intensity listed in column 5 of Table 1. To estimate. the intensity dt 
•.·:' 

the 353-lceV transition., we have llsed .the value 75% M:L:..25% E2 determined.·previ.:o~~~;·~·i_i 
.\ .·· 

the intensity of' the 720..:.keV transition was calculated on the basis· that it is: 'a pure · 

· E2 trensition. Our ratio of the· intensities of the 720- to the 353-keV transitions 

·'is r_oughly in agreement with the previous value. I'', ··.:·.'·:· 

Tbe spin of the gl4 ound state ot ~1199 is measured
4 

to be 1/21 and since the . 

(,J6,7 ... keV level is connected with this state by. an Ml.-E2. transition., ·it must 'have spi'n 
, . 

. 3/2. .The parity of' these levels is ver-;1 lilcely positive as will be discussed later. · 
. . 

·.The 720-keV level is. probably the·. 5/2 state vlhich occurs systematically at about.: 

this energy in the heavier thallium isotopes. These assignments wer~_previously 

, suggested by Anderss~n et a.l} The 749-keV isomeric state~ then, ver;/ likely ha.s ••. 

· spin 9/2 since it is connected. ,.;ith a state of .spin 3/2. by .an E3 transition. :The · 

parity v1ould be negative it that of the lo-vrer' two states is positive,. as ·suggested • 

I 
. 1~:, 

A 9 2- state is not expected at this el:lergy in Tl 1 and therefore we have 

measured the angular.distribution of the 367- and 382-k~:V photons in .order to-confirm 

this spin. Because the intermediate level in the seq_uence has a spin of only .. 3/2,· the 

simple a1'igular corre~ation expr_ession1: W(G).= l_+ A2P2(cos e), is applicable. T'ne 
> • • • ' • ' ' 

•".:, 

··:,,. 
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constant, A2, \.;rs.s determined by measuring the yield of the 367-382-kcV gemna-:ray 

group in coincidence with itself, using two Na.I counters set alternately· at 90° 

and at 10o0 to each other. Our. value for A21 co:rl~ected for the finite solid anGle 
· ~o o4 . 

·of ~he l'!ai crystals is+0.20~0 :03 • The .theoretical value for the 9/2 (E3) 3/2 O~D.-E2) 

·;· . vw:- ... 
'=l 2 seq,uence, vi th o = E2 taken. to be positive as is found for the heavier odd -ll!o.ss 

thallium isotopes5 (and corrected for a. 5% con~ribution from the 353-367-keV cascade) 1 

is +0.23. · The agreement here is satisfactory' •. Unfortunately, the. sequence ll/2 '(E3) 
. . . . . 

. 5/2 (lv1L 1 unobsel"'Ved) 3/2. (Ml-E2) 1/21 gives .the srune theoretical value of A2 • ··Ho\.;ever3 

.,this sequence se~rils unlikely as .the energy sum, 29 -'r 353 ~ 382, would require· that·····: 

the, energy of the unobserved l.U. transition be equal to or lees than our experimentcl. 

error; that is, less than about 2 keV • 

These results lead to the level scheme for Tl199m shown in Fig. 5· By:·this 

sc·h~me the intensity of the 367-keV transition must be equal to the sum of the ·inten­

sities of the 382.- and 353-keV transitions. This is shmm to be tho case 'in column 5 of 

,. Table 1. 'J:he 29·kev· transition (presumably M2) ·;represents about a 7% branching. of. tpe 
·.::· .. 
· ... 

749 ... keV level. · 

In order to produce Tll97m,·-the He4 ion energy 't-Tas increased to about-'4z'z1~v~ 
I • • . r 

To reduce the arnounJ.;s of. the heavier thalliUm isotopes produced, a. relatively thin: gold 
.· ... , . 

. . · 2 
target ( 5 mg/ em . ) . vlas used. 

. 'i 

; · .. · 

An electron' sp-ectrum taken u...•der these conditions, and wlth the· counters'. iated 

. off during the beam l)ulse is shown in Fi!F 3 •. The lines belonging to the. relatively 

long-lived n 197, Tll9S and Til9Sm \·rere easily identii'ied' by rerunning a spectrtW:·< 

.immediatelyafter the beam was turned off.· These long-lived lines are indicated ·in 

the figure) as is one of the lines previously identified .in T1199m 1 which is quite 

weak here. The remaining lines are associated with t,.,o transitions of 222 and. 385 ·keV. 



... 

' . .. 

These 'ftle attribute to Tl197m 1 and they have been seen previously in stUdies of 

Pbl97m decay. The haJ.f-lives we determined for· the t1-ro lines were the seme, namely 

0.53:± 0.03 sec, and this valu~ is in good agreement with the 0.55 sec half-life 

19'7m previously measured for Tl . 1 (ref. 6). 

The data on the Tl197m electron lines are summarized in Tt,ble 1. Our value 

l'''for the K/L ratio for the 222-lceV transition is 0.28 ± 0~05. The theoretical vaJ.ue 

. 2 
for an E3 tl~ansition is 0.24, and the previously measured vaJ.ue is 0.28, so we are. . \ 

. 1 
· , in agreement 1-Tith the previous assignment of this transition as .E3. For the 385rkeV 

>' .. 

. ·', ..... 

.. 
transition1 our K/L ratio is 3·.4 ± 0.4, wriichassuming an 1.fl.-E2 mixture, gives 82 ± 10% 

.;· E2 and 18 ± lOfo ML · T.ae spin of ·the ground state of '11197 has. been measured 4 to' be' .. , ~ 
~:.:~-~:;'·:.:·;·,. \ .·:·· .. '·> ·, :·'-: :: ; 
''1/2.. .<\gain, the E2-lvtl.. mixture of the 385-keV transition req,uires that the firs.t .. · · ,,. .. , . 

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

spin 9/2. In no case can the spin be higher than 9/2, unless one again invokes a .... , · ... , 
. i 

lovT energy ti.nopserved transition• 

The· level scheme ov;e deduce is quite simple and ·is shown as heavy lines in·· 

Fig. 5. T'.ne cascade an::angement requires equal intensities :ror the two transitions·, 

and the agreement here is shO'i.·m in the last column of Table l to be good. The main 

point of disagreement bet\.;een this and the previous 1·10rk1 is that vle have the E3 

transition.terminating at the first excited state rather than at the (former) second 

excited state of 772 keV ~ I:r the 772-keV state vTere populated by the E3 transitio.ri, 

'lrle uould not have resolved the resulting 385 .. and 387-keV cascade transitions in 

_this work; hC'I-lever, the intensity of the cornposi te K line would then have been well 

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

out on the basis o:r the present data. 

T'ne c12 ,lm reactions on Re187 and Re185 produce Tl195m and Tl193m, respectively, 

and such reactions can be rather clean it the c12 ion energy is only slightly above 

· 195m · 193m · . t.lJ.e barrier enerr::,-y •. ·To separate Tl. from Tl one can produce the latter alone 

by bombarding Ta181 wi~h o16 ions .o:r the ap~ropriate energy. 
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Figure 4 shcivlS the electron spectl·urJ of rhenium bombarded vTi th 67 f..1eV 

c12 ions,· and dil.·ectly beneath is· the spectrum of tantalum bombarded \vith 79 l<eV. 

1-" 
.. o-0 ions. In both spectra the counters ,.,ere gated off during the beam pulse. 

Transitions o"l 99 a.ncl 383 keV have been assi&,rncd to Tll95m (see also ref. l ~d 7) 1 

' . "'""5 , v . ' . d .· 193m and a single transition of energy ~o ~e ~s ass~gne .to Tl • The data on.these 

lines ·is sUllli-nariz~d in T~ble 1. T'.ne half -li:fe of the 383-kcV transition \·las measured 

· .. ·· and gave 3.·6 ± 0.4 sec,· in good agreement with .the previous value of 3·5 sec for 

...... 

,;··· 
.. '. 

. · ·. ' ~ ·. 

.II,·. . ' 
. : -~·: 

i '·.··. ·,' 
'i • : 

··:'. 

·rml95m(."' "')' 
.1-.l.. reJ. .•. o • The half-life of the 365-keV ~c;ransition was found to be 2.11 ± 0.15 

rni'n • 

• ·:. The level scheme· :propo::>ed for Tll95m is shoim in Fig. 5· ·Our data do not 
,. ' ' . . . l 6 
• shmr that the· 99-keV transition is E3; hm1ever-, it vre.s so assigned' :previously ' ····. 

' and \ve find no .evidence to suggest otherv;ise. Our K/L. ratio for :the 383~keV transition 

is 3.8 ± 0.3, which indicates 74 ±. 85~ E2 and 26 ± 81o r1U. •. Tbe' level s.cheme s~ge::>ted 

is st:cictly.a.nalogous to the previous t\vo odd-mass. thalli~ isotopes, .and differs . . . ''• :~. ' · ... : . 

from the earlier \·Tork again in. that the 99-keV. E3 transition terminates 'at the 383·-keV 

3/2+ level rather ·th,an at the .776-kr:N 5/2+ one, • · T'nis is clearly ·shmr.n in. our spectrum . 

by the absence of the K line of the 393-keV transition, which ~rould have been over 

tiv-ice as intense as the K line ·of. the 383-l<eV transitio~ it both transitions \rere in 
; \} 

;''i' 'Jche cascade. The total intensities of the 99- a..'1.cl 383-keV ·transitions a,re .given in· 

column 5 of. Table 1; and vTe feel these are sufficiently similar to be· consistent \iith 

the cascade arrangement of Fig. 5~ Our use of thick targets produced sizeable tails 
. ' . 

. on the lines~ and for energies as lo1-r· as 90 keV ·estimation of this tail ca.n be rather 

. .· . l " 
The level scheme proposed for Tl 9.)lll is also sho1m in Fig. 5. In this case 

' . 
the E3 tl.,.ansition is· not observed, and our e:r.pr:n.~imen"i:.al limit ori the enerey is less 
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ti:ls.n 25 kcV. Fro:a the p.:1ttern esta~iished by the mass lS:9, 197, and 195 isomers. 

(Fig. 5), such an upper limit appears to be quite reasonable and suggests why the 

is01ncric state is obse:··~rod only ".:.b:.·ouc;h the: ;;.1occy of the folloving 365 keV transition. 

The ~ctter appears·to correspond to the usP~l first excited stato-to-eround transition 

of.the odd-mass thallium isotopes; the.K/Lra.tio of:3.8 ± 0.4·observed indicates 

71± 10;0 E2 and 29 ± 10~fd11. The systematics shm-m in Fig. 5 also .indicate that 

.... , cjz ~ 1 .. 11' . "'-h "'. J • -<.. d ... t . ml191 .. d . . nl ".1e :::; - .._eve ms.y we . oecon:e " e l :~.rs G exc:~. ~,e s ~,a e · ).11 :.L , • an so co.n o. y 

decay by a relatively slm·r H4 tr8..'1sition or by electron capture; no E3 tl~ansition · 

or ~.-J.y short-live~ transitions,· in 'fact; were observed for Tll9l. 

Thus ·in all four of the odd-mac~ nucle~ studied, the E3 transitions must . 

. co1:'1C from S.· 9/2- level, rather than a 11/2- level; unless the sequence 11/2 (E3) 

5/2 ( U.'lobscrved l''D.) · 3/2 (1'.JJ..-E2)1/2 .occurs systematically~ He can ·set an upper limit. 

;,:Col.;. the e-:.e:cgy o:f' the UJ.10bScl~ved l.U. transition of 2 keV in Tll99, and of · 25 keV in 
·, -~·. 

the other. thl~ee cases. ~~e :t'ee:L that an 11/2 ~pin is viJ.~tually completely ruled out .... 

·:by the necessity of' such u.'rlo"bse:Cved lm\1' enel~GY transitions in all four cascs / and·:::,·, __ 

by the diffiqu.ltics in accounting fO:r 5/2+ leve~s,·; never directly observed; b~·t . ~ . . ~ 
··:· 

. . . . . ' 

occur:dn.:; systematically in all these nuclei'.a fe\v keV above the first· excited state 

o' (of spin 3/2) . '::_ ... ,. ' 
' I ' ~ " ' 

One of ·che main rcsv.lts of thi::::. '\.·JOrk, the;.1. is t.he assig:r.ment of. the iso::neric 

·. l 99 19" ., 197 
leve1 "' ~ ··• '•"',- ~·1d Tl .) ~"" 9/2 -·~·a-'·e~ · ~ ~ ··--11 "'·-: · th·"" ·corr"''-'""1. O"'a' ;n;::.. one. ;':. · .. :1.· n· ""-'.L. · · ·. """' ~4 -- · o..l · ~.:;, '- . - ::.v· ._ . .,) 0:::.0:. viC ._~ ';;; ""~2;' u "' ;;:_ :;;. 

. - 195 . . ' . . I 1,7 
and '.L'l .. , previously assiened as ~1;2 single lXl.rticle states. Since·there is no 

9/2- level ·availe,ble in this l 1 egim'l fl.:.cm ·a strict single-particle model. a:pproach,'~.tbe 

sw.~p:cising existence of such 10\·T-lying levels is strong evideiJ.ce that collective states 

plc.y a part in the lm1er excited staJ<liS of the light thallium isotopes.. One ·Hay of· 

producing such a 9/2- level is to couple the ~1;2 proton hole to a.collectiv~ 2-:· · 
. . 8 . 

cxcitetion (vibration) of the· residual even-even core. .Another more detailed wr:.y is 

... ;;; 
r . 
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to couple the h
11

;
2 

:p:::.·o·con hole explicitly to t\'10 unpaired neutrons or neutron boles. 

This 1·1ould be an extension of the i.J"ell-kno¥m couplina; of three (or five or seven) 
. . . 

- .., • • J ' J , •• ..: • 19-ll . . ·, . .... - . ~ ·nuc.!..CC:1s o:r ::;pul J co a .:.oca... s:p.Ln or J- ) ·cne cases o:c ano~OJ.ous sp:Ln .l.n 

But the thallium 9/2- level vioUld be the 

:E'irs'C ex£:lnple of a s:L'i10:le nucleon of spin j (proton h
11

;
2

) coupling to the oth12:r type 

of . nucleon pair (or pairs) Jco give a totsl spin of j -1 lying lo"ilest • 

.IUthouc;h the 9/2-level lies lowest, the 11/2- and/or 13/2- level must not 

lie w~ry much hizhcr in energy in T.L19~';l95. The hcl.f-lives for the electron ca.[Jture 

'-"197m;l95m dece..y of .:'u rule out. the :!,)Ossibility of direct electron ca}?tm·e from the::;e 

1
13

/ 2 isor::eric states in lead. to' the 9/2- states in thallium; such first forbidden 

·. uniq_ue decays \TOuld rcq_uire impossibly large decay energies to yield the observed 

hilll' -lives, f'Ol' · CZ22Ill!lc ~ ~55 J1oV i'or Pb197m. . Thus the clectl~on cc:.pture decay;.·/ of 

the 13/2·:· lead i:;;c:ners most likely proceed via 11/2- or 13/2- levels· in the cdd.;.mo.ss 
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