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Radiation laboratory and Departnent of' Chemistry 
Uni'rorsity o£ California, Berkeley, California 

ABSTRACT 

A nu:tnber of' iso·bopes of' biSlln:lth have been identified f'rom the bombardment 

of' lead with high energy deuterons and protons1~ Evidence f'or ·these assignments 

is based chiefly on the daughter lead and thallium activities resulting f'rom 

eleotron~apture decay~ 

Isotope 

Bi203 

Bi201 

Bi201 

Bi200 

Bi198 

Bi(l97 

Half-life 

12 hrso 

118 mino 

62 mino 

35 min. 

25 mine 

.• 

7 min. 

-
le7 mino 

MOde of' Decay 

>" [r 

E.c. 
r· r· a.:E.c. 
- r E.c. 

,. f' 
"~E.c. 

Electron-capture 
Decay Products 

} 
52 ru:~ Pb 

8 ~~ Pb 
72 hr. Tl 

18 hr'~ Pb 
27 hr. Tl 

80 nQ.n. Pb 
7 hr. Tl 

r• -
25 min. Pb 
1':8 hr: Tl 

Those isotopes exhibiting alpha-deoay have been investigated as to energy 

and half=lif'e for this mode of decay~ A discussion is given of the relationship 

bei..vveen half-life and energy for all Jmown alpha-active bisll1llth isotopes~ ' 
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Some time age it .was found in this laboratory that the irradiation of 

lead with highbenergy deuterons resulted in the production of highly neutro~ 
.. 1,1 ,.·· 

deficient bismuth isotopesg some .l~ss units below stable bismutho and 

that several of these emit alphB .... partieles in competition with predominant 

r-1 
eleotr.on~apture deoayo It has long been known that the heav~ isotopes· of 

bismuth which are members of the natural radioactive decay series are 

measurably alpba.ounsta'ble 0 and that alpha-emission ef'f'eotively disappears in 

the mass number range below Bi211r~ This disappearance of alphaea.ctivi ty with 

reappearance at around mass number 200 has recently been interpreted in terms 

of nuclear sta'bil.i ty in the region of' 126. neutrons and 82 protons s-uperimposed 

on the general alplJ.a . .,.,.deoay systematics as deduced from nuclei outside of this 

regio~2 The present aommunication is concerned with further progress on the 

isotopic assignments and alpha-energies of these light bismuth isotopes 0 

giving experlmentat justification for some of the values already sunmariz~d · 

in a review article~3 Further discussion is also given for the alphaesd.eoay 

half-life and energy relationship for bismuth isotopes~ 

METHODS 

When lead is il'TS.diated with deuterons or protons in the lOO ... JIJBv ra.nge 0 

the mixture of bismuth isotopes produced is far too uomplex to allow aoeu1~te 

resolution of the decay curves; and in any ease it would be diffieul t to make 

isotopic assignments by excitation functions because of the mass number range 

lffc; H~ Templeton and t; Perl.man0 Phys o Rev~ 73 0 1211 (1948)~ 
- . - - ~ 

2r~ Pe:!'J.Jnan11 .A:~ GhiorsoD and d~ T~ Saaborg0 Physo Rev~ (in pressD 
Jarf. 1 0 1950)1! ibid1

e 0 14:D 1730 (194:8) and 75D 1096 (1949)~ 
--~ ~ 
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of:' 'f.,b.:::; ta?geta lead. isotopes and the difficulty of s.eparating. such reactions 

F'urtherm.ore 0 the short half-lives of most of these bismuth 

isotopes MJ.ke it most difficult to attempt ·to .determine distinctive ra.dia• 

tion Clha:~a,0terlstics of the different species and thereby obtain additional 

aid in the T-3solution:o The alpha-particles are somewhat easier to resolve 

'bec:ausE: of theizo distinctiw energies., but this alone is not of much help 

in mki:ng de.finite mass assigmnentsr: The alpha-branching is too minute tO 

p6mit i8ole.tion of the alpha-decay daughters free of a preponderant amount 

of' tih~llitan and lead activities from the electronaoapi;ure decay processest; 

TY.:v:-J method used for zm.king isotopic assignments of the bismuth iso-

topes 'bega.n by puri.fying the bismuth fi'action from the irradiated lead• 

fol1.o1''ied. 'by the :removal from this fraction" at shorb equal intervals • of the 

l3:::td it:;,nt:Jp8s which grew from the electronomeapture decay. In those cases 

in which the mixture was .fairly simple thS lead activities could be resolved• 

and the ra;te of decrease of each oomponent in the successive separations 

indi~ated the half-life of its bismuth parent. With the genetic relationship 

bet\1\ree:n bi8'.muth parent and lead daughter established• it rezm.ined to assign 
. r-

ItaSS mJ:m.be:t'i:J to the lead isotopes. These were either lmown or could be de-

tennined by o'bserving the known thallium daughters 4 of -the lead isotopes~ 

In most Gases the lead fraotions ~oved from the initially purified 

'bi$'.m:tlth f~~a©tion were themselves too complex for resolution,. and the rate of 

deor8ase :ln growth of each lead oomponent was determined by alloWing the lead 

f:t:>a®'t;ion tc s'blnd for definite intervals a:f'ter which the fuallium d.S.ughters 

that had gz\J'Wll in were l'®moved
1
: The amount of a particular thallium component 
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in successive :fraotion.s will decraase at a rate corresponding to the half.,.life 

of the bismuth grapdparent when plotted against the time of lead-bismuth 

f' 
separationo The lead.:..thallium genetic relationships were c'j,etermined by r·e ... 

moving thallium at periodic intervals from a pure lead fractiono These methods 

will appear cleare~ when a~tual examples are discussedo 

The initial bismuth separation from irradiated lead was made in one of 

two ways'~ Fo~ .rapid purification (20 m:ino .., 1 h:t!~D depending on degree of 

purity demanded) the lead was dissolved in 6_! EN03s and0 after bringing almost 

to neutrality with sodium hydroxide!} the bismuth was plated on a nickel foil 

upon immersion for several minutes in the warm solutiono The nickel foil With 

bismuth was dissolved in nitric acid. 9 bismuth hydro:x:ide preoipi tated with 

ammonia afte:r· adding bismuth ea..rrierc and then dissolved :in hydrochloric acid~ 

Upori dilution and war.ming 0 Bi001 pre~ipitated and this step 'Was !"epeated sev-

eral times~ The yield of bismuth in the plating step is only about lQ% for 

5e:tndno exposure and increases for longer periods o A slower pro01edure 0 whioh 

removed bismuth from the irradiated lead more nearly qus.ntitativelyc began 

with the dissolution of the target with 6,! HN030 after 'W'hiGh most of the lead 

was crystallized as Pb(No3)2 by the suGcessive evaporation of most of the 

dilute nitric acid and addition of :f'u:ming nitric acido The bismuth carrier 

which had been pra'Viously added was then precipitated from the nitrlo acid 

supernatant solution upon neutralization with annnonia': The bismuth hydroxide 

was dissolved in hydrochloric acid and the oxychloride p~eGipitated as de

scribed abovee Since0 at the i!"'ra.diation energies employed0 spe.llation p:r©eoo 

ducts including thallium0 merouey0 and gold might be form.ed in good yield0 

carriers fo'!f -these elements were added in all oases bef'ore bismuth preoipita-

tion as the oxy.:Jhlo!"ldero 
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In ramoving lead activities periodically from the purified bismuth 

fractions the same chemistry was amployedt that is, bismuth oxychloride was 

preoipi tatad leaving lead in solution~ When thallium aot~:vi ties were to be 

removed from a lead fraction" the solution Wa.s adjusted to 6ll HCl and the 

thallium extracted as thallic chloride into ether'; 

In those experiments in which the bismuth alpha-e.otivi ty was to be 

measured, the bismuth was plated on nic~sl ·~oils· and these constituted the· 

samples for measurement': For measure:triSnt' or· the shor'blitlived alpha-elllitters• 

the chemistry could be done in ten minutes or less. as no effort was .made to 

:r>emove gold and m~:rou:ry activities·, which also pla'te on the ni·atel~ 

In order to simplif'y as much as possible the ndxtures of aotivi ties 

produoedD. different proton and deuteron ena·rgieS Were tised to confine the 

reactions to a re~atively small mass num"be'r· regio:ri~ F()r example, at 40..Mev 

proton energy0 of the alpha.eoemi tters" only :624nin~ Bi ~Q,l was -produced~ · The 

electroneoeaptura decay processes we:re' folloW-Eid :W:tth· inica end.,..indow Geige;r 

tubes using absorbers to accentuate 'particuiB:~ actfvitie·s~' -The alpha-particles 

were measured in standard parallel plate chambers, and the energies were 

determined wiih an alpha-particle pulse anttly-ze:t-r.S· 

RESuLTS. 

In Table 1 are summarized the h~lf~Iives and genetic relationships of 

the bismuthD leadll._ .and thallium nuclidtm J)~~tl.hent to this study. As oo 

positrons could be measured for any· of the'':speoies' shown• it is assumed that 

all decay by eleotronaeapture, with the ex-6~ion of the minor alpba•branching 

· 5Ar~ Ghiorso 0 · i.: H.· Jaffey, R~ t: Robirison.al;ld 13~ Weis~bourd~ National 
Nuclear Energy Series a· Plutonium Proj~ct ~ecord Vol. 14B 11The T~sura¢um 
Elements & Rese~rch Papers" D Paper No'• "tel. a (McGraw-Hill :aook Co'•• !nor., 
New YorkD 1949) • . 
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of' :s;ome of the bismuth isotopes whioh will be discussed 'bslo-wf~ Half'..,.life 

values shown in parentheses. in Ta'ble 1 'had been la:wflll'.n previousl{o 

Table 1 

Genetic Relationships ·and HalfoLi ves of' the 

Bis:muth0 !Bad, and Thallium Nuclide~ 

~1 

A 198 199 200 201 202 203 

z 

.Bi <d;l mi:d; 2.\?~ miri:. ~mit[ e~· 11~10 12ctl b~ .. , ,0. 

m;irl: mirf. 

Pb """25 mid: ~so ndrlo + r 
1~ hro Biz lu~~ ~i'ylaJ.g) (52 hrr;) 

Tl ( .... r• 1'o8 hz'o). (1 mi:) (27 hzFo) 72~ 
r-l:l.:r., (12 day) stable 

out of the bismuth fraotion nor to deternrl.ne radiation oha:rac;t.e:r.isties~ since 

it has the same hal.f..,.life as Bi204 whiah vms always present.. HoweverD the 

half=iif'e was readily discerned by perl~dically removing the lead f':raotion; 

and upon rasolution of 52.,hrl~ PS
203, it was- found that its y-ield decreased 

With a halfe.life of 12 ;t 1 hx'sr; The radiation oha:racteristit~s of the 52-h.I:f. 

lead agreed well with those previously publishedg and a d:i.scul3sion of t_he 

· t f th· c::2 h . • d to -rn..:
203 • · • · 1· r 6 assJ.g;nmen o · J.S .... = r .. peno .-u · J.S g;:t ven J.n an ear J.er papero 

The results of one of the experiments which proved the ~enetio rela

tionship betweEln 52e.hr., Pb203 and a 12&hr'~ bismuth activity is sh~Wn in 

· Figt:t_:t'\'3 1~ Lead was il:"Tadia ted for about 1 hr~ with S~Mev p:Fotons and a 

bismuth :t'ra©tion was purified 4 hours latete At exact inter.uals of 25r;5 hours 

(arbitmey choi~e) lead activities which grew from t.he bismuth wera removed 
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Data showing the genetic relationship between 52-hro -Pb203 

and its 12 hr~ bismuth parent~ 
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decay ct.:W.""WS are shcnrm :l:n Figure 1 ·with each vertical arrOW' indicating the 

ext:mpolated to ·l:;ime c,f' sepa:ration (po:l.nts ind.ieated by trii?mg1:9s) define a 

line which is the decay· curve oi' the pa.r~:U).'t~' shown in F'i.gu:re 1 b;r the heavy 

line with half-life of' about 12 hours'~ 'f.he small amount of a short.e:t-li·ved 

oompvne:r..Jt noted in the lead decay OU:t"'ii'\SlS before tailing into 52 hours is 

2(\J!-. 
prlnoipally due to 6~,.,.:tni:d~ Ptt ... r-.:~.u.o 

A bismuth aotivity of 12-hrsr: b.alf••lif'e had pra·viou.s1.y
13 

been :reporl;ed 

as Bi 
204 

D but it is rn.irly ce:t'"Ga.i:n that the t-wo 12-h:c-., actiYities are diff•er.,. 

, . 204 
In the assignment of· the 12=hrco bismuth to Bi ,. " Tl was i:rm 

radiated with 38-~le·9" helium. ions·9 the 'bismuth f:ra.ction vtas sepa~tedtt and 

· r6 
th~ 68e.1r.in.., lead wa.s found to g:row .from a. l2 ... :p,~~ bismuth parent. Recently 

!farraker and Templeto:t.-? rtave prepared a; 4,.;.-4~; polonium activity assigned 

to Ro
204 

w4io.h 0 in its eleotr.on""'¢~p't;lJ._re 'b~~c}l:?-ng 0 decays suecessi vely thl·-..:~ugh 

a u~.,.hro bis~uth and. 68.,qa.ino lead in ~gf~~~l'l:t with fue ma.ss assignment al

~ady cited~6 rn. a.ddi tion tiliey f'ound the :-12-b.r 0 bismuth with tile 52 ... ~ 
203 r Fb da.ughl-ier 0 and thj.s pair gr.ew froJ71 e. polonimn isotope of about 3'7-m.ine 

203r 
balf=lif'e naking a consistent pict"tlre if" ·~s is. assigned to Po • 

!?--.:_~_.. This isotope of b:i,_;31n;Uth could not be identified by the teoh-

202 
niques us~d ·in fuese studies beoau!$e "1:;$ decay product 0 Pb • D 'has ne·veT been 

,-
seen at1d is undoubtedly VSF:f J,o:og-lived.. A lllinimull+ h.!:\lf-life of 500 __ years was 

se~ on the basis of' the estin:ated yield from a· t;b.allium irradiatiod~6 From 

. 'l 202 work of E"ar:r.>aker and Templeton Bi is ~ 2 ... hre activity dem.t:y-ing by· 
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eleotronc.eap-C;u:rGo In the present; experiments the combined les.d decay products 

202 from seve:t"'al bismuth fra.ctions were examined for the g:rovrbh o± .. 12-=>day Tl 

f 1 t ,f...,, ., r· .;:n,.202r· rom e . eo roz:t~ap •;v.re ctecay o ..-w: o No activity li'JaS f'cru:o.d 9 ~.nd from the 

202 
estimated anJ.ount (jf' Bi 'Which should have been for:med,~~ a lo·w·e:r limit for 

i' '01..202 b the half.,life o . ..-w; nay e set which is abou·t; the same as i:;hat mentioned 

r above·e 

. about {-phzoough an appa:t'elTt discrepancy in the assigmnent of an alpha•decay 

period and. eleotr.ot;,.ues.pture decay period to the same isotope'.. In a previous 

stuay
1 

a weak alpl.taeoacti vit;y of 1-2 h~ r.Lalf""life was reporled in the b:i.smuth 

.fractiion f:rom the :lrra.dia:tion of lead with lQQ ... Idev deute:ronsr~ I:n the presenli 

. (' studi.es ·the half.,lif(,; has been more accurately deterndned as 62 mn .. ~ and 

e:x:oita:l;;ion :f't:motions shovved it to be the heaviest o.f the SEJ'\i'-eral bismuth 

1...1 .. _ "tt - Th h kn 1 d f th h ' · t• .c B· 202 B· 203 
~ PL="••enu srs.. r-oug . ow e ge o · e c. arac.n;er~s 1.cs O.L. J. tJ J. 9 

.' ...... ·. nd .B. i 204
, it · ' d t1......t· th" ti · b t 1 .... .., 'WS,I3 _dea:u.oe ·~ .u: ~;tQ .v:t ~~ . elongs o ;;:<are alpha-bre.nc ling 

"Olr· . in the decay of Bi ~, e It should therefl)re be possil:Jle io iclf,mti.fy ·the lead 
/ 

~.na. by the methods already de~ribed f'or identifying 

the bismuth parentD their yields should decrease w·ith the ha.J..f.,.life of the 

f' 

:pe.rento When thi1:; experiment wa.s done 0 a neW' decay chain. oonsit.rting of lim 

'&=.hr~ lead and '72-hr~ thallium was i:ndeeq foundo The thalHum in paTl:iic'!Jlar 

. ' 201 198 199 200 
'WS.s best assJ.g:o.ed to Tl D beca.use Tl· . 0 Tl D and Tl have l.Jeen 

.... & d4 t th t• ·..~-· :z.. • .., T. 1 202 • t ~ . -~ t .. .&>./.> a.SSJ.gne . o o er a13 :tn,,::~.es 0 WuJ. ... e l.S no on.ty ass:t.g;nec.. ·o a d.l..LJ.er-
·.r 

:ent aotivit~r0 bu't; would be blocked by long~li ved Pb202~ H(:>We'\;·rer 0 ·the half'-

_life for the Bi201 pa:rent in the first experiments turn.ed out ·to be about 

SQ...:mid: !"ather tha.:O. 62 lTI.in o D tha halfc.life Of' the aJ.p[l.a-a<:rti Vi ty thought to 

be Bi201r; T.he mos·t promising solution at present is to a.ssume that there are 

· 'independently decs.ying isomerse one of abo-ut l ... hro half-life w:b.ich rJ.B.s 
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,. 
measurable alph.a~b:r-an~hing,. and another of about 2-hrs o ll.e.lf'-life which only 

exhibits electron-('}apt;ure deeayo It would not be easy to resol"ire accurately 

tvm such components e·~~n if t.hey alone were present 0 but in thir:: case the 

bismuth fraction itself is hopelessly complex, and one musi; !'esort to 

periodic removal of J.ea.d 0 and f:>.•om this 0 thallium, to ob'bain t;he pz·ogre:=;sive 

d • • ld f '"'" .. ""120lr . ecrease 1n y1e o ~~~hro ~ o The inaccuracies ir.ihez·en'l:; in such a 

procedure make it possible to fit the data equally well to a s:i.ngle com

ponent for Bi 201 of 90.,..min .. half ... life # or tvw components of' 1"" and. 2-hx,;~ 

half-livest-; 

One e:x:per·lms:nt yi(~lded results which give somewhat; mr.lx'e substance 

~20lr· 
to the postulate CJ£' isomers for DJ. o A sample of lead ir:t.'aa:i.ated with 

lOO...Mei!· protons h.a.d i t;s bismuth f'.raction removed some 5 hrr;:;., after irradia-

tion0 and from this a lea.d fraction ·w-as removed at J.55"":m:ine intervals for 

the next 13 :qours': Eaeh lead fraction was allowed to decay a def'inite 

period of tim~ (36 hrs':) and thalli'llln 't'lafl removed 11 its decay followedD and 

the 72-hr: component resol -red: Vfuen the yields of 72-hro Tl
201 w~n.·e extra

polated back to the respe(.lti ve times of separation, the half-life for Bi 201 

.defined by these points turned out to be 118 mino rather t.ha.n 90 mino · No 

.·:Other experiments we:::·e carried out in which the bismuth deca.y was follo'VII-ed 

for such a long pe:dod of timeD and presUinably in this experiment the 1-hi: 
~-component had largely decayed allowing the detection of th® 2-hr .. component. 

While the a~s1llllpt:i.cn of isomers for Bi
201 

explains the discrepanoies be·GW'een 

the decay :rates of the alphs.-parti(.lles and the other radie.t.io:o. 11 and fits the 

\ 2m 
decay data obtained through the '72-hr .. Tl as well as any other assumption6 

thi·s assignment cannot be considered as definitely pz·owd~ 

The asso~iation of' 72-hre thalliUm with the 62-.:mino bis:m:txth alpha-

· ; emitter comes abou·t:; also from excitation function measu:rem(·mts., Hel~ too 11 

.. 
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j[~ad -wa.s i:~?.:rndia t;ed w.l.. th 40.,.Mev protons 0 the only bisnruth alphamem.:i.. t"te:r found 

was the l.,h:rl~ pe:dr.;;d shown in Fig': 2a.fo Purlf'loation of the bismuth had ·bakE>n 

plao0 lrsss than l ru"o a.f'ter ir:radie:'cio:n SO that the 25 ... :W.il1o peTiod Would have 

r-
been noted had it 'bee:t:~. produ~edo The thallium fraction which was removed 

f':rom 1ead11 ·tllf.hiob. in t·qrn oaJ:rte from the bismuth f:ra.otio:o.D sho?wed only tb...e 
:··.. r 
~~.,.:r...;;."'t. p$).:>i,(~d, as see:n i.n Fi.go 2G 11 shO!IIling again that tb.e 2'/..,hro tr.~.alHum 

.~~ 'rf;:;b:;}~ 'thalliU!n lie at lower nm.ss m:u:n.bers'~ FinallyD as sho·w in Fig'o 2b., 

tl1s lc:>a . .i f'lr~erbiun )l"emmrod flrom t;hs b:i.smut.b. f:re.otion could. be resol:ved into 

'th t !::'' 1.. 'l:".n..203 • d . 0 'k , . ..I. . :rea t'3ompoX.l/im ,s ~ .;,< .... •l:iC'o J;lJJ l.n goo y-leld 0 an IJ"'.u.r·o period. a:!i~,ributable 

. 201 204m· to Pb I> a;o.~, a. 68.,:min., period whiflh is proba.bly Pb ·. · ·e The '72..;b.;r., thallium 

g;rowing i?~~m the f3<,.hr .. lead would not affect appreciably the decay CUI"V\7} of 

"'· , . i- 2Q3r· r· 
~,e f)t::,e!J . .!f<> :rb.. <~ The ctll"ireS of F'lg., 2aQ h+" c ~:re therefore consistent with 

ifhe ~.s~;ig:W,n$.I.lt of' the l~lu,.:~ a.lphlt~em:i.trte~ ·~to B;l.~:Ol e..nd the n ... h:~,~~ thallium 

-tr~ ~!291 ®~ng "v:ta Beohr~ Pbzo;,.~ • 
. • J • • • 

''ll01 
· !' th~· e11:roobl:i.sh:m:ant of the half.,;,life for the Pb'"' "'" paL"ent· of the 72-luJ: 

>.201 . 1 '-Tl ·· · resr..z ted .f'rom a separa. te experimen.t in whieh tue ge;o.etically related. 

. . . ' ' r 'l"'t1..200 • cr"'"' - ,· 200 • . . . . r. 
~lX' ·lSP.<'ll"~ Jf!J . · ana. 2t ... l1:ro Tl · was also · obs.erva.do Follov.rlr.~g the ir:radia. 

~tion of lead' with 180e:o~~v deuterons 9 the bismuth fraction v.ras purified and 

.~lOW"e.d to .~~d for an P.o1xr, to grQW lead ¢laughters.. The lead f'r'acrtion from 

"'i~' wa.s then purii'i(:d and. atwr .. 8 hours the· thallium 1nras removed.0 with 

~:rthe;r t£ll?,jll,;1llll1 separations s.t suoceC;ldin:g 8!;.h:r .. intervals1~ T:b.ese tib.a.llium 

fWa~tio:n~ vi,®:W® ~'ollowed0 resolved into 72t:;;t ~tid 27..,hr'o qom.pc:n.en·bs 0 a:o.d the 

yit1lds of' ei.t@h plotted according to the successive times oi"' sepa:r.oat;ion from 

t1"le pa:re;:J.t lsad ±~I'S.Ii:lt;io:no Aside f'rom the first thallium sa.mple which oon.t.ained. 

~· additio:tt soms 7.,m>~ 1~1199 f'rom Pb199 still p:resent 9 the thll.llium. decay 



Figure 2: 

• 
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.Activlties resulting from irradiation of' lead wi tb. 40-Mev 

. r-
protoW-:lo 

(a) Bismuth alpha...aotivi ty decay curve'~ 

(b) Eleot:-."'oneotJapture activities of lead formed by decay 

,. 
of' bis:mutho 

(o) Ele~)t:ron.x.ca.ptu.."'"'\9 acti vi t-.t of' thallitun f'o2-:nLGd by 

decay of' lead activities shmm in (b )r; 
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«3U~s 0·:mld be :tr'ea:ol'U'Eld into only the wo components'~ These tiata are shown 

in Fi.gr~ 3 i":r.om 1.-ib.ich it may be seen that the lead parent of 72 .... hr~ T1201 has 

a half'.,lif'e of a:bout 8 hour.s 0 while· that cf the 27.;.,h:r .. Tl
200 i~ about 18 hrsfe 

. 201 
Some of' the redia tion oharaoterlst:l,.os: of 72~t>hro Tl wezoe determined 

·by abso:t;>ption methods and by means of' a cru.de betac~ray spectromateJ<!; In a 

~ampl~ of purified ihallium in which the Q.~ca.y showed an essentially straight 

?z..,.m.I~ CJfJ©!3.y ~r.iod 0 the bet.a ... ray· spectro~ter showed a strong conwrsion 

lina at UlO k®'if a.:r!d a weaker oz;te a;~ 190 kev w~ich oorrespond to th'i;1 K'"" ?-nd 
~ ; i ' : ; . ' . . . : i ~: ' ; 1 ; . ' . .. • 

~lin.es ~f' an approximat~iy 210~k$V T~:ray~. Absorption curves taken wi tn 

lead @ou.ld be :~:'€/sol ved. into a Gomponent of ?'l,O mg/em2 
a:o,d _200 mg/~~Jm2 ·vib.i.oh 

limitr~ 0 t;h~ resolution is not unique but can be made ~onsistant with t;h® 

©a.nno·t he known. betber than the· count;l.ng ~ef.d of the: 21Q.,.;,kev "{'c,;.;re,ys in 
'• I ' 

t® counting yield a.f"ter correcting for geometry· loss D t..he ind:i.c>ated internal 

eonvsr<>Sion :ls so%~ Both K and L x=ra.ys b,e:ve been resol vad roughly i.n eon"" 

:f'ormity with the deca..y soheme of' K~aptur~· to a 210~l<;e"ll' sta.te ;,mose. Y~ray 

iSJ largely @OnVE~rled in th~ K ... shell~ :aeoauJS-$ of uncertainties in coun:bing 

Gf'f'ioie:c~cies of e~ectromagnatio :r-adiation0 : it is not possible to say whe~her 

.. ,(»r not all q:f' ihe K"""'aptu.re praces&es go to- the 2l0=kev state nor to give an 

accurate l1i'ionversion ©oeff'icient for thGt "(omyc 

35b3nin'o Bi 20Dr: ...... The assigrJlll.ent of' this isotope is based upon the 
""Z(J$bx0'"01!1?" ::C7:t rl •Q'r:Dzr' 

assigmnEmt4 of the 27.,hro thallium to n200~ T~e decay Bequence starts with 

"'5 · r· TI • 
200 th ·· 'L t "" ,_, · h · l 0 h 1 d '" · · t r· Th d · .., ""mno Dl. D e a.augLr ·er o.~. Wu::t.c: l.S an '-""'· ro ea a©'vl.Vl ;yc : e J.S"" 

,. 200 
tinguishing property of 27=hrc Tl . is hard ga:nitJ:a ... radiation Whi\'3h is totally 

absent from th® 72~nz.., Tl201 
0 making it possible to measure the 27.,hr., period 



Figure 3: Half',li 1res o:f lead p3.rents of' 72-hr. Tl ( 9 ) and oi' 

r- ~-

27~hro Tl (El)o Data obtained from yields of' respective 

Tl daughters~ 

• 
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tion of lead m:th 150=Mev proton .. s 0 bismuth was :remov·ed9 and the daught·sr lead 

separe.taa. f:r.om tr£ bis:m:uth parent after a ona.;,hour grcnmth psriodo The ·lead. 

fraction ·v.tas them 6.llcrwed. to decay for S5 hr~r~t' f'ollo·wing v.hioh thallium was 

removed~ The d.eeay of the thalli'Lun was .fo1J..owed0 both without a'bsorbers 

a:nd th:t~ougb. 111~5 g:m/o:m~ lead. with 234 r.ng/~m.2 beryllium to absorb se~~ond.aey 

ele'otronB :J!'<;lated i:n the lead absorbe~ T4e deoay ourw t3.ken wit:b .. out alJ... 

sozobe:r:s could 'br::.' :resolved into 27""' and 72~hro periods 0 while ·that taken. 

through lead showd. only the 27~~ hal.f~life~ Lead absorption o"Ur~res showed 

,. 
about equal a.'bunde.:a~e·o Gold wh~S~:n. i.:rmd.i~i;ed with ss~Mev' ~part'i~les sho-uld 

·p:!"od"u.©e ·!:;he 2'7=1J.T~ pe!·:'l.od by the (lil'On' rs~.@tion according to earlier work$ 4 

and when tl.ds expe:dmen·b -was trled0 the 2'{~ .. period did shcrw up'~ further

:m,ore0 its 1~d a'l:nsorp:t;ion crurme ~a: ;J,qa:¢;~q~:t wi,th that of ·the 27 ... hr': period ., 

The ge:rJ.et:i© z·elationBhip be~tween i*W 27~ro thallium a.nd a. lea.d. 

pare:nt of' 1&-h:ro half-life was shown. in the same e:xpsrlme;nt that the S=h~ 

lead wa,s linked with the '72=hzi: thalli'Utn. (s~ F';\g., ;3 and i w explanation. in 

the p:re·rlouz discussion)'., ':['he est~bl,l,shmeni: of a 35~mino bismuth as ths 

. 200 f" 200 
parent of this l8...n.ro Pb and 27 ... J:u<>o Tl · 'W1!1.S aeoomplished in a :m3.n:ner 

somewhat a.nalogous to the.:\; e~ree.dy descrl.bed in :relat:i.on ·t;o F.'igo 1 !>or the 

In the present case lead 111re:u.1l iJ:':k"adiated 

-with 15G=:ISV deutero:rm foT 45 miti~ 0 the bismuth fraoi:.;ion purlf'i.ed '70 mi:n': after. 

the bo:rribard:men'b f) and th® lead m:~tion removed at 50c>:mir1~ ir.d:;ervals therea:f'taie 

After allm~ing ea~h lead sample so obtained to decay for 25 ho~~s 0 the.llium 

. fl'a,Qtions we:&-t3 ~:m.oved and their deoay periods followedo ey taking the decay 
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curves th...'I'"Ough lead absorbers (4 gm/em.2 )~ only the 27...}).r .. thallium appeared so 

that there was no problem of :resolution. The yields of 2'7.,.hr. components 0 

extrapolated back to times of separa. tion, define the decay curve of the bismuth 

parent~ This is shcrwn in Fig~ 4 in which the abscissa has a split t:tme so.a.le 

in order to accommodate the 35-mino period and 27ahr. period on the same 

r· 
graph& 

u ·t 1....., t· ·t · th 35 • · Bi200 ld 'l..~ id tif. ·dr J.~o a. Pt=...ac J.VJ. y accompany:Lng e -mn. cou lJ\::1 en · J.e o 

As will be shownD there is alpha~ctivity of 25-min. "half-life which has been 

. t d •th B·199 d th t b f t f B• 200 assoi3J.a e Wl. l. 11 an · e apparen a sence o a sapara e group or l. 

rmy only mean that the alpha half.;life of Bi200 
is 10 times greater tha.n that 

of Bi
199Po 

2t= • ,- B"l99r A b • th f thi . d f'" t t d th h . ·'J"'"lll.'lno .2: _..;.•- J.smu o s perJ.o was J.!'S · no e roug 

alpha.-..smissionD 1 and has now_been assigned to Bi199 through its genetic 

relationship to 7-hr. T1199 by way of electron-capture decay. The method 

of determining these assignments is similar w others already discussecf~ 

In this case the best data were obtained from the irradiation of lead with 

its 

18Q ... Me·v deuterons for 15 miri~D after which bismuth was purified (tima~.:·l h~:) 

and the lead fraction removed f-rom it at 20-min.. intervals.. These lead 

fractions were allowed to decay for 4 hrs·~ and thallium then removed~ The 

. 201 ,. .. 200 
thallium deG:~ay curves contained the 72-hr. Tl , 27 ... hro T.:~. D as well as 

7 ... h.T~ T1199 so that it was necessary to resolve the decay cu:nres. When this 

;- 199 . 
was done the 7ehzo., Tl yJ.eldsD e:x:t;:rapolated to points of lead e:eparationD 

d ~ d th d 25 • ;- f th Bi199r Th '1-..·.bl f th e.a..a.ne a ra er goo eomJ.n. curve or e • 6 proi.Jil. e e!"ror 0 . e 

determination in this experiment was only a couple of minutes D but the agree

nent between a number of separate experiments was not this alose~ 

In ozoder to determine . the half-life for Pb
199 

D one of.. t..h.e lead fi>actions 

was subjected to sucoessiw removals of thallium at 606 I!I.il1: interval~D and the 

.. 
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Data showing genetic relationship between 27CDhro Tl200 
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·yields of the 7..,.:t-u~1~ component we:re used to define the ha.lf'-life of the Pb199 

r· 
parento 

r :manne2•o 

A w.lue of N80 m.i.n. "'W.s obtained fer the half-lif'e of Pb
199 in this 

r· 198 (' ?)•· · 4 · f" 
7-min., Bi- .• - I'G had been previously reported that a lo8a.r.lT'o 

thallium results from the irradiation of gold with 38-:M:nr alpha•particlesg 

and that the most likely assignment f'or this activi·t;y is T1198 ~ An 

attempt has been w.de to see if this thallium activity can be linked 

through electron.-cap'auzoe processes to one of the light bismuth alpha-

em.itters0 in pa:~ticula.r that previously reported1 v.ri. th a 9-miti: period: 

A short i:r;o"a.dia.tion (10 min':) of leacl with l20=MeY protons wa.s followed by 

rapid bismuth isolation (25 mid:)s and lead removal from the bismuth f:r.oac-

tion at ten.,.,mim;,·l-;e i:ntervals. Each of these lead fractions was allowed to 

stand 53 m:ln. after which thallium was isolated. Tb.e decay of these frao-

. r 
tions was followed. in a.n attempt to resol-ve any 1.8-hl"c component presento 

About all that can be said is that the thallium fractions contain~a.· a small 

amount of acti·vity shorter than 7 hrs1~ and entirely consistent with 'being 

1~~8 hrs':s and this: short ... lived activity disappeared rapidly in successive 

fractions':: V'lhen the short-lived thallium was resolved from the complex 

decay curve with lc8-hro half-lif'e 0 the yields of this componerrl:; indicated 

a half•life for the bismuth ancestor of 'l mine 

one of the early lead fractions itself was followed and showed a 

component of abou:l:; 25=mino half-life which is probably Pb198 
9 sinc~e a simi

lar activity was pz•epa::red by Karraker and Templeton7 from pro'\:;o:n:~ on thallium 

r· 198r-and this was sho·wn to decay ·to lo8 ... hro Tl o 
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Th1El earlie:;;> work1 on thes.-~ a.lpha<=>Smi tting bismuth isotopes sho'wed four 

per"iod:: s 2 mi.n~~D 9 minoc 27 miri:c and 1.,2 hrsr: of which the shor.test was no·t 

p:i."'oved i:;o be bismuth': It was recognized that the half.,li ves were those of' the 

electr-:rtl«>.:1aptu:r0 deday ~nd the a.lpha ... partioles arose f':r;'om rare a.J.phac:.branching~ 

In addition the energies could be but poorly deter~nedD and the particles 

,- r F' 
f':t'om the three lo:nge r periods were thought to lie in the range 5 c2=5 o8 IfJ>:>'\1 o 

BetfGer· energy ~alues and decay periods have now been obtained with some 

®xoitation funution data identi~ying these alpha~periods with some of the 

ele~tx·cm~:JSt.ptu:r>e activities already discussedo Table 2 sumrr~arlzes the in.,. 

fo:!:"'llation that ha,s thus far been obtained': 

Table 2 

Alpha-de((lay Properties of Nt;-rutro:o. Deficient Bismuth Iscrtopes 

Ks";~~~;;»i;:7;:e::::; ==a,:;.=·=pa=.=:rt::;::. ·~r=c;:le=-==~m;;f;;h::r:::e::::s;:h::o;;;;;::;l::;;l:;;;;;w;::; =-=:=-=ra=t:=7::;_::l;o;;;z;;;==:r =:·CfFd~:::;J ;:;=c=a=~ =:::::;~ · 

Energy (Mev) (protons on EC/a half.,.life 
:na:l:;ural lead) 

""0"' 
51el5 

·4 B-'1~·""' 62 mine (40 2'c6 y:t"Sio "'- 3xl0 

~'1.99 
B:t 25 mine 5~o47 50 .,.SO 8xl03 

140 days 

Bi198 '1 mino 5~83 60c:o80 
3 2x10 - 10 daJ!i3 

Bi~198. {"1 . . o :nuno sr;z (180 

-r· 
The l«>hro alp:b..ad>8mitter can be prepared free of sh.orte:~;~ periods by· 

choio'3 of' ir~'adiation energ;fo Using deuterons o:f 60 Mevc cmly .. ' a 62> .. nd.ne 

alphac.e:mitter MUll in e·viden~e and this was found in lcrw yield:o The alpha .. 

parti~le enex•gy determined by an ionization chamber with pulse height analyzer 
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,. 
baga:n to a,ppe<tZ"o The8e facts place the 62e.mino alpha-emitter a:t; a highe._"' mass 

number than the ot;h;a;re·~ By alirrdnating bismuth isotopes of mass number. .202 

. . .200 .201r 
or g:reatel' it 'IIIWuld. seem reasonable to assign ·this per~od to Bl. or B:t. ·., · 

B ~ 20° " · ";) ~- b h th d f. t 1 t b b :t. decay nas a~.Tsauy een s. own ra er e ~ni .e y o e governed y a 35-

minr: ha.lf..,li.fe (St)GJ prEn1ious discussion)c and th.el most consistent picture 

201 would 'be to e>sJsign the 62aJIJin,., activity ·to an isomeric state of Bi as 

1 " ~· dr a reaay a~scusse ., 

It has already been mentioned tmt no alphaeoac·tivity has been found 

whidh could. be eJ;t:dbuted to Bi
200: In the experiment mentioned just a'bovta 

with the 6CJ=]..IE;rv dr:ruter.ons on lead in which only the _62 ... mi:n., alpr..a-emi tber 

11\Tal:l s~en0 it was foun.d. ·that thallium fraOJtions from bismuth decay showed. 

'b'l t f" 72 h m~ 201 d ~'7 h m1200r· Th" th '~- •200 compara .. e a.nio·cm s o . ,., r., J:.t an <( • ., :rr., ~ o 21S ID..ea.ns .a;.., BJ. 

was presen.t in good yield but ha.s no det:eotabla alpha=pa,rt;ieles 0 for aey 

present would ha.vs gone down with a half..,life of 35 m.i.no 

. The· bes·t half'., life for the period previously reported1 r· 
as 2'7 mirio 

-was obt;ained by f'iJllowing the alpha.,.group on the alpha ... p~:trtiole pulse aJ:'Ji:i.lY.., 

ze:rJ; This turned out to be 25 min. which is within ·{;he ra.nga of 'tl'i:tlues 

found for the eleotJ:•on . .,capture he,lf..,lif~ for Bi 199~ ThiSJ assignmem.t al~o 

co:nfo:rm':l wtth the appea.:mn.os of these alplia""particles at a proton threshold 

energy of 60 M3v0 some 20 M3v higher than the threshold fo!" the activity· 

201 c· + f-assigned tGI Bi ·~ The alp:b...a-partiole energy was found to be 5o4'7 ., Oo06 Mer¢; 

At highe?r bombardment energies (100 M:;v for good yield) the shorter 

period appeared whioh was called 9 min~ in the earlier !"epo:rt~1 The 'best 
-

half.,lif'e obtained by following the alpha.,group on the alpha pul®e a!'l..alyzer 

waeJ '7 mi:d~o whieh agrees with the half.,life ascribed to m.198 
th:t'ough its 

eleot:t~on"'()apt-a.re rela tioriship wi+JJ. t~8~h:r., T1198r; Sin©e i'ts order ot 

appearanc~ in the excitation function also is in harmony with t.b.e assignment 
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cf such a low ma~s number/) it iE proba:ble that these alp}1..a ... particles of 
--

r• + r·F" ')~ lito. •. -~ d '?. • • .c. B.198~ 5., 83 "" ,; ol u lv.t;:/V' s.b.t.'i.l.;.. . ue ass ~gnoo. 11-::> :t o 

insofar. as ehenli,.Jal pla.ti:ng; on :nickel foil is a c:ri terion0 and. the alpha ... 

.,_ t· 1 • - .~-.·... B· 198 .. h r· rnass nunUJ(:lr is s :l~l .t.:;we~~ ·vuan ;J. 11na. as been so indicated :i.:n. Table 2o 

this rmolideD beoause the sho:r-i:; half..,.life W'Cu1.d makr-:l :lt most difficult to 

f tl 1 
. ~ . . r-· 

per o:rm 1~• nece~Ssary (l.16Jll.:LCjaJ. sep8.:t"::.t;:LOns o 

taken on the bismu:th f"raction .f':rom the irra.d.ia·tion of lead w:i.t;h 180-Iv~·.r 

1-

ing periodo The timfJ indioatExl for ea<~h cur~re is ·t;h,:tt; from the end c:f' ir~'td ... 

iation to the time t.hat t;he a1pl'.8.=p:'~:rticle energ;y· analy;:;:is was mad.eo It is 

seen0 fL:·st of e.ll 0 why in the pre·o~ious st-udy1 it 1/il'a.S no·t possible to obtain 

a good half'r.oli.i'e f'or· the 5 ol5c>1ltnr grou.p by following t.he gross decayo It is 

only wh,3n the bc:rriba:r-d.m.e:at ene:rg-j' i.s lowered. to the point at which trd.s is the 

only alpha.,group fo:;::·m~ld that: it is posxo:l.ble to obtain the 62-:m.in., pE::dodo It 

readily be dete:f'mined by .follow·ing each peak sepa.ratelys and i+; vwa.s by data 

From Figo 5 i-1; rna.y ~oe B•se:o. in a qual:t tati'Vs .fashion that the t/~83-l~eY group 

5~47 ... Iv'R:nr group is th.e p:rineip9.1 one. presentD a:o.d that thl~ 5':15=lilev gro-u.p only 

f' begins to appear. distimtly af+,er ~bout half' of' th-21 5 o4:'7,.-.,rif.1V group W,!:3 d.eoayedo 
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Successive alpha-energy analyses of bismuth acthities 

produced by irradiation o£ lead With 180&~V deuterons~ 

The time to the right of each curve indicates interval 

between end of irradiation and mide..time of a.nalysisr~ 

o-riginal data normalized to equal counting tim.;/~ 
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.¥~:?..!1.!!;9- ~:r_gx_ :r~~i.o~e= One of the :major points o:f interest 

:i.n th1-9se s.:;M:lifioially· produced bismuth alphac.emi tters is their relation in the . 

systemticrs of' alpha=deoayo Re:Jf'erenoe is :nade to the papel"2 in which t..he 

trends in alpha . ..,de0a.y properties are disousered~ In particular0 alpll..a.w.emiasion 

in these bimrruth :J.sotopes is interpreted e,a a resumption of a.lpha=emi.ssion 

.1-'1- • . •• • ~ d . th di t• f• h;b. + • . .,. '!.-.~ d ~J o uue:t' ·c;ypes a.Ef\J".la,;e J.n · e · reC\ :ton o pro 1 J. _;J.on J.n a,J..p.!.J.I;L.., eoa;y o The 

gen~:~:nl' cause f'o:r the p:rohib:i tio:o. is a:ttributed to the <:'lxisteooe cr odd. 

• r s:wn., One of' ·tb.e pa:rrunsters in alp~eoay theoey whioh cannot b~W evaluated 

independ.s:u.i:;l:y' to the precision :required is 1'ib,e nuclear radius 0 and a s;lg.,. 

nif'i©ant poirr't is tha-t; ths even=even nut:ilei (an,d presuma'bly t;he others) in. 

a broad region can 'be described by the srune function for :nuole~lz· :radiu~:J 0 

- .,r 118 Al l;g;r.,·l""ol@ r u th 1. . . . h h r - ..,.,.., I' ,_,. ©mo nowever0 ere are €tven ... even nur,~ J.aes W.t:l.l.O s ow 

forbidden alpha=decay if' the :radius is desorfbed by ih. i~ f'unction 0 and the 

obvious explanation is that the nuclear radius is smaller than would be .cal-

·· timlated in ·this manner'~ Such mtolidea are those which haw 126 neu't:z'O:o.S and 

lesbl or those which decay into or through the region oi' 82 proto:r.v::;'., The 

position of the bismuth alpha~emitters is somewha·t; diff:icul.t ·bo assess since 

the t;l_t1a.:atitative ·trea:t;ment is complicated by the necessity of esbi:ma:bing ·!;;he 

deg:ree .of proh:i'bi'f:;ion due to odd nuoleo:ns o HoweVEll"o the degree of pn)hi'bition 

r ....:~-.. 'b" t't.. 1· d B" 2'14 -'- n~ 210 • h _._b t. "' · """"'· 'b t . ...;.. \)l" vue l.B:m:u .ll tl.W3 J. es l. "@ .ol. l.S SttC u .a , one mus~ a't; uJ,·J.. U e pa:b, 

of the ef"fect to s.bnornJi3,lly low nu~lea:J:> radius(~ This would be expla.ine.ble 
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by nuolea:t"' :t":::tdius ~lw.nge for decaying through lead (82 protcm.'8) and in some 

tjase;s through 125 neu.tZ'onsV: 

I-'c; would be oi, interest to compare the new· light bhmmth iscmpes 

with the hea·v.ier ones to see if' any trend in nuclear radius can be inferre<fi 

Db.f\.Jrtumtelyc one can have lit·tle confidence in the estimation of' the 

must be C·<alcula ted f"rom extremely. rare al pha.,.,bra.nching of eleotx·on~a ptu:re . 

nrut>ife1 'b6 calculated trom the yield of the thallitun decay p:roduc.'t (f'r·om two 

of thE' bi:Bmut.;h f'ra.(Jtion i·tself~ Furthe:rmore 0 ona is f'aeed with the gene:ra.l 

unBatisfaot;ocy situation of estimating numbers of elect:r.•on-captu:re e·rents~ 

common denominator in all of the elect~on-capt-are processes and to ass;.une one 

r· 
K :x ... :r>ay per dis integra tiono This assumption could give l<)W values if there 

is Ir->captu...-e 0 and high values if' the:::'e a:re K interna.l..-.conversion e·vents': The 

©'::ranting yield for me:r·cu:rry· K x-rays (70 kev) was taken to be or-;3% in argon ... 
·~ 

filled Geiger t>J.bes 0 corrected to 100% geometry~ 

The alphac.decay branching ratios estimated for Bi 198 
0 Bi 199 

0 and Bi 201 

are·show.a in Ta.b1s 2o Figure 6 shows a plot of' the half.,.livez of' bisnru.tb. iso ... 

topes with ref'erence to a ealouls,ted line which would apply to trese isotopes 

if' their deGay we:l:'0 unprohibited by the nuclear type (odd nuo1EH.)ns) 0 and if' ths 

nu©l.eB.:r' X"Slil.iu~l in this region could be described by the above mentioned. e:2~-

r-
pressio:n:o The b.igb~y foT.bidde:n nature of all of' these aJ.pha..,.ami tt;ers nakes 

it seem likely that all hs.ve low nur:;lear radii'o Sinoe the prohibition due to 

2 
odd nuc~leons is lmown to vary oonside:rablyD it is only possible to guess at 
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Partial alpha ha.lf""'life vs o alpha ... deoay energyo The 

curve gives values calculated for transitions 

unprohibited by nuclear type and assuming the nuclear 

radius equals 1'~48 .A l/3f~lo-13 c:d: 



the effect of nuclear !"adius'~ About all that can be said is tmt values lower 

<ff · • 1r Al/3C eol3 r by about lO;o from those given by r = -.48 °10 em seem to be required·. 
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