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GeorfrejT Wilkinson and Harry G. Hicks 
Radiation baboratorjT and Department of Chemistry 
University of California,? Berkeley.? California 

August 18,$ 1949 

ABSTRACT 

A study has been macie of neutron deficient radioactive isotopes 

of terbium produced by ac'Particle bombardment of europium and by proton 

bombardment of gadolinium using the 60~inch Crocker Laboratory cyclotron. 

Five new isotopes have been characterized~ 
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RADIOACTIVE-ISOTOPES OF THE RARE EARTHS 

Itt Terbium' Isotopes 

. :·;,;G~()f,fre:(W;1.~,kin.sO~l" apq-.H,arry G? JIick~; ._' ",. ',_ :"" . 
Rt'lidiitti.oi1;,:tiat6:.ra.t6Yif:i\,arid,-·.tie;,pil:ti£meri£-~:€)j;~fGp':efu;Ls;tW:l),;;:r,';;;;~l';lii;:~;:\':'i:;:;' 
Universit:r of Oalitornia~ Berkeley.ll Oali£'or'nia ' 

Io Introdt].ctio:g 

\ -' 

The experimental techniques used in bombardments.9 chemical separations and 

,.,, .. p-a4i,000t.i:\4-t..y.. .. -mea.sur~ent$. .. hal1:e .. b.een., .. pr::ey.i.QusljL_dsrs.Q:.r:!,PJ~(l<!_~~?, .. __ :r.:rl.,_ th~-J?tlldy._ of. 

-------
i; (.' .: " . .' . ". ~.; : " . . ' . '" . , : . .' ,. . " ..; . , .. 

terbium a'eHvities,'j eur;opium vias bbmbardedwith a.,;,particles of'energy, 3S.9 - 31 and -
'<' ro

., , 

19 Mev,? while gadolinium was bombarded with 10 'Mev protons, the radioactivitles ob= 

served were Sh01ID to be associated with terbium by chemical separation using an ion 

exchange colD~. 

II" Terbium IsotOpes 
. -

Table Ie Production and Characteristics of Terbium Isotopes 

--------~--, -----~-~------------~~-----" Type of Energy of Radiation in Mev Produced 
-- .:::I","s~ew-__ : ;OJ' 1hl=,. e-,·Rad.·i~-ti0n:.. ,.-·" .. -."Hal,f.,.;r,;1~ ... " ..... ",,- ....... P1'lrticles ' " .. :, . ____. . y ::.r~~ ... .... 'ho. .. _ ~=-=--:t' .... ~ ._.. ___ ---=--~_. ___ ~~~_!'"""->::7 - J;t, ..... ...-.... -=-~j'~ __ ~~~ 

. --

Tb153K~€l =!) Y 501tOol days 0015 L!)K x=I'ays Eu151=a~2n 
_"-__ ~ _____________ ~~ O",l ~oJ~nl02~~ • 

T~54 K e= Y , + 

~+ (:VOo5%) 
1702=002 hours 'L~K:x';l"ays ~,' Gd ... p~n . 

10 3 Eu151=a=n 
...o.-~~_. ___ ~~_~uI53·-a ~3IL' 

Tb1S5 K '~Y !)e !) .,.' 190 t. 5 days _ Ool(e=) . L»K x·orays -Eu153=a=2n 

----~--------------------------., -------------~~---------, 
TV56 K!)~+«25%) 5 .. 0'!:.ool hours 

" 

AlLJ L K xc~ra,rs-
~ " 

L9K x=rays 
104' .. 

. Gd=p=n 

The production and properti~s. ,of the t~rbium isotopes are given. in Table Io 
.,: •• "" .... 'M" ... ,"- __ ~._ ...... ""' ...... , ........... "._ ........... ~_ ••• ~ .. __ ......... ,.., ___ ~'", __ '~''''''''~''_' __ ''''''-_''_'_'~''.'''~'''~._'':''$'_~':'_~'~'_' ._ ' •....• .: __ ..... '" _ ... _.~. L ~_._.,~ ....... ___ .,._ ._.~ •• ' , •• 

In the bombardment of eur0p;tu:mwi,:th a.,..par'ticles.~ four activ'ities of hl?-lf=lives 501 daysJ) 
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17 hci~s;" f9b'd~y~~anci '5:'0 'hoUrs"were observedr from the yields in bombardinents . using 

a=particles of energies 38, 31 and 19 Mev, allocation.was made to masses 153, 154; 155 

and 156 respectiV'eiyo In the bombardment of gadolinium with 10 Mev protons, the 17 hour, 

• 190 day and 5.,0 hour activities were again observed,!/ together with a .new activity of half­

life 407 days which can be allocated to mass 157 or l5S, and the well knovm(2) 309 hour 

and 7305 day Tb160 activities ~ No evidence has, as yet been observed for an additional 

isotop~,. pi I!l8-ss.- .. 157"pr.:. ~.5.8 !hicl1sp.aUJ.d·99 formeCi in pro~on bombardmellt . of gadolinium;' 
..... '...-' 

this1vlsot"ope; ois:·un:d,tJubteclly,'?flong"lif.e,.and. the'pre:?ence . of thelong..olivedTbl55 aIJ-d 

.T'bl60 activities makes the recognition of a further long lived activity by simple measure-

ments a difficult task" 

+ 153 501 = 001 day Tb 

The decay of this activity,!/ which was found in high yields in 38 and 31 Mev a­

particle bombardments of europium was followed through ten half-lives (Fig .. I) to give a 

value of 5.,1 :t. 0 .. 1 days for the half~lifeo Resolutioh of aluminumji beryllium and lead 

absorption data (Figso II" III) show the radiations to consist of. electr()ns,!/ total, 

ranges in. al~j:~um~3~ m~/cm2(0015Mev) jl and~90 mg/cm2(;yO~3 Mev).\l~nd,~l~ctrO~gnetic 
. ---

radiations of half thickness 7mg/crrf. aluminum (603 Kev) Sl 60 mg/cI?2 lead: (46 K~v).!1 ,,70 

i':lg/cm
2 1ead(0 .. 23· Mev } and '11.,·6· g/cm2 lead (102 Mev h . The cwo soft components' of the 

electromagnetic radiation correspond to Land K x=radiation of gad.gliniurno The ratios . 

of the various radiations corrected for 00unting efficiencies (1) 3 etc., are'g 

0017 Mev e~~rVOo3 Mev e~g L x=raysg K x=raysg 0 .. 23 Mev Y rayg 102 r\~ev Y ray 

o 
o 0.2 & 1 o . 0 .. 02 

The soft electbon most likely results from conversion of the'Oo22 Mev Y ray in the K 

shell of the daughter nucleus following decay by orbital electron capture.. No positrons 'J 

were __ 9Qs..~.~~d ,op:ca :si~pl~ b.~,tB:. r~?.spe~.~~ome~er., .r.n the calculation of yields of the 501 

day "a:cti-vity/·oner"K':'x=iayquar.rtum has been' assUni~'d to' represent ~ne disintegration~" 
~ . ,.,..;....;..,.. --~. -. ~ ..\",-, , - f , ~ •• " • 1 ... 
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In all bombardmen.ts of europium with a:=particles a 17 hour positron enrl:tting 

ap~~y~~y Yi~:s'!,ob~y~v~d, "."'~hiy:: wa,8,. ~~.?~. ~9m:,4;lin}8w"7~yt,d,f. ~~ ,;}~~, pt~Ojp~~?~il~ar'd~~~t~;':0f: 

gadoliniumo The decaJ of the positiv'e e1e~)t,rons was followed through 1304 period.s on. a 

simple beta ray spectrograph,v to give a ha1,f'~life of 1702 t 002 hours, the decay of 

gross and electromagnetic radiations of terbium samples give a similar value (Fig 0 IV)., 

Resolution of decay and aluminum absorption data (F:i.go V) shmlfs ele(~\'trons ai' ranges 

2B'i1lg/cm2(-Go13-Mev1- ·--·and "",,300 mg!':;n!2 (OQBMev).? sof't-eleetromag-astieradiation' of 

half thickness 7 mg/cm2(603 K9'lr) and hard electromagnetic radiation., A positive electron 

of maxiTIrl.1In energy ~ 206 Mev was found on the be't;a ray spectrograph,D as well as two 

groups of negative electrons corresponding to those measured in alumin1im. absorptions, 

the ratio, of" negative to positive elec,trons was obtained by' integrating the distribution 

curves on the beta ray speotrogI'apho Lead absorption. measuremen'i;s (Figo VI) shows 

components of half thicknesses 60 mg/cm2 (46 Kev) and 1202 glcm:?' (103 MeIth the positrons 

are in such -low abundam36 that no annihilation radiation would be observed in absorp= 

tion measurements" From the various measurements t.he following ratios 'were obtainedg 

'---D~l--'" --g - ... ,. O~02 o 
o 

o 

" " o "1. O~O.3 

.. It seems reasona bIe to conclude tha't tht'll isotope deeays at least 98% by orbital elec't:iron 

capture to two or more metastable or excited states of the daughter nucleuso 

As has been. pointed out(3)? it is possible that the hard negative electron may 

be a negative beta particle.? indicating decay to an unreported'beta stable isotope nyl54 0 

For estimation of yields of the 17 hour activity in various bombardments,ll 009 K x,~,ray' 

'r! quanta have been assumed to represent one disintegration by orbital electron capture.,: .' 

l2Q d~Tbl5: 

After decay of the 5;,1 day activity in E"d....::t..£ bombaroments,9 a long lived activ;i.ty 
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(Fig. I) was observed, the best v'alue for the half life at present is 190 t 5 daysoff 

Aluminum and beryllium absorption data (Figo VI) showed electrons of total range 14 mg/cmZ 

(001 Mev)~ and electromagnetic radiation half thickness 7 mg/cmZ (603 Kev), lead absorp= 

tion measurements (Figo VI) showed two components of half thicknesses 60 mg/cm2 (46 Kev) 

and 1207 g/cru2 (104 Mev) 0 The two soft quantum radiations correspond to gadolinium Land 

K x=radiationo The ratios of the radiations obtained wereg 

. .;. .... < . .... , 

001 Mev e =~L x=!"aysg K x=raysg 104 Mev Y =ray 

o 
'0 

_In bomba.rdmen"ti~ )?:f.,€ur9,pium wi~J:. 19 Mev a=partic1es~ an activity of half.,,;life 

5 .. 0 ! 001 hours measured-through nine halfoclives,9 was observed in high ;yieldo 
-- , 

The al~tnuru absorption (FigoVII) showed only a hard electron range/\/600 mg/cmf 

(AJl03 Mev) soft electromagnetic radiation 7 mg/emF half thickness (6.3 Kev) and hard 

quantum radiation background. On a simple beta rayspectrograph~ no negative electrons 

were observed.') but only positrons of'maximum energyl''U'104 Mev.\) which decayed with the 

500 hour half=lifeo Insufficient activity was obtained for measurement of a lead absorp= 

tion curve of gamma rayso Ass~ng 005% average counting-efficiency for gamma radiationJ 

the ratios of the radiations obtained from aluminum absorptions givesg--. . 
+ 103 Mev ~ g L x~rays~ K x~ray and Y=ray ~adiation 

" o· rv 0,,1 g 1 

The isotope thus appears to decay mainly by orbital electron-capture with less 

than 25% positron branching" 

In the decay of the chemically separated terbium fracti.on f:r'om 10 Mev proton 

bombardments of gadoli~iump an activity of ha1f=life 407 tOol days measured through - ~ 

seven half lives has been observedo (Figo VIII) The radiation characteristi0s obtained 

by resolution of a11~um and lead absorption curves (Figo IX) are quite different from 

thos'e of 'the 501 dai a'ctirlty descri"b~d aboveo The latter has been allocated to Tb153 

,1 -.,.j, 
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In the basis of yields in the ac=particle bombardment of europium,;} and hence would not be 

present in the terbi11J!l fraction from proton bombarded gadoliniumo The aluminum absorption 
. 2" , :,' 2 .' : ,': " ' 

data, shows\electr.onstote.l ;range ./7\..,..Ill.mg!cm(r\.,..Q .. 09 Mev) Ii i40:mg/cm. (.0 0 'Z/. 7.lVIev) .;. .:i, ',: 
. " .~'" i ':,i'::';',' .::."~:'j ,ie" :. ' .. ;.,' ." ""~.,,, ':y '<'; ':<';" ".,;;.(. :;; "'01 :':;2 ',:" ~.:",!;.) '>.1," ; ",,~,;;~,: ,,:. ,'",:/;·t'} i·:~;\I<i~ f.~1<i?!J;~,,;t;.1·:i;:r{,~,:,M"j!/;~.~~J 

and quantum radiation half thickness 705 mg/em 0 Lead absorption data shows components 
," (", ' 

of half thieknessesN60 mg/cm2 (rV46 Kev) andA./1207 g/cm2 (L4Me·V'),tl~e soft component 

was in very low abundance and may be a mixture of K x~radiation and unconverted gaw~ 

radiationo The ratio of the various radiations obtained were 

""'-o-~09Mev 'e"'~ 002 Me'lT e ~ L x=rays~ K x=raysg Ll~ Mev' Y' ray, .. .,.,. ":'-''',,,,,, 
0 -.. 

rvOo2 " 001' 0 0,,4 0 1 0 003 .. 0 0 .. 

IlL Pis;cuss!9l! 

The mass allocations of the four activities ,observed in the a=particle bonibard-

ment of: europium have be~n "made' on the basis of yields .at ,"bomb"arding _energi~es of ",38,> .. 31: -"~ 

and 19 Mev} this procedure has been used previously for thulium(l), rhenium and·," 

tantalum(4) activities .. No evidence has been obtained for Tb152. which wciuld·be:formed 

(4) Go Wilkinson~ 110 Go Hicks (to be published) 0 

',--.-----'~ 

by g~ .. !.'e._~~~ion on Eu
151

:J and an upper limit of about 20 minutes can be placed for the 

ha1f=lifeo While the ?6' day Gd153 activity has 'been obse!"lTed in the column separated 

gadolj,niwn fractions from En of> a bombardments Ii the formation of this isotope from the 5,,1 
. ' 

day terbium allocated to mass 153 has not been confirmed since sufficient activity was 

not available. In proton bombardments of gadolinium» the 17 hour acti.vity was observed 

only in ver:/ low yield, agreeing with its allocation to Tb154, the 5,,0 hour positron 

,emitting activity.9 the 407 day act.ivity and the beta: particle emitting 309 hour and. 

73,,5 day activities were observed in high yields as would bEi expected. from the abundances 

of the gadolinium isotopeso Since the present work on the 407 day activit:r allocated 

to mass 157 or mass ISS was cOJ)lpleted~ Bu,tement(5) has reported a 5,,9 day activity 

(5) Do So Butement~ Phys. Rev. J~.\l 1276 (1949)0 

l 
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produced in the proton bombardment of gadolinium» and has allocated this to masses 156-7 ~ 

or 80 The radiation characteristics agree with those reported here for the 407 day 

activit Yo· 

As has been pointed out above3 the existence of at least one further long lived 

isotope of terbium at mass 157 or 158 is possible, also~ since the half-life of the 500 

hour Tb156 seems rather short~ a long lived orbital electron capture isomer may exist, 

. but no difference in the decays of the long lived activities from the various Ell +a 

bombardments has been noted yet and all are decaying with the 190 day activity allocated 

to mass 155 on the basis of reaction yieldso 
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Decay of 501 day TbI53 (B) and 190 daJT Tb155 activities from Ell + 38 Mev a 

bombardment. 

Aluminum absorption of 5.1 day Tb153 activity from Ell + 38 Mev a bombardment. 

K x-ray and Y-rays (AL ",0.3 Mev electron (B), 0.15 Mev electron (C), 

L x-rays (D). 

153 Lead absorption of 5.1 day Tb activity. 102 Mev Y~ray (A), 0.23 Mev 

Y-ray (B), K x-rays (0). 

Fig~ IV Decay of electromagnetic radiations of' 5 .. 0 hour Tb156 (C), 17.2 hour Tb154 (B) 

and 5.1 day Tb153 (A) activities from Eu + )8 Mev a bombardment. 

Fig. V . Aluminum and lead absorptions of 17.2 hour T~51. activity. 

Aluminum absorption~ K x=ray and Y~rays (A),9 0.8 Mev electrons (B), 0,,13 Mev 

electr?ns (C), L x~rays (D).· 

Lead absorptiom 10 3 Mev Y =ra"J (A), K x-rays (B). 

Fig. VI Aluminum :and lead absorptions of 190 daJT Tb155 activity. 

Aluminum absorptiom K x=ray and Y ~ray background (A).lI 0.,1 Mev electron {B), 

L x ... rays (CJ • 

. Leadabsorptiom 104 Mev Y =ray (A).ll K x-rays (B). 
, .. 

Fig.VII Aluminum absorption of 5 .. 0 hour Tb156 activity f:c'om En + 19 Mev a bombardment. 

K x-ray and Y-ray background (A), 103 Mev positron (B).ll L x=rays (C). 

Fig. VIII Decay of 4.7 day TbI57
.l1
S (B) and 7305 daJT Tb160 (A) activities from Gd + ~ 

Fig. IX 

I '. 

bombardment;. 

Aluminum and lead absorptions of 4.7 day Tb activity • 

. Aluminmn absorptiom K x=ray and Y =raJT background -(A).9 0.2 Mev electron (B), 

0.09 Mev electron (C).ll L x~rays (D) 

Lead absorption: 1.4 Mev Y~ray (A).ll K x=rays (B). 
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