
RANGE AND STRAGGLING MEASUREMENTS 

or u2~5 FISSION FRAGMENTS 



RANGE AND STRAGGLl ASUR 

OF u235 FISSIO FR 'QMmm! 

a,-
JOJDl WILLIAM HALLA~!, B.Sc. 

A Th 1 

Subm1tt to th P cult,- ot Or <luate Stu41ee 

1n Partial Fulfilment ot the Requirements 

tot.1 the Degree 

Maettu;• ot Science 

rl~n'.ta.Oter t1n1v r 1ty 

Octob r, 1961 



MASTER Qi' SCII:NCB { 1961) .· ·oMAS'l'ER 'UNIVERStft 
(PbJ81CJJ) H&Jntlton, Onta~o 

TI"!L ·:: ge and ~t"'dl1n 
1'1eeton l'nsm-nt.s 

AV'!HOR: John W1l11 Hallam., B.Sc .. , A.ll.C ..S.,
(Vniv ~a1ty ·Of London) 

SURRVISO t Dr., t'. J • Kennett: 

WMBIUl OP :PAGlUh v111, 67 

SCOPE Alm CON'l.'ENTS 1 

Th ransea an tra 11ns& ot: tie ion tragll'¥)nta 

t'l.'O . the the l n$utr.on t1tUt1.on ot ua)5 baY~ b•en 

mea ure4. Particul · attentte . was 1v n to tb 

preparation Qf ve'ri tnin u,_.an1ura so~l'<:es., the d.ea1sn 

ot a w ll eoll1mat d oo11 •T•tom and the p~aPation 

or tbtt tl!i nt oatcl·u~r. 'fhe ranges and •anse 

eli tr1but1on 1n al .· 1n1 ot tu 1en produots ot ·. a 

nu.mbe1'S 95, 140, 141 and 147 nave n obt ined. The 

e with p~vioua dGte~ation 

-.1thin the ex~~lttal ft'Or. 1'he refined t. obmq•e 

<1 velo d !n th1e wo . ha:f$ enabled dif'f. r nt1a.l »&n:ge 

c11JtJ-1b tiona to be obtained wh1oh are . or p~~iao 

tban .Y p v1ow. d t l\ntnat1on ·• 

(11) 

http:t1tUt1.on
http:n$utr.on


I g:reatly indebted to Dr- 'I. J. Kenn tt £gp his 

encouragement an<t ruida.nc~ throughout the cour e of th1 

s.nveatj,.gat1on. 

X ebould like to etXPreea my tlla.nks to l>:P. W. H. 

·letnin • It actor Superintendent an to the reactor atart for 

th 1r aceomo tins help with th 1r-l' 1ta.t1ons. lily rat1tude 

1 alao expre ed to Dt-. K:, FS'1tz tor many h lptul 

suseett1ons and Ue<Juastona 1nvol 1ns this wo:rk. 

Financi ass1etanc• tJ.'IiQm McMa ter Un1ven.1t7 ha, · 

atte po s1ble the execu.t1on and colnpletion ot this wor'k an4 

1 sx-atet'Ully acknowledged. To 'f wife I e.xpres . l1fS aineere 

thanka for h lp with the typing of tbe thes~e. 

(111) 


http:ruida.nc


Page 

l.l 	 General: The Fission Process. ........... . l 


1.2 	 The Slowing J>own an4 Stopping ot 
Fission Px-agments in Matter.,. ............ . 


a. General .................. - ~ .... , ~ • • •.• .. .. • • • • 5 


b • Theorr.. ............ ~ ........... ....... .,•.. 9 


1.3 	 Methods ot Determining F1sa1on 
Pr. gment Range&.. • • • • • • • • • • • • .. • • • • .. ... • • • 12 

1,.4 	 Resulta to Date......................... l' 


1.5 	 Aim ot this Work. ........ .............. 20 


General Surv~y of Experiinental
ltequlre:ment.s •••• ~ ........ ~' ••• ·............ . 

Design of the Well Collimate4 Reooil 
System............ ...................•. • • • 21 

22 

a • Pai.nting. .. .. • • .. • • • • • • • • • • • • • , • • • • .• • • ~5 

c. Vaeuum 	Evaporation................... 'ill 


d. Cap1llal'7 .DJN>plet ethod............ ~ 


(iv) 



2.4 

.,. or co~ (,eont1nued} 

The Pisston l'ra,snent Ca.toner. • • • .. • • .. • • 

a. General Oonaide~tions ••••••••••••• 

'o 
'0 

2 ..5 

b.. 'J.'he Vae of thin J'ilm& ot Aluminium 
Oxide in. the Stacked Jroil . 
'reobnique ............................. , • 

o .• 'fhe Anc<U.~at1on-Chem1oal Stnp 
'feobniqt.l$. .. .• • • • • • • • • • • • • • • • • • • •.• • • .• 

Sample Preparation and Counting
Procedure ••••••••• .•••• w•••••••• • •••• , • 

'l 
'' 

l5 

General. Irradiation Pa.o1lity........ . . :56 

CHAPTER 3 RESULTS 

General .. . ...... ....... .. ... .. •.. .• • .. • • • • • '9 

fbe tree ot Alumin1uat Oxide Pilme 1n 
the Staokecl Po1l Methoa - Re ults. •.. • '9 

'.4 

~relim1nal'N' 1nvest1p.t:tons on the 
Ano41zat:ton-Stripp1ng '.feohniqu.e. • • • • • • 

flanges and Stx-asglinga .. ot Several 
~1as1on '"asment Mass C.hatne Ut~ing the 
Anod1aattoll-Str1pping 'h·onn1qut ••••• 11 • 

42 

51 

(v) 



LIST OF ILt.USTRATIO S 

P1gure 	 Title 
No~ 

1. 	 Ottaphio Repres ntation ot the Fis ion 
Process. • • • .. • • • • • • .. • • • • • • • • • • • • ... • • • • • . • • • • • • 2 

2. 	 n rgy Distribution ot F1s ion 
nts ................... , 	 4
................ ~.. 

;, .. En t!SY Lo~ Curves ... Alpha Particles an 
'Piaaion P~nt .............................. 6 

4.. TJp1cal DLtt rent1al ftange Curve a ••••• • .. • • • .. 8 

5. Range-Maes Umber Curves •••••••••••••••••••• 19 

6, Container for 11aa1on Fragment Recoil S,-st m 2) 

7. 	 Recoil Collimator ••••••••••••••••••••••••••• 24 

's. 	 1>1agrasn of the Droplet un" Apparatus. • • • • • 29 

9. 	 Th Anodization Arrans nt •••••••••• ~ •••••• '4 

10. Irradi tion ao1l1ty- General Layout ••••••• }8 

ll. Gross ta Activity Distribution 1n Al2P' 
oils •••••••• , •• ,........ , ••••••••••••• ., •••••• 41 


12. 	 Rel t1ve B tee ot »1 o1ut1on ot Oxide and 
M tal 1n Str1pp1ng Solution••••••••••• , ...... 45 

Te rature Dependanc o Dis olV1ng oweXt 
ot St~ipping Solut1on......................... 49 

14. 	 Loss in Weight ot Catobe~ o11 versus 
Cumulative Ano41zation Voltage •••••••••••••• 50 

15. 	 tr2.)5 1ss1on I'roduot D~cay Chains for Mass _, 
Nuxnbers A 95, 140., 141 and 147........... ~. 52 

(vi) 



16. 	 Range Distribution or Fragments or Mas$ 
NtuDber 95....... ...................... 10: ............ , 54 


17. 	 Range Distribution ot Fragments of Mas 

N\Uilber 140. • • .. • .. • • .. .• .. • • • • • • • • .. • • • • • • • • • • • • • • • 56 


18. 	 Range Distribution ot Fragment ot ass 
N'l.unber 141. .. • • • • • • • • • • • • • .. • • • • • • • • .. • • • • • • .. • • • :i1 

Range Di tr1but1on or Fragments or Ma 

Numbet" 147........ .... .. , .... , • • • • • • • .. • • • • • • • .. • • 59 


20.. 	 Comparison ot Rang$ Jl1at1'1bUt1ons tor Jour 
P:1ss1on Fragment Ma# Numbers ......... ., •••• • •• 60 


. . . 

(vii) 



lNTRODUC'riON 

l.l General: The F1ss1on Process 

The discovery of the phenom~non known as fission 

was made by Hahn and Strassmann (1) 1n 1936. Fission may 

be described as the splitti.ng of a heavy nuelet;s into two 

fragments of comparable mass. P1ss1on can be induced by a 

relatively small amount of energy which may be b:rought into 

the nucleus by neutron, ¥ ray or charged particle capture .. 

The process may also pl"'oeed. spontaneously by a. tunnelling 

mechanism. 

'fhe main features of the fission process are 

perhaps most clearly seen by means of the graphical 

representation shown 1n Pig, l. 

In the case of thermal neutron fission, a compound 

nucleus 1s formed, which decays within about lo-14 sec. 

Once the separation of the fission fragments 1s greater 

than the range of nuclear forces, the fragments are 

repelled from eacb other by the coulomb force. The 

fragments ae:td.,eve t-heir maximum velocity within about lo-17 
', 

sea after deeay of the compound nucleus, 

The total energy release per fission 1s or the order 

of' 200 Mev. Most or thiS en&.r>gy I about' ao pereant ~ is 

in the form of ldnet1c energy of the trasments. The 

... l 
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Figure l is gr phic representation or the t1ss1on proo ss. 

The v nte are: 

0 Excitation or nucl ua.; formation f compound nucleus. 

1 Pis ion; the fragments b gin to separate. 

2 Well within the electronic cloud, the fragments aoquiJ'ft 

90 perc nt of th ir maximum k1net1e energy~ 

' Bmis ion ot "prompt" neutJtona. 

4 Emission of ..prompt" k rays. 

5 The fragments, having be n slo ed down by the stopping 

material~ oome to st. 

The horizontal acal 1nd1cat s the duration of the process s 

on a logarithmic seale. Th v rtioal dietances ehow tho 

separation ot the rragments also on a logarithmic scale. 

f is th dene1ty of tne sto ping material. 
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1'\)FIGURE I - THE FISSION PROCESS I 



fragments are of course 1n highly excited nuclear etat s. 

ln raot, both fragment nuclei probably have sufficient 

excitation energy to boil off neutron or two. Further 

deexc1tat1on takes pl ce by the emission or "pronu>t" rays. 

The resulting 1'1s~1on products .still have a large neutron 

excess which makes them active .. JThe· subsequent and 

radiations are useful in ,many determinations since self 

indication techniques can be used.. This t cbn1que as often 

been used 1n range determinations. 

Tb kinetic nergy spectrum of fission fragments has 

been investigated by various workers. The results of Brunton 

and Harm (2) and St in {') are typical, and have be.en 

reproduced 1n P1g. 2. The <iouble peaked distribution 

refl .cts th t ndency of u~5 fission fragments to b formed 

symmetrically. 'That is to say, the ,Probability or formation 

of fragments w1th mass numb rs 88 to 100 a.nd 1'5 to 145 1s 

greater than for ll other m. sa • The energy diap rsion 

a.saoc.iat d with a particular mass split 1& of the order ot 

10 p rcent. 

The maximum veloe1t7 attained by a typical ·light 

fragment is about l.4 x lo9 cm/$ee, while th t or the 

heavier fragment is about 109 cmy'sec. The mo nta. of th 

fra.gJDents ar• ot course equ l and oppos1 te. Th fragments 

attain their maximum velocity at a separation or only about 

lo-ll em, wnioh is well within the innermost electronic 



Fie;ure 2 snow the d1str1but1on 1n kinetic cu»l'SJ of the 


fragments rro the elow neutron 1nduced tiaeion ot u2'5. 

The dol.lble peak d appeaftnoe 1a a coneequence of the sreatex


probt1'>1l1t7 ot uafD1J,1lttr1c f1a81on in thia caae. '1'h 


resUlts of Stein (') ha'l been drawn in fro his t · 


ot·flight measurements. Thoa-e ot BNnton and Hanna ( 2) 


are trom ionization cbamb r meaaure n't and appear ditterent 


trom th naults or Stein beeawso ot tb$ 1on1aat1on defect 


inherent 1n ionization ch ber asurements of t1aa1on 


r~gment nergiea. 
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hell surrounding the :t'1ssion1n~ nucleus. 

The violence with which the fragment recoil from 

each other results in many f the original atomie electrons 

being lost. Thu.s the two !'ra ent recoil tro:m each oth r 

a _ ion stripped of a number of el. etrons. The high initial 

oharg (~"W20e) on a tra.;ment ke$ it more intensely 

ionizing thCI'l proton or lpha particle • Th1 - leads to 

relatively greater rat of en rgy loas . nd to differenc a 

in the stopping . eebani s fro that ob· erved for eitb r 

protons. or a.lpba pattticlea. 

1.2 Th Slow1ne ~own and StopPin§ of' Fiesion Prapnts in 

Matter 

• General 

Th calculation or tb 1nteract1on o!" tis ion !"ragmen t 

with ·tt r is complex problem., can be en by 

eons1derin& the proces es 1nvolve4 in only moderate detail. 

I d1 tely atte:r sci ion, th fragment . have h1sh veloo1t1e e 

, d high n t char a of p maps 20e. A a. eonaequene.e ot 

this, tn• f'.ra.gm nt bave vev:~ gre.at ionizing powe;t , enabling 

them to exo1t ·. and 1on1za tho atoms lying 1n or cloa to 

their paths. A the tl'&gment ie lowed down, 1t net cba:.ge 

deav .ea and thu it bec.om le strongly 1on1Z1ng. This 

1fJ shown in Fig. ), in which th xper1 ntal r sults ot 

La s~n (4) nd the theory of Bohr ( 5) have b en 1ncorporate4. 

For eompar1 on , th . ~ t or lc • ot nergy or typical 

http:f'.ra.gm


Fig\ll"El ' ehowe camparative .:~?ate or ene:rg;r loss 

curve tor heavy and light t1aa1on fragments and alpha 

part1cl$S. It can be e n that the fission fragments lose 

energy veey quickly at the be~nn1ng of their range, 

wberea alpha particles lose nergy most rapidly just 

before the end o their range. 

The data for the Radiwa C alpffl1 p-.rt1eles baa 

been taken fro H nderson (1921) (6) , in which the 

"llltive rat or energy loss or alpha particle is plotted 

veraus the range in air at N.T.P . 

Th data for the fi a1on fragment cu~vee has be n 

tak;en fs.-om the experim ntal pointe of Laseen (4) and the 

Bonr ( 5) energy lose formula. 'fhe Sl"&Pb abowa the 

fission fragment eneJ-Q' lose in MeV/crn hydrogen at N.'l'.P. 
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alpha particle has al o been 1llustrat d. It 1 seen , that 

in contrast to lph pat-t1ele , f1"'s1on fragments lose 

en r y moet r idly at tnc beginning of their r nies. 

Ooc sionall;y th re are a.totnJ._o oollt 1on betw en 

fragment-s and the· a~om or the atopptng ter-ia.l.. These 

are the eo-ealled "nuclear" or atomic collisions which 

result in relatively l ~ e en rgy t~nafer an<l large angle 

sc ttering. Th close collision 1 a complex prooes in 

which both atomic and nucl ar force ~ert their influence 

to produce a rearrangem nt of the electronic syste:ma of th 

two toms involved. 

Tbe v~ation 1n net charge on a tragrn nt and the' 

occurrene ot "nuclea:v" eoll1 ion make 1t v ey 41fficult 

to treat the lowing down proee analytic ll.y. 

'!h ·nergr e.prea.d of r1ea1on f:ragm.ente, the 

ooeurnnoe of 1 1'8 ansl aeatter1ng an<i. the ehaJtge 

fluctuat1.on along the ranse , lead to an appNC1abl 

"straggling" or '•epre d 1n · angett of a g1v n p Q1 e (Z,A) 

of t1sa1on t gments. The stra gl1ng of' e vy, dian and 

11ght ruston tr gm nt is 1llu trated. in Fig. Th 

-"Sult of lt tcotr t . _l, (1948) (7) hav be n used fo'» thi 

f~g\U1'e. The 12 - 15 p roent tn"l:1ns or th fisaS.on 

tragm nt speote 1s eontnst with the latively lo 2 

percent stNS&ling ot alpha part1cl a. The lower rr Qtive 

charge on alpha particles re ult in the "nuelear.. acatt ring 

or alpn p t-tiolee being uoh smaller tban tor tis ion trapente. 

http:fisaS.on
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F1gu 4 ow comp 1 on or t n dl f"~ l~Anti 1 

ica· o1ee 1 h 

Po210tnat or th lph put1cl · . t'h . oHina.tea pre nt 

he um1oex-a or 1Ql a to~ in& rt r 

tr v~ll1 tbrousn liven d1atanc 1n air p a nted by 

the absi o • A se v lu R 1 ahottm ell th 

full ·1idth at h lf -~- 4R 4 Th q nt1 y 4B/R x 100 

18 known u th pol!'eent &tt'aggl1n • 'lhe pe:wont tr seltns 

or t he r1 bion rr gm nt 1 b t n 12 and 15 perc nt 

h~ s t at of the alph art1ole · 1.. only 2 .. 5 perc nt .. 

Th f1se1on rr nt t h v be n wn in f»o th 

ult t Kateoft , M1 k l ,c:.t tanl :t (194 ) (7) 

lpba p ~iol cU.atrtbut1on b be n adopt d tro th.e e&Ply 

ork r ton 1lld.n (1937) (10). 
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1. 2 b. The Theon .of the S10ll1ng Down.of .Fission F~nta 

in Matter 

Theo tical tre tment o£ the ener lo a of 

fission rra~nts on p S$1ng througn matter have been made 

by several authon (5)(8)(9). T.heee thEu,re·tieal treatments 

nave been l'eaeonably suoee&etul S.n explaini,ns eotrlt) <>f the 

main f$at~a f'oWld experimentally.. The lllOBt eornpl te 

treat nt on th subject h b en given b~ Bob~ 1n 1948 (5). 

Bohr's tbeol!'Y results in the f'ollcw1ng expx-eaa1on 

!'or the to·ta.l enel'gy lose per cent1mete:r. 

z 2z 2 l""g · 1 2 ""' . (l) 

in which N: nwnb&r or atoms or stopping · dium per cubic em 

M1: mass of' fragment 

M2 =. se of stopping . ter1al at 

Zl , =- atomt·c nwnb rs of' th fragment anci . toppingz2 

atoms .ep cti ly 


e,.m =electronic charge and es 
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Z.1ett -::c effective charge. on tragme11t ("'-20G 1n1t1 lly) 
SCt" 

a12 = impact parameter, beyond hiob the n r!gy loss 

1e effectively z ro owing to the screening of 

th$ eh rge of tn nuclei by the atomic electrons. 
,K'I' a12 may be ~s.timat d roughly tram the 'lh<~>ma.a... 

Fermi odel ot the atom, 

v the v loc1ty of tragment= 

- I/h is the average oac1llat1on frequency of the-

eleotrona in the stopping atom (I 1s the av*' ge 

ionization potential or the electron• of the 

stopping &to ) .. 

In th abov quation, tbe f1rat te · expreaees the 

en rgy loe ct the fragment due to tbe •leetron1c xc1tat1on 

and ionization ot the ·atopping atoms. The seoond term describes 

th tranaf r or energy by "n~lea:r" collisions. 

At the beginning or th rang , Z1err (tb eftectiv 

net charge on the fragment) is a.bo\1t 20e.. Beca.u of th1 

high value, the elect~nic topping tel'D! in Eq. 1 ia 

domtn nt.. However, towtU"ds tl'le en4 ot the x-ange . the 

.frapent ha:a slowed. down and in doing o naa aqu1Nd 

· re lectrone. z1eff thus drops to a low valu toward tll 

end ot the range and the nuclear s.topp1ng term b come the 

o~ import nt. 

A tbeoretioal calculati,on ua1n& Eq • l requirea 

kno l c:lge or the quant1t:r z1 tt. Z1ett will change as the 
t 

f~gment p sea tbroush matte~ since the rr 



..11 

oonti o 17 ina el etr • Thu the p ~lem or 
Z1 tr a t ott A.-..,..,...u=%\ V locity t b 

oon 1<1 hl' (19ln) (S) umpt1on th t 

t nt 111 lo&i!A .ll tho e 1 ct~n whoa ol'bit 1 v lo 1ti 

l •• th the t sm nt v .loctty. 

It 1 e 117 no 

lin • Th ti t te : 

h dl s th ~leotron1c atoppina. 'l'h....uj "'in~ a. ny 

int ctlon procc•at ~lt 1n ve~ l1.tl t 1ng. 

inctivf.dual· 1 ctron1c 1nt r otlon ill v1at th nt 

1nt1n1 1 ly. ~ · coneS te 1 bOlt P1 

d aer1 e tho o-e lled nuolear 1nte~ ct1on and b co mo 

1 rt t tcw trt . nd or t 

inte . - tione a re pon 1bl tor a o · the atr sgl1n 

ob ftwc4. ucl · 1nt ct1o:na 17 eult 1n .b 

l t t1 .ne.. Ttl. '3 

1 

Ct1 ly 
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ob rved xp rimentallY. 

It ca.n be . \iten that tbe second term bow a 

dependance on the sees and atond.c number& of the fragment 

an4 topping atoms. The logu1thm1c te •• 

:t· not v r,y ne1ttv to change in M1 , M2• z1 or Z~. 

However, the coefficient 

indieat o th t th nucle r interactions , and th retore the 

traggling ttr1butable to this cause , should dep nd on 

z1 ( t king z,. c£. M2 ). This implies ·that one should exp ct2z2 

Sl'"eate:r ount of traggllng. for h avi r · fia ~ ion trapnta 

net also at·. r t sgling as tb tomic nwnber (Z2) of 

the stoppln ter1 1 1· 1ncre a 4. 

1.3 thode or J) . term1n1;Di Pi ton F;rapent Ranes 

Since the eli eovery of f1sa1on , y worke" ve 

be ·n concerned 1n t e dete1"rrlinat1on or r1 e1on f &ment 

nee and att-aggling . There ·~ two d1&tinct ppro ohe · 

to th measure nt or fission fragment roans s. The fir t 

ftWproaab , th individual particle thod , 1nvolv the study 

ot th traoke or 1nd1v1dual tr nt . Th eoond PPl'O en 



employe e.ct1v1t~ d1 tr1but1on methods, in hich the 

distrib~tion of ot1v1t1es, the Ult or y fi~usion , 1 

tudiad. 

The teahniqu of t.ne 1ndivid1.lal t~ael<: method 1nolud$ 

ol ud chamber 1nvest1gat1one (11)(12), nu.ale ·:r emuleion 

obu rvat1ona (1,)(14), and leetron m1crosoope, tud1e (l5) 

(l6L 'rbe e techniques n 'ble the o tter1ng of fragment 

to be 1nveet1gate4 at tiat1oally {17} and also shot'i ho the 

oatteri tnere Ge th s ot the topping teri 

1s incx-ea d. or th 1nd1vidual track Jt · r1~nta, 

1t waa pcesibl to di. cern the heavy and light groups or 

tragmente by the obstrtrvation of the ahol't and lon traekB 

reapect1ve1N". The disadvantage to the 1nc11vidu l partial 

.thod is that it 1 impossible to identify either th . s 

or tbe atomic number of any given tr nt. 

'!'be aot1v1ty dUtnbution t ohnique.,uaually emploY

ing tacked foils,hat,:J been widely used (18-29). The 

advantage ot this teehn1qu.e re that the x-ange and in 

some case& ev n th diff rential d1 tM.bution in ran e of 

' pecitie a.a ena1n c· n 'be cletel' in 4. 

distribution t. chn1qu utilizes tile at1v

c1 cay- of the fie ion product theme l ve 

'l'h 

1t1 

-

s 

the s 

ct1v1ty 

of th9 p- and cf 
lf 

indication tectmique .. 

1.4 R e~lts to Dat 

'rh range, of many fi 1on pl!'odu.ct l1ia · a ch ina 

h ve been det mined in va~tous stopp1ns mateJtials. A 

http:pl!'odu.ct
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comprehensive list of the re ulta or p~ v1ous det rminat1on 

1 given in T bl I. It c e n trom thi. tabl that 

th prec1 1on in rang det min tiona ha 1no ed st adily 

over th p t t o decad . Only a few of tn asU1" nt 

ho v r, h v enabl d diff rent1 l d1etr1b~tion_ to be 

obtained. The work ot uzof" (1947)(22) , ing th t ck d 

foil t chnique , a · on of the e rliest xpe:r1ment which 

en bled ran e d1atr1but1ons nd str g11ng of few 

ohainB t be obtained. Ho v fl, the d1fterenti l Jl&ng a 

obtained by h w. 4 torted by th tact that he used an 

uncoll . te • 

Prob bly tb at ditt rential :rang distribution 

obtained to dat thoa or Katootf, Mi k l and Stanley (7). 

Th se work! n u ed a recoil yste ill bien col11 t ~ Pu~9 

fi sion rr gment pas e4 through ir t 120 or 140 Hg 

p aaure.. A.fter being brou.g_ht to :re t by the 1r:, the 

trasment we d.e:poa1te4 or stuck on a serie of 14 ext ly 

thin Z pon fii apae d out alon t ·coil ystern. The 

£11 we . eub qu nt1y an ly.a 4 ra.M.oehe oally tor ep o1t1c 

f1 aion product ct1v1t1 • urad ct1v1t1ea rrom 

each til were plotted g~ pbically ainst the d1 tanc f 

.tx- tr VGJ'S d to yi ld d1fterent1a.l · &n5 OUJ.'V tl. In tbi 

er, Katcott et al obt 1ned the d1f.f"etterit1 1 rans 

d1str1 but ions of 20 f1 &ion product mass chains.. Fig. 4 

p. ( 8) ,snow three typical x 1 a fro their work. 
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~he etragglings obtained bY Katcoff et al va~1~d 

'between 10.1 an<l 15.1 pe~eent , l>ut ehow9d no regulu vanation 

as a !'unction of mass numb r-. Tne range atragglins was 

attJ-ibuted to three ·eaussa: the 1n1t1al ld.net1o t~t'lfttr.'Q 

d1epell's1on ot the fragments , the oxperime.ntal d1sper 1on 

eaueed by t.he e.nalyt1o.al method , and the straggling attr-ibu

table to the nueleaJ-' ooll1· ion par~ ot tb.e st~pping 

mecba.ntsm. ~e major .ractolt 1n the obaeJW"ed etr&Wius ta 

due to tne f1~at of the th"e oa1lSea. 

In 111g. 5 - a ehown ih9 manner in lilbich the mean 

ra:nse dep n4a on the mase of a russ1on rra.pe:nt • Ap l't ho 

the steadily increasing :range• of tbe lightet- fi'~gm.ents, it 

can be aeen that Katoot"f 1s d·ata (7) indicate a dist1not d:.lp 

in the oenter region. 'i'hi• en.t~gested that the 41v£,:lon ot 

tbe r1 atoning nuoleua into twl) equal t~nta mtn1nl1aea 

the ld.netie · neru ~ltle.ee. 

A mo~ l'ecent wc~k by lU.de.y ( 29) repone the nnges 

ot: 20 t1&aion produats ot u~5· in uranium metal. N14ay • a 

results 8.l'e aleo plotted 1n Pig. 5b to'f! oornpu1.son w1tb the 

woX'k of Katc.oft et al. An S:ntez-eet1ns feat~ of Niday' a 

work is that tbe meaaured ranges or csl36 a.n4 RbS6 :tall 

abo\lt 10% below th$ (tXpeoted. values fol' the eol'Naponding 

maas number.'e • Rfloent work by BroWil (;sa) bae shown that the 

range of C 1'6 1:e ln tact below what the ~e tor that mass 

number t:~hollld b(l. However~ Brown ba& shown tn vew olever 

http:e.nalyt1o.al


~a sho~ tbe ran$e-- '&0 number e~ 

toorr ·t al (7). 'l'h is t tl xtr polattu1u 

..A."41:1.J,!!a 1n e or &1!- t 760 Hs aa4 15° c • 

Figl.Qlle b bo l tt ulta of Niday ( 29) 

th Nnse 1 th 8 1nte l ran • expNa d in m 

Ul"anil.Ul;'cm2., 'l'h two po1nt ly1ns ell bel the l1n. 

b86 c 1'6 the "ab1 14 d• nu le1. 
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argumente that tbe oases or the en1elded. nuclei Rb86 and 

Os1'6 are fJpec1al e•ses and using pre ent day knowledge 

or f1 s1on phenomena has accounted tor the lower range of 

these nuclides. The technique uaed bf Brown, which ahall be 

described later , was very $1m1lar to the on wsed in this work. 

1.5 Aim or this Work 

The principal a1m of thi experimental work is to 

develop a technique to obtain the most preoiee ranse 

d1$tr1but1on meael.ll"ements on individual tiaaion f~ent 

mas ohains. 'Phe differential ra.ngea are to be obtained u 

fxoee s pos.sible trcm pertubati.on etr ots due to geometry, 

eouree thiekne a . nd analytical t ehn1quea. The t.i1ff rent:ia.l 

ra.nge eurv a · to b obtained in suob d tail that any 

shape !'aet()ra in the d1etr1but1on can be examined. A teat 

will be made of tbct pxoe41ot1on ot tlte Bohr theol."y that the 

straggling saoc1ated with 41tferent mae• cbaine shoul-d 

depend on the mass 1taelt. 

http:pertubati.on


2.1 	 G n ral 

In this ch pte.r, d scription are g1.ven or th 

various xpe~ ntal tao t involved in_th accurate 

detenntnat1on of ti aion rx- nt range di tt-1but1ona. It 

1s clear th6t th following are impo,tant features of 

xperimental t ehnique and d mand p rt1oular attention: 

a. 	 The recoil s:yst m m\lSt be of the well eo111m ted 

type. 

b. 	 Th eouroe must b veey thin and preferably un1fo 

c. 	 The f'~nt catcher, whether ot the •tacked foil 

or other type, ust be eap bl of d1v1a1on into 

xtremely thin l y r • 

Detail are also given or th px-ep r t1on and counting 

t chn1que u. ed , ana t he &' ray apectroscop1c anaJ.ysi . of the 

f1Js1cn produet act1v1t1e • 'l'b aeneral 1rrad1at1on 

aztrangement w:t.ll leo b de ettibed. 

2.2 	 pe 1E or th Well Collimated, Recoil Sf!tem 

Tb need tor well o_oll1mat d recoil s~ te 1 

clear:~ since 1n any \U1Coll1mat .d eyste the will b 

seo .try f .rt;ctor and 1n orde:r to eorrect to~ an ppreoi ble 

g Otn$tey f ctor, 1t 1 neo~ ary to kno the natur of the 

d1fteren~1 l range distribution. 

- 21 
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The recoil yetem which was design d tor th1e wo~k 

is 111U&trated in .Fige. 6 and 7. The source , coll1maton 

s.nd . ¢&tche:tt are ao axTanC 4 that no .f'!a$1on fragment 

emerging fro tn . soure can enter the catcher at an angle 

or gre~t r than t1ve de e to th normal. drawin& of the 

reco1.1 system conta1ne:tt is shown in Fig~ 6 and the sub-ue mbly 

Qf source . coll1maton 4nd eatcher in Fig. 7. The aub

aseembly $l1de.e 1nto the QOntainer, wh1cb is equippt,td w1tb A 

demount ble vacuum eal. 

The tl1sht p .tn ot a fragment bet•e•n souroe and 

c•tohe.r 1s about '0 cent1 tere. Thua, a v cuum of better 

than 0.1 mm Hg 1& required to en ·\U'e that a t'~nt will 

lose on1u a negl1.g1bl.e amo\U'lt o:C energ beton l'eaohing tho 

catob r. The lum.1n1um battle. serYe to prevent any 

fragment from being scattered orr the walls Qf the contain r 

into the catoh r. When the y tem 1 unci r irradiation , 1t 

is conn•oted to a vacuum ltne via 40 teet of polyethylene 

tubing. Ilurther deta1la Qf th1• ·'lf.'~Bq be aeen 1n Pig. 10 or 

.eot1on 2.6 desc~bing the sen l'al i~d1at:1on eet-up. 

2.:5 Sou~e PreparatS;on 

1'1\e prepa.rat.ion or Y$f.'7/ tn1n and "a· on.ably uniform 

depca1ts ot t1CJa1l.a matenal for use as aourcee <4 fission 

tr gmente is ot pJW1m~ey 1 po:rtanoe. For aooura~ work, the 

ao\U'C uet 'be sldt1o1ently thin that then is no a,ppl'ec1abla 



Figure 6 ahowa the -conatNct1on ot the aluminium containe~ 

uaed to hold the ~eco1l system. The con~a1ner is equipped 

with a dismountable vacuum aeal. 
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1 ure 1 lhowe the oonetructio f th !te ion t nt 

coll1 tor. 'Ph$ eub-uae ly hol - tos•ther t aou e 

.a on en an t catCh r at tbe otber n4., Tile c teher 

1 shield aa tar a poa 1bl• with oadmt to prev nt 

n tron act:s.vat1o or ux-1t1 a 1n th alumlni catcher. 
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energy los of a fragment tr versing the source thickness. 

On the other hand . t he source mu t not &e too thin otheS'W1se 

there will not be enough f isa1one taking pla.o to give 

dequate act1v1t1 s in the oateh r. The &tringent reatl'ict1on 

1mpoee4 upon the th1cknesa o.f the fissile layer make the use 

of nriched fissile material nee · ataar:,y. · Calculations 1ndio.at e 

that a eolU'Oe thickness of abolat 10'"'5 em or lee than 100 
" p. f9lV'<Jmc;, will. . sult in about l percent t"E!duotion in the 

range o · a typical tisa1on tragment. 

Appreciable di.t fleulty 1 et with in tn prep raticn 

or such thin d.eposita or r1a il tenal. 'l'he · have been 

vu1ous teehn1ques 4eacr1be4 tn the 11tcttmt\Ui'e and a senes-al 

reterence to tb4 fJUbJceot has been g1Ven by Povel1teo (!$9)., 

Geneva Conterenc$ 1958. number of the teohniq~ea therein 

deacP1btd were tried; only on · see d to yield ~Jat;S..staetory 

reeulta. A bt.-1 t e ey of the me.thoda employe4 and their 

appl1oabiltty to this wo,.-k is de&cr1bad b$low. 

a. Paint1ns 

In tb1s ethod a "paint" 1a made up using c ll\Uoae 

nitrate and eetone according to the method .or Gl v· ~Borrel 

(1955)(40). Unnyl nitr t 1 tben ad4ed to the 11p 1nt11' 1 

the v1aco•1ty of tfbioh awst e high an.cl the uranium 

concentration low~ A layer or th paint 1a appl1ed to the 

backing maten 1 ueing a tin haix-eti bl'USh. Arter the paint 

http:1ndio.at


is dry 1t is 'ignited to about 500° C for ten minut a. '!'he 

ignition ove· . the ors c tter and 1 aves b hind an 

dher.nt deposit of urani oxtd • The pa1nt1ns 1a repe ted 

ny ti in ord r to build up lay: t' to the requi <1 

tn1ckne>& • The un1f'orm1ty of ind1v1du l layem 1 rather 

poor; ho ev r , it improve mon t.nd more 1 yeN are 

plied. The painting t ohn1que a above 4e oribe 

t:rtetl aeveral tt SoUJXJea p~p~ in 1:n:ts wa.y w•:ce 
d in 11m1na.ey expeP1 nt , but th ult we n t 

v '1.7 atiataetory. u,toradiosrapha ot the ottrce how <i 

that tn pa1nt1ns thg<l pX*ed\lee4 quite \UlQv•n depo its. It 

· lso t'alt that repe t <Uy he t1ng the l ni b eking 

toil' to 00° C may c· uae ome 4iffu :ton or tis 1le tena.l 

into th aluminium. Bee u or th cl1tt1cult1e , th 

p inting tho4 s repl o d by an el ctr:d po 1t1on t ohn1 • 

b, Elect~odepoa~t1on 

Thi 1nvelv the leetropl tins of uran1.w-n 

compound Qnto a taUt~ b eking. A.tte;r ignition or the 

l ct~d posit d 1 y r , a ~ adhe nt lay ~ or oxid s ot 

~ ium i& ro~d. Vano procedure have been , v loped 

by S aborg et 1 (41) , Wil on an4 Lange~ (42), B:ttod ky t al 

( 3) d M1skel (44). leotrod po&1t1on 

technique ppea:r to work ell using a platinum baok1n but 

t 11 to do so i .th an aluminium b eking.. Tn high n utron 

http:11m1na.ey
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f'l~es and long 1nad1at1on periods employed in this work 

naake platinum unsuitable a.s a backing material. 

Tne papers by Wileon an4 Langel" (42) and .Brodsky et 

al (4') describe teohniquea for depoeiting .f'iseile .-tel'1al 

onto alum1n1um. Tbese methods are probably quite good foP 

.tol'tning tniek la;yen (s..e. ~ to ' mgtq/om2L but were found 

to be inadequate tor pttoduc1ns the thin coatings ct less 

than 100 fk~em2 requ1~4 fo~ thie woJ'k. 

c. Vacuum t>epoa1t1on 

The technique of vat.naum 4Etpoeit1on 1s a atan4ar<! one 

tor producing ven un1fo1'm # eonttrollable...thiek:neas f1lms or 

many material&. The manual b)' Bolland. (4$) deaen'bes 1n 

detail the technique of vacuum depoa1t1on ot a peat var1~ty 

of sub1tanee:e. :Ftsetle t11ma can alao be tol'me'd.. ua1ng these 

standard techniques • One big dl"awbaek bowE.tver ts. tbe ratbel" 

.la~&e qu.ant1tyo at tiea1le mategaJ. evapoPate4. 1'he vaeuwn 

depos1t1or~ teo.hn1qu.e waa not tned since 1.t 1nvolvea 

:relatively expensive equipment which was not ~ea<i1ly available .. 

d • 'l'he , Cap;11~!% ~roj?let .Method, 

!l'hia tectuU.qlte is q\U.te a Jtecent innovation, being 

ttrst lnent:1onecl by Canwell and M1letel4 (46) ln 19$6.. A 
considerable tlme was spent in retintnc this technique to 

pr&dUCe the I'EU)\lire,4 fl881le la.ye~ ne~e4 tott thiS WOJ'k. 

Beaent1ally the prooe4~ •oneista 1n firing a 

m1mlte PS'a7 of droplets from . fine oapillai';Y tube onto 



the backing mat rial. 'l'he dropleta leave the "gun" under 

the influenc of a strong electric field. A de~tcr1pt1on of 

the apparatus developed follows. 

A d1agram of the appuatu is ahown in Fig. 8. Tbit 

essential eomponent is a p1eee ct oapilla.ey tubing 6 mm o.d. 

and 0. 5 mm 1 .<l. about three inch • long.- One end is drawn 

out to a fine t1p ana a pi 0 ot 1 mil statnl &J ste l wire 

ia pushed. down th · eaplll&%7 to w1thin about a centimeter 

ot the t1n tip. A column ot solution or uranyl nitrate 

d1s•olved in acetone t_e dnw·n into the f1.ne end of the 

' c p1llar.y. A potential ot eight to ten thoueand volt 1s 

put between the tine eap1ll ·ey point and the b ck1ns mateJr1al 

which ia eituated &boat two centimeters .away from the t1p. 

Under the 1nfluenee of th electric field, th solution is 

alowl:r eJeote4 from the eapillat7. The dNplets at'e eo tiny 

that they cannot be seen by the unaided eye. In travenmg 

the d.:tstaneQ between the capillary and tb backing material, 

eacb drcpl t evapo~tea all the solvent Aeeten$ and the 

fi aile t ~al alone impinges upon the backing .ateria.l. 

Tn , diagram hown in Pig. 8 is somewhat mor COJXlPlica.ted 

tban the bare essent1ale juet 4eacr1bed.. It ehow& the 

proVisions hieh e - mad to l'ot te the backing mat rial 

during: depo&it1on and also the maek placecl over tbe ba~kins 

te~1al to pl'ec1aely l1Jr11t the uea or th deposit. 

Prov1e1on wu also made tor sucking air through the a9p~ tmt 

to prevent t1aa1le ma.t_e,.ial from oontamitlating the a11". 

http:oapilla.ey


... 


.ppan.t ed. to 

rtse1le 



cut-off reagent""""""'------•--4
<1- to aspirator 

bottle 

"---~~:..... -ve 

rotating shaft 

DIAGRAM OF 
11
DROPLET GUN" APPARATUS 

FIGURE 8 

1\) 
\0 

I 



The deposits tol"lllSd using th1s technique were 

extremely thin and xh1b1t d inter!' renee colours d 1) nd1ng 

en the tbickne s. Autorad1og~ pb of such deposit confirmed 

that they we~ veey uniform. B foX'S handling, th dep:Qsits 

we igni,t d to bQUt sooo a for five minute to produce a 

very a4he n.t la.y ~ or ox1des or uranium.. 

2.4 'l'he ~·1ss1on ,Fl"!JPttt Catch r 

a. G neral considerations 

Fr<;tm T ble I p.l5. 1t is seetl that the ranges of 

t1ss:t.on fragments 1n air at N;r.P. lie betwe n l.S em fol' 

the heavier and 2 ..7 em fo:r the li~ter tra nt • 'lhe 

corresponding rang e 1n ro 4ena ter1al such as ol1ds 

are much shorter. :For example according to Niday ( 196l) ( 29) 

the rallg& of typical h vy and l1$ht tr g.Jnents 1n Ul'an1 

4metal are 6. 2 x 10... em and 5 .. 6 x 10...4 om. respectively. In 

aluminium th corresponding range would be 1.4 x 10 ...3 em and 

l.O x. J.o-~ em. 

The short range of' t1ss1on t:Jtagme:nt in eol1d 

ter1al make. the accurate. meaaux-ement ot the dif'fere:nt1al 

range d1 tr1butions very dif£1oult. It is oJ. ar that 1n order 

to make th1 type ot me · ure nt ~ a.o teobnique must b · 

available for the fine d1v1aton or th topping mate~1 . 1 r 

catob r,. 

Moat oommer_e1 lly availabl foils a.re I'elat1vely 
.. 

tb1ck in comparison with fission fragment r nge • The ~ 

ot t cks ot coJilUl\treiallJ" vailable toil can onlu y1 l.d 

http:t1ss:t.on


crude mea urements of f1s&1on product d1 tr1but1ona. In 

order to overcome this d1tf1eulty, two refined techniques 

were developed in the co'Ul't)e of this work which enable the 

precise rang distributions to be obtained. 'lhe first 

technique 1nvolved the preparation of extremel_y tb1n ( 20 

m1ll1onth ot a centimete~) f1lma which were uniform and 

could be used in the stacked toil technique. The second 

approach, which will be called tbe anod1zat1on-st:r1pp1ng 

teo:tm1.que ·' 1nvolved anoc:U.cally torm:lng an oxide l~er and 

tben dhemlcally die olving 1t. These two tho4s will now be 

deaol'ibe4 in detail. 

b. 	 The Use of' Thin P1lms ot Alum1nium Oxid 

Stacked Foil TechniQue 

It has been known tor some t1me that wb n aluminium 

is mad the ano4 of an electrolytic cell u 1ng suitable 

eleotr lytc, layer or um1n1um oxide is formed on the 

surface ot th alwninium anode. This is a veey intere t1ng 

phenomenon and 1e known as anodiz t1on.. The thi.cknes o'f 

the ox14 . t11m 1s .linearly dependent on the applied volt ge 

ao%'o$s th o 11. Gunthersohulze and. B t z {19,7)(47). In 1951 

a te¢hn1que wu developed by Strohmaier (48) tQ obtain . 

extremely thin films or aluminium ox1de by dis olv1ng away the 

underlying · lumin1wn with b¥droohlorie a.c14. In this mannel', 

perreotlJ uniform til of luminium oxid can be pP-epar$4 

with the des1re4 th1ekness. It wa. realized at the beg1nn1n& 
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of this work that films of about 2000 f such as can be 

obtained by the anodization process, would ·be ideal for use 

in stacked foil experiment • The technical problem of 

obtaining self supported films, suitable for stacking and 

mount1~g in the recoil system w solved as described below. 

Circles of three inch diameter were cut from 0.003ft 

oo~erc1al aluminium foil . These foils were then lightly 

spot-welded onto an aluminium frame and immersed in the 

anodization bath. The l:.lath contain a three percent 

solution of ammonium citr te as ea.ectrolyte. The circular 

foils were anodized to a voltage of 150 volts. thus 

prQducing an oxide 1 yer 2000 f thick (1,.4 ~·per volt). 

After washing and drying the toils, ach toil was suco s

1vely placed in a jig and a. three inch diameter mask pl.aeed 

on top. The mask had a one inch diameter concentric hole 

through which the oxide from one side or the foil could be 

removed by rubbing with a fine wire brush. 

On 1 ersing the toile, suitably mounted in a bath 

ot 6N hydro~hloric acid, a vigorous reaction took place 

which dissolved away the &lwn1n1WD from th central one inch 

region. In this manner, films or aluminium ox1d~ 2000 i thlck .,_ 

were manu£ etured integrally mounted on the urrounding 

annulus of aluminium toil 

Since the range or typical fission fragments 1n 

alwn.l.n1wn oxide is xpeeted to be about 0.8 x 10-;5 em, 



stack· Qt ab ut 65 films each 2000 I thick re necea ry 

to ooll ot ll th fragments. Such t ek or tn int grally 

ount d oxide f1lma we SQade up d us d as th! "catch r* 

in the co11 fl¥11tem. After the 1nadia.t1on period, the 

foil et ok w roe oved and fission product ot1vities 1n each 

£11m. monitored. These r.sults will be discussed la.t r. 't 

this stage, it is n cess ry to desoribe the &eoond tn thod 

d v loped tor tbe fine div1&1on or the eatohe~ into thin 

sections, namely t.h anoc11zat1cm...c~em1cal strip technique. 

b. 'l chn1que ot Su(loea 1 . An .dizat1on-C, eecal St%11.~ 

This technique is an e.xtremely ens1t1ve method tor 

obtaUdng d1ffeJ:ent1al aot1v1ty d1str1but1ons And as first 

d veloped by Davi t al (19~0)(49) t Ch lk Ri~er~ 

Esa ntially, the process is a toll w • 

A catch . r foil w · lntld r pu 

bout 30 mil th1ek. Th · oatcber w an<Xiiz d to torm ~ 

o.xid.e layer and wa& then ·~il'Jlnler&ed 1n a 0 'strtpp1ng eolut1cn• 
I 

which diaselved tb oxi4e oft to l ave th b 

tal.· A ftpet1t1on ol tbie p~eess resUlted 1n tb :re.rno.vt.l 

of very thin layers t~m the ~umini ca.tob r. 

~- lum1nt:wn e.a.tch r t'o~l w aha: d a& 1n Fig. 9. . ' ' . 

Attel' 1x-radiat1on th1• catcbe.V cont 
·, 

in d a pat1 l d1 tr1but1f)n 

of ll th ~t s1on product ."i iret \ me sured volwne of 

electrolytt~ (thr~e ·P,~rcont ammonium c.itl'ate,) was pour d 

into the anodization c .1l s shown 1n Fig. 9. Th c tc},l r 
I 
I 
I 

\ 



Figure 9 1s a che tic pietu.re Qt the arrange nt used 

for anod1~1ng the catcher toil in tbe anod1tat1on-oh mlcal 

atrip t chn1que. 

http:pietu.re
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was then 	1l11nlers d in the electrolyee so that the whole or 
the cireular portion was covered by el ctrolyte, but the 

connection tag was .kept out or the aolut1on. 'l'he oatch r 

was then anodized to 150 volts, forming · n oxide layer 

2ooo Xthiok on 1ts surtaee. In doina thia, about 1ooo i
! 	 . 

or supe:r:f'1o1al aluminium ••a ox1d12:ed. Ute~ anod1zat1on 

th eateh r wae earoetully NDtOVed from the cell and any 

adhering /electrolyte washed oft into th cell- The foil was 

then r:·eady for ., stripping••. This was don in a mall 

volume of three percent chrolft1o..pboapbor1e acid at 95° c .. 
Aft r. a three nd.nut 1tnmrersion 1n the strtpp1ng olution, 

all th oxide torrned d\U'ins anod1zatton was d1&solve4 ott

Since atr1pp1ng solution does not attack tb . tal, the 

reaction cea.aed when the oxide lay r had be n remov d. 

A repet1t1on ot the a'bov pl"'Oesa •ae used to mov 

suoo e 1ve thin lay rs of aluminium. Each anoc11z.at1on and 

eaob tripping solution contained some ot the tis ion 

product activity originally in the catcher. These solutions 

were kept tor ampl prepu t1on a deecrib d in s ot1on 2. 5 

a. In all, about 120 anod1zat1on- ttoippins operations we 

necessa.ey to rernove all tb f1as1on product ct1rtty from 

the catch r oil. 

2.5 	 S4!fl PreaParat1on ,~Uld Count1n& Pl'Ocedure 

s mentioned 1n the introductory section'" the.. 

f1 lion product r .~-and &" aet1v • In pXJ1nc1pl , both 

http:necessa.ey


or the&e radiation types can be us d to monitor th otivities 

present 1n the ple obt tn d from th .t eked f(t11 and 

anod1z t1on-st.~1pping exp r1 nta., 

Th eounting samples from the luminiwn oxide thin 

film ~utperiments were pr pared by praying th 1'11 and 

Sllft'Otmc.U.ns l\W1n1um toil w1th rast ~tng v nisb.. Then 

while th vat"n1sh w s till. tacky~ the t'11 · was pr ssed 4own 

over.- a sta.ndud one ineh ample container eo that th whole 

or th f11 adhe;ved t ,o it . When dry, tb surrcunding 

aluminium armulus w torn w ··-v le vtns nio ly mount d 

sample for counting. Th s samples could b · on1tored tor 

both pand 6' actiVity-. 

Th samples f:rom the anod1~at1on- tripping exper1 nts 

were left in liquid form. For a eonv n1 nt counting g tt7 

tb vol was ~due d by evapor. t1on. !nes samples were 

only used in th f ray analysis or act1v1t1 a. 

2.6 Ge"'eX"al Iwa41at1on aoil~tl 

Ttl l.fcMast r Nucl ar . a.otor 1 of tb w.......w-.&, 

typ • Th1s to ot reactor 1 14e lly U1t 4 ror exp -r . nts 

or th1 k1n4 in which equipment :ust b placed n a.r the 

reaeto:r core. The tbennal n utx-on tl.ux at tb e . ntre o the 

core t o is in the x-anse: ot 1ol2 - lol' neutron vc o/uec 

hen tb · pow r lev l is one saw tt. This flwc 1 qUite 

sutt1c1 nt r~r · exp r1 nts or tbe kind 1nvolv d ln th1 

http:Sllft'Otmc.U.ns


work. A gen ral vi w ot the experimental facility ie 

shown 1n Fig. 10. An ol'dinary mechanical pu.p wQ used to 

provide the neceaear,r vacuum in the recoil chambe~. 

Since activity 1 not allowed to enter tb reactor 

xhauat ayatem.. a ool4 trap was inatalle4~ The eold trap 

contain 4 &ct1 vated charcoal and wu place 1mmadiately 

be.fol'e the PWI!P aa ehown in Fis. 10• 

.



-


F1 ure 10 el'lo e t sen ·ftl arran aent ot t e app ·tu 

4ur1n 1~ 1at1on. 

-' 
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GENERAL LAYOUT DIAGRAM 
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lil RESULTS 


3.1 Gene~al 

This chapter falls into three eubd1visions: 

Section ,.2 gives the results ot a~ly experiments using 

tacked films of aluminium o.x1de in the dete:ttminat1on ot 

fission fragment ranges •. 

Section ' .•3 describes the .reault$ of certain 

preltminarr inve tigatione which were conducted on the 

ano41zat1on-st:r1pp1ng technique. _These experiments were 

pe•tormed in orde~ to find out more information on this 

technique so that the au1tab111ty of ita uae in t1&s1on 

fragment range stu<U.es coul4 be assessed .. 

5eet1on 3.4 gives the results ot Gever l range 

and straggling measurements made u&1ng the anod1zat1on

str1pp1ng te~bn1que. 

3.2 Eal'lf Bltperittlents Us1ni Stacks ot A;Lwn1n1um_Oxi"e Filma 

One ot the principle a1ma or this work a · to 

obtain aooura.te meuu:rementa ot fission fragment ranges and 

their stragl1nge. The ax-gwnenta presented in section 2.4 a. 

showed that a feasible method or achieving th se aims was 

tbe us,e of stacks of very tb1n f1lma or aluminium oxide. A 

stack ot 60 aluminium oxide t1lms 2000 Xth1ok 8 used tor 

the catcher. The usen:ibly which was contained in 

.. )9

http:aooura.te
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polyeth:yl irradiated for 24 hrs. 

T r Ults or tb1 xp riment, w ion 1 typic 

ho n 1n Fig. 11. Here., tn gl'Oa t 

count tro 11 ti i hown as a tunct1 n ot tn t1 

ber in the atack. It can e n that the 

v 	rr unsat1 ctor,v since the light and· he vy t t 

nge not olv cl. Po 1bl aeon or the pOOr 

ault · ·• • 

a. In tb1 exper nt "thick uranium eo\U'C w 

the 	preparation of' VeFJ thin o\.U'Ce& as d crib d 1n 

eot1on 2., d. not t that time ev lope4. 

b. 1'h1 · E'xp .rinlent w done using. recoil sy t 

conta1ner e or polyetbyl ne. Polfetbylene wae cho en 

tot- it low ct1vat1on, but, unt rtWl tel,- 1t ~ ne t 

large quant1t1e ot n,ct.ro n under neutJlOD anc:t Y I' 

1a"trad1 t1on. The hydrogen n ztat1on it dttticult to 

maintain a good aeu in the recoil chamber. 'l'h . re ence 

ot an a,ppree1 bl pres u build-up in tne oh 

the rans , or t1 1.on tra nte in tn• alurn1n1 ond 1 • 

c. Aeeorting to Berman et al (SO) ni.wn oxtae i.e 

particularly uac pt1bl to ~ati t1on damEij;e. caua d by 

t1 s:ton tragmenta.. Tb1 te pro'bablJ the ca ot contid.e bl 

f1lm breakas« which malt s ample prep tion and eount1n8 

d1tt1cu1t. 

d. Ottoea bet count1ns, una1 e4 by cbomlcal ep .·.r. t1on 



Figure ll show$ tbe 41S.tr1but1on ot bet act1v1.ty in the 

stack ot al~n1um oX14e t1lmt. 
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1a incapable of giving any detailed information on th ranges 

and tragglings of particular species or t1ss1on product • 

The film act1v~t1es obta1ne4 in this experiment we~ not 

sutt1oient to yield stati t1eally meaningful l'eBults using 

gamma-ray spectroscopy. 

In conclusion of this section, it may e said that 

tne a,t eked film exper1 ent were not too useful. About 

the only .1gn1f1eant information obtained was the maximutn 

gross range of f1sa1on products in alum1n1u.m oxide 1.e. 
. -3 .about l . 2 x 10 em. As an afterthought however it may be 

&aid that, providing thin f'1ss1le sources are u ed and 

providing chemical separation or t1&&1on products, are us d, 

the method could almost certainly yield s .at1&faotoey 

re ults . 

}.:1 Re ults Nature or 
the Ano,d1zat1on-Str1pp1ns Teehnig,ue 

When it became apparent that the tacked til 

technique, as de er1bed above and in section 2.4 b.# 

presented several e-.ere d1.ft1eulties* it wa decided to 

try otber possible techniques. It came to notice th t a 

group ot ttesearchers at Chalk Ri.ver• na.melr Davies t al 

(49), had rae ntly developed a techn1qu for the determination 

of the ranges ot heavy 1on 1n the kev region. Furthermore, 

this technique had beeQ applied to the problem ot 

determining the :range ot cal;,6, cs1;,7 and Da140 t1ss1on 
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fragments in aluminium, Brown and Oliver (1960)(38). A 

pl'Ogram was therefore undertaken to make use of this technique 

in this work. 

Owing to a lack or information on the details of 

the a.nodization.-str1pp1ng technique, it was decided to 

condqct prelimina~ experiments to test ·the u1tab1lity of 

tht technique ro~ achieving tbe· a1ma or this work. 

The following te&ta were pertorme4; a. the ~lative 

rate of attack of the stripping solution on the oxide and 

on the metal was investigated. b. Experiments were under

taken to determine how the rate ot dissolution of the oxide 

in the atrtpp1ng solution 4epen<1ed em the temperature. c. 

'l'ests were made to investigate the l.ID1tonn1tr or the layers 

obtained with this p~t~~.u!es . 

a.. Experiments to examine the relative rate of 

attack or the stripping solution on the oxide and on the 

metal we:re oonduoted. To do this, a p1eee or aluminium toil 

' em. square wae anod.ill:ed to 150 volts, wa.&hed, dried and 

weighed. Th foil was then immersed. for &u.coess1ve periOds 

of time in a bath ot stripping solution maintain d at 95° c. 
After each p r1od or time the toil wae removed, w shed~ 

dried and weighed.. In tb! way the amount of ox1d ?e.moved 

could be obtained as a function or tbe time 1n the ~tr!pp~ng 

solution. Tbe results ~ given 1n Table II and ~ aleo 

presented sr phiea.lly in Fig. 12. It ean 'be een that a 150 

volt anodic oxide l yer is completely removed within about 
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R.,sults or experiment to ure th 
ra.te ot tt ck of the str1pp1.ng solution 
on the oxid and on the tal 

Ti in the eight of the 

tripping solution foil and oxide 


(m:Ln) (mill1srams}* 
':1: 0.02 

o.. o "537.99 

o.s ,,7.so 
1.0 ,,7.60

,.,1. 01.5 
2.0 337.21 
~., l?J7.0l 

,.0 ,,6.Err 
,.5 336.84 

4.5 ,,6.84 
6.5 ,,6.82 

·~~ · to th n are t 0.01 mgm 

1'h e ult are hown graphically in Big. 12 

http:str1pp1.ng
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Ftgttre 12 1 a g~b illut~ tina the rate of removal ot 

oxide lQ'el" when 1mme:r.aecl in the stripping solution held 

at constant tu~mperatuw. tt can be eeen that atter 

bout three minutes~ etfectlvely all ot a 2000 oxide 

yer has been l'fentoved. 
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GRAPH ILLUSTRATING THE 
RELATIVE RATES OF ATTACK 
OF THE STRIPPING SOLUTION 
ON THE OXIDE AND ON METAL 
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three minute immersion in the stripping solution. From 

the slope of the graph shown in lig. 121 1t oan be een that 

the relative rate of attack on the oxide 1s much greater 

than on the metal. 

b. Results ot determination ot the temperature. 

dependance of the dissolution pow r of the tripping solution. 

It was n cessary to know the effect of the temperature 

on the dissolving power of the stripping solution because its 

temperature 1n the later experiments was not to be accurately 

controlled . This experiment was performed as follows: A 

piece of al\Uniniwn toil as cut to make a square 3 em bJ 3 om 

with a narrow tag on 1t to make electrical connection. The 

quare part of the foil as anodized to 150 volts . It wa 

washed, dried and weighed and then placed in a beaker of 

fresh stripping sollltion maintained at a definite constant 

temperature . The foil was immersed for two minutes being 

continuously agitated. Arter exactly two minutes the foil 

was quickly transferred to a beaker of cold water to halt 

the d1ssQlut1on at that point . The foil was then dried and 

:reweighed. The loss 1n weight was recorded.. .After a further 

dip 1n the strtpl)ing sol\ltion (to remove any remaining oxide) 

the f ·oil was again anodized to 150 volts and the whole 

p.rocedure "peated tor a different bath temperature. In this 

way the rate of attack of the stripping solution on the 

oxide was det·ermined as a function or the temperatur • The 
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.r sults v n in 7abl III and plotted on semilog 

scale in Fig. 1, . Th~ results abo that the rate of 

remov-al .of oxide is an exponential function ot the r ciprooal 

ot the bsolute t mp rature or th tripp1n solution . 

Calculations show that a three minute immer ion in tripping 
0

solution t 95° c ill remove essentially all of a 2000 A 

ox1d layer.. · rom F1$., 10 it is al o alear that four 

minute 1 rs1on 1n stripping solution at any temper ture 

above 90°0 till re ve all tJt 2000 th1ek oxide layer. 

'l'henfo . the et~1pp1ng JJolut1on we.e alwaya 1nta1ned at 

temperature greater than 90° c. 
(} . The final experiment tc be described in this 

section 1s the linearity test•~ that is t ay* a test 

whieh xamines whether th anod1zat1on-str1pping proe ss 

can be repeated many times without distortion etteot oeourring. 

Tb1 test was ~ by pes-1od1ea.lly weighing eatener 

toil during many pet1~1ona of the anodization-str1pp1ng 

cycle . Thus it the w 1gh.t decrease l1nea.rly, then unifoX'Tll 

l yen are b 1ng ve4. Pig. 14 show the igbt t 

oa.t,oher toil as tunct1on ot the total oumula.t1•e anod1zat1on 

voltage . The errore on 1n41 Vidual point ot the graph are 

bout the s1ze or the dots 1th1n the c1rol • The graph 

elea~ly ahowe that the technique is 1n taet extremely linear. 

Th results. or eotions '·' a., b .. , and e . howed 

that the tmod12:at1o~-str1pp1ng technique 1a v f!Y' well 
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TABLE III 

Results or experiments on the temperature ependance of 
th dissolving power ot the stripping solution. 

'fempera.tur Weight or oXidel X 10'og remove4 in 2 mine at OX 

(±1) (~1) ~cm.o/min 

,24 ,09 l~4,,5 ,_,,00 


,44 291 5.0 

:548 288 7.2 


354 28~ 11 .. 4 


)58 280 14.2
,6, 216 20.8

.,7., 268 21.7 



Figure 1' ahowe the :re•ulte of en expert nt to determine 

the tem,per•t\ltte var1uce ot the 41taolving power ot the 

stripping solution. 'lbe eolatlon rat 1a plotted on a 

loga.-1thmic s~al again•t the inveree of the abaolute 

temperature ot th$ atr1pp1.ng solution. 

http:atr1pp1.ng
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FIGURE 13 
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F1gu~& 14 illustrates th linea-v re:moval of aluminium from 

the oa.tober f'<11l.&. About 120 consecutive anodt at1on

enem1oal atr1p cyolea are repre•ente-4. 
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understood and that the teohntque is very .rel1a.'ble tor the 

removal or thin., uniform layers trom an a.lUUlinium catcher 

toll. It 1e therefore an ideal technique tor th . 1nvest1.... 

gation of fi~u~1on J)tt.oduct ranges and their d1fterent1al 

range distribution$. 

'.4 Range .an4 _St~iil1ns Me~su~ments, V.t_i.ns the Ano41~at1on• 

S~r1pp1na 'l'ecJmig~ 

An examination was made or the deoa7 chains or tbe 

t1se1on pl'Qd.ucts to~<! tn the theTmal neutron f1ss1on ot 

Ua,;. Bearing in min4 the restriction 1mpoaed bJ tne 

conditions ot tb!a experiment; 1.e. that h lf live& should 

l1e between 10 and 100 da;y&, that yields should be greater 

than 2 pereent and that tbe~ should be s\titable 5" raJ 

emission 1n decay 1 one finds that the most suitable nuclides 

are !htl47, ce14l, ·Bal4o. Lal40 and zx-95... Nb95.. Vtg. 15 

&hows the relevant deof17 eha1ns. Eaoh ot these nucl1de& has 

one o~ more prominent lr t-aye b7 mEtan ot which the activ1t1es 

rna¥ be mon1tore4. 

The range distributions obtained for the mass 

num'be~s 95,. 140, 141 1 and 147 w1ll now be- dis.oussod 

1n<.U.vidually. 

a. zr95... Hb9S 

the deeay ot zs-95 to Mb95 proceed$ w1th a balf lite 

of 65 daye . About 4' percent o.f tll~ d.ecars pro(luce a i'rq 

of 16o &ev and 55 percent pNdlilce a B" N.'J' ot 720 Kev. the 

http:V.t_i.ns


P1$Ur$ 15 howe t e deoa oha1na ot t1sa1on p~d.uot• or 

s num ra 95 .. 140, 141 IUld 141. Tb 71. l · halt 

11vea · X!'e also 1J'lolude4. 



235MASS NO. U FISSION PRODUCT DECAY CHAINS FOR MASS 
NUMBERS A= 95, 140,141, AND 147 

_?90hNb 
/ (0.06) 

95 Short Kr -i>Short Rb -t> Short Sr -t> 10.5minY -t> 65d Zr 1 Stable Mo 
(0.2) (1.6) (4.7) (6.4) (6.4) '-....... v /


~35dNb 
(6.4) 

140 16s Xe -t> 66s Cs -£> 12.8dBa. -£> 40h La -t> Stable Ce 
(3.7) (6.0) (6.3) (6.3) 

141 1.7sXe -t>ShortCs -t> 18m Ba -c> 3.7hLa -f>32dCe -1> · Stable Pr 
(1.8) (4.7) (5.9) (6.0) (6.0) 

IIl47 11.3dNd -t> 2.6y Pm -i> 1.4X 10 y Sm 
(2.6) . (2 .6) . 

FIGURE 15 I 

VI 

1\) 



t 

not solv bl b1 sc1nt1ll t1 n 

apect c p and tbel"'eto a . ingle b:r<>d ne 

line 1n the regS.cm 720.760 ev. 

~ tem.:Lnat1on ot tb ditf'erent1al. rans 
41atl'ibl.lt1on.of t"~t ot n ber 95 tb ·· to 

Kev 

Ub qun decay or Nb95 ith . al£ life of )5 day 

ults 1n th production ot ne 762 K v ~ r tor very 

integ tion. h t ray or 760. • 726-, 762 .. 

consist cl 1n 1'1ng the tnt ns1ty or t.. 12 760 v 

triplet or th v ious o counts in 

t e p ak at on 720.760 ev waa count d an · c rre t 4 

tor bacqJ:'Ound ertect;s~ Th aulte ~ shown 1,call7 

in fig. 16. · o eoft'ect1on 

oountina inc t halt lit cone m ·4 1 Y&Jf'¥ long o 4 

with th t tal 40untin8 ~od 1nvolv d. 

It 1 V1 nt troJn. Pig. 16 that tb of 

t1sa1on fragment& ot ltJaf'Je nurn .r 95 1e '.78 rnstD/c 2 1n 

aluminium. 1'h st:ra.gsUn 11.6 percent (lUll wid.th a.t 

half }• 'l'h 41str1'buti n 1 t crew -

this tb nl nonn-sYZnmotr1 tr1 uti tainecl. 

1 o. Lal40 

1g. 15~ 1t can n that th. t1 ion 

nuc114 . to d ot n be,. 140 t! cay throuah l~ &J' 

140 with it 40 hr t,al40 t r 1n quilibrt • 'lh · 



Pigure 16 thowa the 41&trw1but1on in ranee ot maa,a nwnber 

95 ttaaion tragments. Thia wa obtain~d by monitor1n 

the j( ray aet1v1ty troll the zr95... 1)95 deflay. 
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MASS NUMBER 95 DISTRIBUTION 

z?..~b95ACTIVITY 

COUNTS /20min 
(t03) 

RANGE 

-96 100 	 104 108 112 116 

SAMPLE NUMBER 


FIGURE 16 
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1.6 Mev f ray rrom L 140 is quit& well 1aolated 1n t he 

ray peetrum ot fission products and therefore provides a 

convenient activity to mea ure . 

Figure 17 haws the d1rterent1al range distribution 

for ma s number 140 tragments. This is quite trical, 

the mean rang being 2.94 rngsr{cm2 in alUmtnium. The 

strasgling w m asu c1 to be 14.6 perc nt. 

cel41 

The )2-day cel4l activity 1e as ociated with a 

st%'0ng ¥ ray at 142 Kev., When the samples are counted 

after some 50-60 days or decay, the 12 day _:sal40_ r,al4o 
~ . 

and th 11 .7 day Ndl47 activities are relatively weak enabling 

the Cel4l activity to be e sily measured . A b tore~ the 

ray speetra ot the sa.mpl s were taken. Using the 142-Kev 

ra7 1nt nsity as a cel41 monitor, the distribution i'or the 

141 mass chain wu obtained. 

The N ulta or the d1tte&-ent.tal range d1 tribut1on 

tor ce14l are shown in Fig. 18. It 1e clear fX'Qm a comparison 

of Pigs . 17 and 18 tb t th$re is qUit a aign1f1cant 

ditfel'enc 1n mean ranse ot the fragments ot ma • numbers 

140 and 141 . t.t'bia can perhaps be s en more clearly t~ 

1g. 20 1n which the va.rioWJ <Ustribut,ions are compand . The 

mean rans or mass numb r 141 fragments 1 2 . 88 msn¥cm2 in 

aluminium and tn t .r ~ M11ng 1s l' . 9 percent . 



P1gure 17 sbowa the 41attt1but1on 1n range or· •• number 

140 ttaa1on tragmenta. Thi.$ was obtained ~:v monS.to.,1ns 

the {(ray activity from the Lal40 decay. 
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MASS NUMBER 140 DISTRIBUTION 

La140 ACTIVITY 

COUNTS I 20min 
. (103) 

RANGE mgm/cm2 
2.6 2.7 2.8 2.9 3.0 3.1 3.2 

68 76 80 84 88 

. SAMPLE NUMBER 


FIGURE 17 




P1pl'e 18 ahowa the UetPi. utio 1n ~ ot ·~· 
141 t1aaion f n'•· Tbia waa obtaln..S b7 s.tonna 
th ~ ra:, ect1vitJ tJfOm tb c 141 ec_,. 
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MASS NUMBER 141 DISTRIBUTION 
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FIGURE 18 
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Ae. seen tro Pig. 15, 4147 has a half l1fe of 

11.7 .ctays and dee :ys 1nto v 1f"S long 11ved daughtex-. The 

dee of Ndl47 produces everal Jrray, th strong st h v1ng 

an energy of 92 K v. 'Onrortun tely, the <Yray line at 92 
141 •Itev 1s aomewh t disturb 4 by th act1vit1es trom ce

Howev r, by making up pure sample of dl47 and ce141 and 

asuring their ~ pect 1nd1v14ually, it was found pos ibl 

to remove the c l41 component trom undel' the 92 Kev Ndl47 

l1ne. 'Rh 92 K v activity ot dl47 wae therefore us d. to 

mon1tott the range distxr1but1on or s num'ber 147 fragments. 

Pig. 19 show the d1tterent1al range d1 tr1but1on 

or NcJ147 ( s numb r 147 fragments) • 'l'he tati t1c on 

tbie graph are not too ood oaus or rrol's introd\lc d 

in the i' ray speotr ubtra.ction proo ss which had to be don 

by hand. It 1 'Cl ar nev l'tbelesa th t 1f4147 h 

ymmetl"ical range d1 tl"ibut1on, tb mean rang being 2.68 

mgny'cm2 in aluminium with 14,.9 pei'Oent strag;ltng•. 

In Pig. 20 is shown COJJ~>al'1 on or the range 

41&tribut1one or tragmentt of mas numb rs 95, 140 • 141 a.n4 

147. 	 It 18 clear that th experi ntal method us 4 h 

nabled quite p c1se d1 tribut1ona to be obta.1ne4, 



"11s,ure 19 ehow• the 41 tl'iwt.t.on 1n ftllP ot 
l 7 tt;a 1on ttra nt • '!hle wu l)taine 

tb . V n.r aotl ttv tJ~Cm tb »ctl-47 deo.,-. 

http:tl'iwt.t.on
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MASS NUMBER 147 DISTRIBUTION 
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( 103 ) 
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 I 


2 


RANGE mgm/cm2 
2.4 2.5 2.6 2.7 2.8 2. 9 


65 70 75 80 

SAMPLE NUMBER 


FIGURE 19 




l1,gure 20 enowa the 41tterence 1n r-anse an4 r-ange •traggl1ng 

ot t1aa1on rragment• ot ••• numl:>ere 95, 140, 141 ancl 147. 
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FISSION FRAGMENT RANGE 

147 DISTRIBUTIONS 

f 95 

INTENSITY 
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2.0 2.4 2.8 . 32 3.6 40 

2
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FIGURE 20 




'1' ble IV gives co ·1 on betwe n th r g and 

atrag&l1n obtaine 1n tb1 work and those obtained by other 

worker&. lt can b een ed1ately that th an range 

va.luee obtune 1n tb1e wot:tk re el1S)ltlr la:rgel' than tboae 

or otber· t~ol"ke .. In part1oul r, the wol'k ot rown and 

011ve1!i ('8) houlci camp. st aeeurauly with b1 wo k 

4ause tb e technique w u 4. 'l'h slightly lower 

v lues obtain d tor an rang b7 Dro n and 011 v r could 

proba'bl7 'be ttnbut 4 to their uae ot thicker u2}5 ao\U"ce 

(ua1ng the painting teohn1que). fh p x-eentqe straggling• 

o t 1ned by Brown and Ol1ve:r ... (ar un4 17 - 1¥) re v rJ 

uch larger th th o ta:tn ·d in this work . 'l'be 1 ger 

atra ling obt ined b¥ Brown an<l Oliver coul· possibly be 

attributed aln to a thi.ek eouroe, but u probablr- 4ue to 

the1~ laclc of coll1 t1on 1n th 'l"ecoi.l y tern. 

The ao~ pond1na ran v 1 ue or fink.l et al ( 26) 

re a little l r tban tho e obta1ne4 1n tni . work . 

HoweveJt, thi oould be <Sue to th .taet that th J as~4 

onlr "•xtnpolate ftftaee" b7 the etaekocl toil. t abnique 

uetng a Ath -, a rw:te ax-rang men~. 

Tbe v luea ot the tra lin appe r to inc u tor 

heavi _r nt • at le .et witbin the exp rimental 

- 61 
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TABLE IV 

' 
Compan on Dat 

~ Stragglingass Number M~a.n Ran e 1~ Alumin1Uln 
mgo/~m

lc:- . ' 

This WorkTh1 work 
11~63.64 (F)95 ·~. zr...Nb95) 3•78 

140 ·(Ba-.tal~O) ::1.4~6 17 .5(B)2.94 2.75 n2.82 8 
141 (cel4l) 2.88 2.o69 ;p 13•9 

147 {Ndl47) 2,.68 14.9 
' I 

' l 
. 0 IL;,7 . . ' 17~0(B)2~91 (B) I 

ic8 l36 2.64 (B) ! l7.7(B)I <• 

I 
,. 

(F} ...... Finkle et al · 1951 (26), 

(B) -· B:rown and Oliver 1960 (Jf3) 

Not the mean ran.sEts h~va an accuracy of """ 3~ wh1ch 1 
' ' 

main!¥ attributable to the uncertainty in thtl area of the 

catcher foil. The prec1 1on in the range measurements is 

about 0•5~• 



rJ'Or involve • Th1 1s tn general asreement w1th Bohr•s 

tb oret!cal predtct1ons (5), however, tu more ran . value• 

tor fragment ot 41.tfennt • nwnbem would be nee tJ.:r:1 

1n oPdex- to cheek th the ry xpl1e1tl7 .. 

Th: ·1tt rcntial ~ g 41etr1but1one obt ned in this 

work are belt ved to be tar mor l'&liabl than hose or 

Kat~ott t o.l .(7) beQaUG 1n tbia <.il1k u any s 20 

1n41v14ual points Cbaract$r1ze r se dtat~b t1on wh re 

Katcoft•e wor onlv a out 7 or pQ1nts ov r the 

41str1but1on. Th r . lings obaew d bf Kate .ff ror t1 on 

fragment 1n t e ass ~anges 5., 140, an 147, pear to be 

about ten ·t .o twentt pe:rce:nt lo e:r than the coJn'eaporu\ins 

atraggl.1ns Val1ilet obtained 1n th1. work* Tbi 1 to 

expected tdne. Jeateett '& atr glins measurement were for 

f . nt :tn air · no t-he pt-e nt asurements w r 1n 

alu.m1n1um.. The inereaee in tr; ling with mas ot the 

atoJ>p:J.na to.,.&a.l is prec.ti .ted b;r Bohl' ( 5). 

·'.th tr7 1n th ran Uetrs.wt1on tot' fn.gisent• 

iucus ion. It 1 

po e:lble t t t . tt7 1e b.v tb n e of 

Ru10J 1n the countins 11 • 103 hu a halt lit ot 4~ 

d p and a tis ion 71<~14 or a at '"· Xt is al o g 

emi'fiter having st.rong line• at 500 &ev an4 611 K v,. w1tb 

possibly b1ibell' nerSY .. Since th 1'8l't,g 

41 tnbut1on tor n ·. r 95 w obtalll d by co\Ult1n& 

http:atoJ>p:J.na
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under· th ,? _y peak in the region 7~Q-760 K v (zr95_ Nb95 

activity) 1t 1, po8 1ble t t eo contamination ot the 

. peetft n a tak n pla•e. ftu10~, hav1ne a higher n\Ull~r 

•ould b~l eet c1 to hav . l r ~ange than fr · nta or 
tnUe nW'i'be~ 95. !hie -woUld tn•:reto" ma.ke the ass n\Utlbet:' 

direction.. 'l'b1e 11 in aeoor.4ance with the b erv&4 

d1atriwt1cn .. 

In conol ion 1t y aa1d that th1s wor h 

te&t&d an4 found ~tat:tsfaotory some teehniq\i$·8 ro., tne 

precis easur& nt ot tis ion r~ gment ~ana 41atr1but1cns. 

Th d1etribut1 o t n d tn thiP work . pro abl the oat 

, reo1. • yet obtaJ.nea. 
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