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CHAprr~R 1 

INTRODUCTION 

In this labora'~o~y,a number of experiments have been 

donc "to mC8(~l1rp. hoth relative an (1 ahsolutc nuclcar rp.8.ci:i on 

cros~-sectionG, and excjtation functions. This thesis describes 

the modi fi CFI.i;i on of a method used for the de-termination of 

absolute (p,xn).cross-sections on the natural alpha-emitter 

thorium-232, which may prove v8.1uable in similar measurements 

on other naturally·active targets as welle 

As early as 195~, ahsolute (p,xn) cross-section 

mcaS'llrements were carried out on the heavy element bismuth by 

Be Il et al (1) 11sin,o: the internaI circulating beF.l.m of t·he iVicGi Il' 

synchrocyclotron. The first measurement of a reaction cross­

section using thp. external proton beam was made in 196L~, when 

KavanR~h et al (2) made a precise determination of the 

l2C(p,pn)11C cross-section at 98 MeV o By de~rading the external 

beam energy with beryllium absorbers, Turcotte (3) in 1968 

developed a t~chnique to measure a set of-relative (p,xn) cross­

sections for 127 1 , and in 1970 Chang (4) described measurements 

of absolute (p,xn) cross-sections in 89y. The cross-sections 

of Turcotte's work (3) were obtained by bombarding the iodine 

in the form of C14 and monitoring the production of 11C for 

which the cross-sections were well known. 

Targets used in the earlier experiments (5,6,7,8,9) 

were in Most cases thicker than those used in the present 

experiment (about 200-300 p~jcm2). By a technique ta be 
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d cscri bcd j 1'1 Ch::! ptcr IV, two )1roblcma (thoGO o:f rJp.tcrmi.ni nf: 

dei~cetor cff:i cieney and of measuring target thi.clmcf'!::; and 

uniformi ty) have bccn si.mul tancously solved. The method also 

m31~es it unnoce~'S3.ry to mea::nJro ~+ activi ty from carbon monitors, 

a technique which is of ton difficult because of undesirable 

activities built up in other (p,xn) ·reactions. 

The bombardment system is arranp;ed so th3.t the dee;raded 

external proton beam of the lVIcGill synchrocyclotron passed 

through thin targets of uniform thickness and was collected in 

a Faraday cup. Activities produced in the thorium were detected 

and measured by using a silicon surface barrier detector and 

multichannel analyser. Yields of a particular (p,xn) reaction 

,,:ere measured by observing the intensi ty of a sui tably chosen 

known alpha-line in the spectrum from the decay chains of the 

reaction product. Assuming known branching ratios for the 

reaction product decay chains leading to the alpha emission 

chosen, the absolute cross-section for the reaction at the peak 

of the excitation function could in most cases be determined 

to an accuracy of better than ±6% including both the systematic 

error and the constant error due to the half liie of the 

232Th (p,6n) reaction. In the worst cases, cross-section errors 

of the (p,6n) reaction never exceeded about ±15%, including 

this constant error. In the 232Th~p,7n) reaction cross-section 

values, the total error is of the order of ±25%. The 

experimental arrangement 3.nd apparatus are described in 

Chapter IV, and the resul ts are presented in Chapter V. f'hese 

- 2 -
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r0~ults arc compared with a theory dcveloped by Jack~on (10), 

b~scd on the idea that a (n,xn) reaction cross-section includes 

~oth nromut neutron knockout cascades followed by slower neutron 

ev~~oration from an exciterl nucleus. This has been usod 

cxtensively as a model ta study (p,xn) and similar reactions, 

and the agreement with experiment has been ~enerally satisfactory. 

T~e results for the (p,6n) measurements will be compared with 

those of other workers (6,7,8). The excitation fun8tion for 

the (p,7n) reacti~n has not been previously measured. 

In Appenc1ix I, a sample calcula.tion of' the p:c-esent 

cross-section values has been made to illustrate the rnethod. 

Appendix II contains information about the half-life of 

tlio:cium":'232 and i ts a.lpha-particle energies, which was used 

te provide s.n energy cali brati on. 

- 3 -



FAC~GROUND O? T~EO~Y AND PREVIOUS SXPSRIMENTAL R2SULTS 

Even w:1. 'i~11 the S8lne nro j ec-ti les anrltarget -nuc2_8 i ~ 

th0re are sever31 types of reaction, each exhi~itinz 

ch::,racterist:i c exneriment8.1 :!:~eatllres, and eC.ch corrcsDo:0di",s 

to a differcnt thcoretical ~odcl. The different rea~t50n 

type s eTe of varying irnportr1nce, ct epei.'1cling on bOT:1"b8.rdi" r': 

cncr~y, the mass o~ the nuclai involved~ and 80 forth. The 

~ancral fcatures of the ~eactions are weIl described "by 

'=<1",,-'-+ __ ............. v v and Wc:i.::;skopf (11) and Preston (12). 

In f2.ct, most observed (p ,xn) cross-sections !l8.Ve 

\).D to no\'.' been compared vli th the statistical the ory , 't!ith 

the ai~ of deriving statistical properties of cross-sectio~s 

from given models. Thus averaee cross-sections, auto-correlation 

~unctions etc, have been eVal1..12.ted by many authors using 

diff:erel1t 3.ss1 ... 1Tnptions. 

T'hese, calculations amount to evalua.-ting expecta-t;ion 

values of products of cross-sections tiken at various 

enercies. The description of -the reaction mechanisms 

is usually bas0d on the model of the compound nucleus and 

eva:oor8.tion; that; is, the -Ci:'!O. si-eps of the reaction C8.1"l 

be considered as se~arate proc0sses. The first sten is 

th2t (incident p8.rticle + initial nucleus --1:>0 COT:Hîound 
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nucleus), and -the second 8tep io th8.t (compound nucleu~~~ 

product nucleus + outgolng particle.). 

In Rlatt and Wpisskopf's (11) nuclear evaporation model 

whicr. n1ay correspond to a bombardin[; ener:n;y belo\'! 20 or 30 MeV 

pel~ incident m.icleon, the intensi ty of the spectrum of oU.!G{':oin.!; 

particles such as neutrons is ~iven by 

(2-1) 

where 0c(Ee) is the total cross-section for collision between 

a neutron of energy Ee and the excited nucleus (i.e., as through 

the reaction proceeded in reverse); (Eby - Ee) is represented 

as an exci tation energy which is just equal to -the kinetic 

energy of the captured particle in the centre-of-mass system 

plus its binding energy in the compound nucleus, and Wy(Eby - Ee) 

is called the level density. For neutrons, Blatt and Weisskopf(ll) 

have expanded logWy(Eby - Ee) around Eby in a Taylor's series: 

logWy(Eby-Ee ) = loeWy(Eby) - Ee(dlor;Wy/dE)E=Eby+··· (2-2) 

a.nd integrate this to give 

WV~Eb - Ee) = exp(-Ee/T) (2-3) " y 

where T = (dlogW y/dE) is defined as the nuclear tempe rature 

after the neutron has evaporated o Thus, 

Ib(Ee ) oc 'crc(Ee ) exp(-Ee/T) 

gives the spectrum for the emitted neutrons. 

(2-4) 

Clearly for a highly excited nucleus a whole chain of 

sueh evapora.tion can be envisage d, and one ean c8.1culate such 

quanti t~.es as the average number of neutrons ami tted, and the 

total energy spectrumo These chai..ns have been studied by 

- 5 -
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Jackson (10) who has par'ticularly' paid at'[;ention '[;0 (Ptxn) 

and, to a much lesser extent, (p,pxn) reactions with incident 

proton ener~ies up to ,100 MeV. Serber (13) also has dsa,lt with 

incident particle ener~ies of 100 MeV or more" in which the 

reaction processes are c8'L1Gcd by a diffcrent mechanism from 

tha't' of the Jackson mod'el '( 10). 

,Tackson (10) has eonsidered the reaction to bc divided 

into two stops: a prompt multipl~ collision process, followed 

by an evaporation stage. Then, the first step in calculating 

a (p,xn) or (p,pxn) reaction cross-section is the determination 

of the relatiVe probabilities q(i,j) for the ejection of i 

prompt neutrons and j prompt protons from a heavy nucleus 

bombarded by protons as a function of the incident proton energy 

Eo in MeV. In the second step, ~T8,ckson (10) a.ssumed that the 

neutron energy spectrum is Eeexp(-Ee/T) and that neutron 

emission oceurs whenever it i8 energetically possible; he thus 

calculates the probability that x neutrons are evaporated in 

a collision with excitation energy E*, and calls it P(E*,x). 

Jackson (10) was then able to express the (p,xn) reaction 

cross -section by averaging the neutron evaporation probabili ties 

over the various excitation distributions of the pertinent 

prompt proeesses a,nd by weighting them wi th the relative 

probability for each prompt process: 
x 

o(p,xn) = 0c(Eo ) ~ q(igO) < P(E*,x-i) > (2-5) 
i::;:Q 

wherc Oc (Eo ) is the rea.otion cross-section caused by 8,1'1 

incident proton of energy Eo; q(i,O) is the relative probability 

- 6 -



of the emission of i prompt neutrons and no prompt protons; 

and <P(E*, x-il> 1s the averagcd neutron evaporation probabi1ity 

for the remaining (x-i) neutrons at a given excitation energy 

E*. In ,Tackson' G deri vation, the resu1 t i8 ca1culated as fol10ws: 

a). 0c(Eo) is taken from Shapiro (14). 

b). The information a.bout the various prompt proccsses 

are obtained from the results of a Monte Carlo type 

ca1culation (15) based on a succession of quasi-frec, 

two body collisions. In the Monte Carlo type. 

ca1culation (15), numerical calcu1ations are made 

for a large number of representative cascades where 

the states of the interacting collision partners 

are picked at random out of aIl possible ones. 

c).. Proton evaporation is neglible due ta the Coulomb 

barrier. 

(2-6) 

where I(Z,n) is Pearson's incomplete gamma function 

(2-7) 

x 
and6x=(E~~-):Bi)/T is the energy (inunits of T) 

l 
above threshold for the emission of x neutrons, 

where T is the nuclear temperature which can be 

adjusted in arder ta obtain the best agreement with 

experiment. Bi is the binding energy of the i th 

neutron which can be slightly adjusted as well as 

can the nuclear radius. 
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el. The resulting (p,xn) cross-sections were comT)8.red 

wi th the experimen-tal data of Bell and Skarsgard (1). 

Experimental data of (p,xn) reaction cross-sections can 

then be compared with Jackson's statistical model (10) by 

tal<Ïng O"c(Eo) from Shapiro (14) or from Blatt and Weisskopf (11), 

while q(i,j) and P(E*,x-i) can be estimated from the diagrams 

of q(i,j) and P(E*,x) respectively given by Jackson (la). 

11-2 Previous Experimental Facts 

Data have been collected from many studies carried out 

on isotopes of the medium and lighter elements. 

With alpha-particles of energy up to 18 MeV, Bradt and 

Tendam (16) irradiated stacked foils of silver and rhodium and 

observed the yield of radioactive. isotopes resulting from (a,n) 

and (0.,2n) reactions. The energy of' the alpha-particles activating 

a particular foil in the stack is obtained from the known 

degradation in energy that the incident alpha particles suffer 

after passing through matter. The cross-sections obtained show the 

characteristic compound nucleus shape and can be fitted by 

evaporation theory·by assuming anuc1ear temperature T=1.8 MeV. 

Ghoshal (17) .carried out experiments which provide a direct 

proof of the compound nucleus reaction mechanism •. 64Zn was 

formed in two different ways by bombarding stacked :roilsof.· 

niclœ1 (60Ni ) wi th alpha-particles of energy up to 40 MeV and 

copper foils (63Cu ) with protons of energy up to 32 MeV. 

Absolute yields of the various radioactive isotopes were 

- 8 -



• 

detenuinedby counting positrons emitted in their decay. The 

ratios of the cross-sections in the two sets of reactions ware 

remarkably simila~ gi~ing a direct verification of the compound 

nucleus theory. The same cross-sl3ctions have been mea.sured in 

bjCu by Meadows (18) giving results which agree with this 

concusion. 

Otozai et al (19) measured the excitation functions ~or 

the reactions induced by protons on llUCd , lllCd, and 112Cd in 

the energy range from 5 to 37 MeV. The total reaction cross­

sectfuns agree wi th the calculated values based on the diffused 

surface optical model. " 

Porile-et al (20) measured the excitation functions" for 

a number of (p,xn), (p,pxn), IP .. 2pxn) and (p,3pxn) reactions 

of 69Ga and 71e}a wlth 13 to 56 MeV protons. Values have been 

obtainedfor the total reaction cross-section of 69Ga and they 

are in agreement with continuum theory values for ro=1.4 to 1.5fm. 

Saha, Pori le and Yaffe (21) worked out the excitation 

functions for the (p,~n);(x=l to 4) reactions and (p,pxn); 

(x=l to 5) reactions of 89y with 5 to 85 MeV protons using 

internaI beam bombardments with the McGill synchrocyclotron. 

Also using thin metallic targets of 89y, Chang (4) measured 

the absolute cross-sections of' (p,4ri) and Cp,5n) reactions with 

d8graded external beam energies between 49.0 and 67.0 MeV in 

this cyclotron, obtaining a nuclear temJ:1)-erature of 1.7 MeV 

for the 89Y(p,5n) reaction. 

- 9 -
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Similiarly, ·Sachdev, Porile and Ya:ffe (22) worJ.~ed out 

the e~itation functions for the (p,xn);(x=l to 5), (p,p3n), 

and (p,2pxn);(x=1,3,~) reactions induced in AR Sr by protons 

of enerr;y from 7 to 85 MeV uning the McGill internal beam. The 

experimental results of bath Saha et al (21) and Sachdev et al (22) 

are compared with Monte Carlo calculations using the codes of 

Chen et al (23) for the evaporation stage. The comparison 

suggests that the calculations of Chen et al overeGtimate the 

extent of compound nucleus contribution at high energies. 

Turcotte (3) measured the relative cross-sections of 

(p,xn);(x=3,5;to 8) reactions in ;t27 r using the external beam 

of tr~ McGill synchrocyclotron and a Ge(Li) detector. The 

nuclear temperature T was varied as a parameter for each 

reaction. The best fit fo:::, each reaction varied f'rom 1.4· MeV 

for the (p,3n) reaction to 1.8 MeV for the (p,8n) reaction, 

using calculations essentially based on the Jackson model (10). 

Measurements made on the medium-and light weieht elem9nts 

are more extensive but of less interest here thctn reaction 

studies for heavier elements. Previous measurements of (p,xn) 

cross-sections in heavy elements have been c01)fined to proton 

bomba.rdment energies below 32 MeV or above about 70 iVieV, and 

few absolutevalues are gi ven. Examples for reé.ctions on the 

heavy elements are as follows: 

Kelly (24,25) has measured the (n,2n) and (n,3n) cross­

section in 209Bi at energies up to 30 MeV, and the (d,p), 

- 10 -
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• 
(d,n), (d,2n) and (d,3n) cross-sections with enerp;ies up to 19 

MeV. John (26) ha.s measured some (a., xn) cross-sections in the 

isotopes of 1ead at energies up to L!-SMeV.. A1so Kelly (24) 

measured the (p,2h) cross-section in bismuth-209 at bombarding 

energies between 9 to 32 MeV, and made measurements of the 

shape of the (p,n) and (p,3n) cross-section curves; qua1itative1y, 

these appear characteristic of the shapes expected from compound 

nucleus theory. As the proton bombardment energy is raised 

above the thresho1d for a particu1ar (p,xn) reaction, the cross­

section rises rapid1y to a peak a.nd then fa11s a1most equa11y 

rapid1y a.bove the thresho1d for the next higher reaction 

(p,(x+1)n). Fits were .made using a nuc1ear radius parame ter 

of ro=1.4J fm. Andre et al (27,28) 'have a1so measured the 

(p,n) and (p,2n) cross-sections in bismuth-209 for energies 

ranging up to 10.6 MeV. The stacked foil technique was used 

and the incident beam was we1l defined in energy; here the 

nuc1ear ra,dius paramet:er deduced was ro=1.5 fm. The resu1 ts 

were qui te different from those of Kelly (24). in this energy 

region due to stragg1ing effects of the alpha partic1es ll 

However because of the 10wer energy of bombardment, the 

maximum (p,n) cross-section'was not 'reached and the (p,2n) 

cross-section was obtained on1y up to energies 1ess than 

1 MeV above the threshold. Their paper includes data showing . 
that Kelly's (25) assumed normalization for the (p,n) cross-

section is essentia11y correct. 

- Il -
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The first extensive measurements of (p,xn) cross-

sections were made by Bell (29) on bismuth. Absolute cross­

sections for the reactions (p,xn);(x=3 to 7) .were obtained for 

proton energies rangin@; :from 20 to 85 MeV. Bismuth foils of 

about 80 mg/cm2 thickness were bombarded with the circulatinr.; 

beam of the McGill synchrocyclotron, together with teflon foils 

to serve as flux monitors using the known C12 (p,pn)Cll cross­

section. Skarsgard (30) measured the absolute (p,xn) cross­

sections"of 206pb over· the energy range 15 to 65 MeV for 

x=l to 7. Thin target and monitor foils were stacked and 

bombarded by the internal beam of the 100 MeV McGill cyclotron. 

Based on their previous work (29,30) Bell and Skarqgard (1) 

de scribe measurements of cross-sections of (p,xn) reactions 

in 2 0 9Bi, 206pb , 207pb, and 208pb , covering x=3 to 7 in 209Bi, 

2 to 6 in 206pb , 2 to 4 in 207Pb, and 3 to 4 in 208pb , over a 

total proton energy range from 12 to 85 MeV, with an absolute 

accuracy of about l5%a Each exbitation function rises above 

its threshold to a peak whose height is of the order of one 

barn, and then fails again to a low and fairly constant value. 

Although the results from x=3 to 7 are consistent with the 

formation of a compound nucleus including prompt nucleon-

nucleon knockout, the experimental (p,2n) cross-section appears to 

be almost double the value predicted. Since (p,xn) reactions 

are dominant in the energy range 10 to 40 MeV, their sum 

approxirnates the total reaction cross-section; the experimental 

·ô 
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sum fluctuates around'the smooth curve computed for the 

compound nucleus model using ro=1.3 fm. The fluctuations 

were similar to. but mor.e marked than, those in the total 

neutron cross-section for heavy elements in the"same energy 

range. A.more detailed theoretical discussion of the results 

is given by Jackson (10). 

Hontzeas and Yaffe (31 ):~ used radiochemical techniques 

to determine the absolute excitation functions for 17 nuclides 

formed as spallation products from the irradiation of vanadium 

by protons of energies up to 84 MeV. The shape of the excitation 

functions showed evidence of the contribution of heavy-particle 

emission in the reactions of the type (p,3pxn), (p,5pxn) and 

(p .7pxn). 

In an attempt to understand nuclear fission in heavy 

elements, Holub (32) observed charge dispersion in the fission 

of 232Th, using McGilles internal beam. In this work, 

measurements were made of the inde pendent and cumulative cross-

sections of several elements produced in the proton induced 

fission of 232Th. 

McCormick and Cohen (33) worked out the absolute 

excitation functions for (p,. fission) and (p,xn) reactions in 

232Th , 235u, and 238u by using radiochemical techniques. Cross­

sections for (p,xn) rea~tions in 238u were found ta be quite 

small. The total reaction cross-sections correspond ta a 

nuclear radius of (l,55 ± O.l)Ai x ,10-13 cm. This paper dealt 
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with the determination of the nuclear radius via total re8ction 

cross-sections, and discussed the discrepancy between elec"tro-

magnetic and nuclear determination of the nuclear radius. 

For the first time, Tewes and James (34)" reported that 

the work on the (p, fission), (p,n), and (p,3n) reactions on 

thorium indicated that the (p,xn) processes account for much 

of the total proton cross-section at aIl enBrgies up to 20 MeV. 

Tewes measurcd the absolute cross-section of these reactions 

with proton energies up to 32 MeV. 

Meinke etaJ..(7) determined the excitation functions for the 

reactions 232Th (p,xn) in x=3 and 6, 232Th (d,xn) in x=4 and 7. 

232Th (a,pxn) in x=5 and 8, 232Th (a,xn) in x=6 and 7, and 

238u (p,pxn) in x~5 and 8. In this experiment. stacked foils 

of 5-mil thorium or uranium metal with varying thickness of 

copper metal sandwich~d between them were bombarded with 

charged particles with energies as high as 348 MeV for protons, 

194 MeV for deuterons, and 388 MeV for helium ions. The 

resul ts are discussed in terms" of compound nucleus formation," 

transparency effects, fission, andother factors in order to 

arrive at a quali ta.tive picture for the mechanism of high 

energy nuclear reactions with heavy nuclei. It may be of sorne 

interest to make a more quantitative comparison between the 

observed peaks of the excitation curves for the (p,6n) and 

(d,7n) reactions and what would be' predicted on the basis of 

the compound nucleus idea. Unfortunately, the energy scale in 

", 
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Lefort ct 2]. (G) studicd sp&llation reactions a~ thorium 

:'y chC'mic2.1 isol:=~.lcio1': 0:1': Pa, Th, Ac, and Ra i:-;()to~OCé-; a:'c the 

DI'Cltm: CY'.C-C,O:V 150 ano 82 PireV, and measurl::o their absolutc 

cross-sec"t:i ons. Specifical1y the (p~3n) and (p,6n) reaction 

Cl'oss-~,ections O~l -thorium were Tneasured at various en.:::rgies 

oe-tween 2.8 and 150 \VieV. C81c1..lla.tions were c2.rried out by assD::nlnr;: 

8. S(?l~ber-LTac)(son model (13,10), and f'~ssion-evapor8tion 

co~petition at each stop of cvaporation was assumod. 

work, the nuclear tempcrature is given by T=1.9 MeV. 

Brun and Simonof'f (8) obtained the the excitation func"tions 

of' t~:e isotopes 227, 2?:~, 2.nd 230 of' protactiuni·by using 

(:9 ,xn) reactions vü t:!l proton enere;ies between 21.~ and 155 ~.'~2 V • 

In Hussonnois' work (9), the value ofthe-cross~section of' 
??6 ?~0 
-- Pa production by the -/~Th(p,7n) reaction for 155 MeV protons, 

obtained by comparison with 227 Pa , is Q ± 0.3) m'o. 

I~ particular the absolute cross-section of the (p,6n) 

rcaction measurcd by Meinke et al (7), Lefort et al (6), 

2.r..d 3r1...~.n et al (,g). can oe cOE:pared wi th the present ex]eriment. 

- 15 
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CRAPTER III 

EXPERIMENTAL METHOD 

The method tri be described was developed for 

measuring cross-sections for proton induced reactions in thin 

targets of known uniform thickness at this laboratory (3,4); 

this has been modified in order to determine absolute cross-

sections for reactions in thin naturalradioactive targets 

of unknown thickness. 

II1-l General Method 

In this work, thorium targets with measured natural 

radioactive decay rates between 1.0 and 2.0 counts per 

minute were bombarded in the external proton beam of the 

McGill synchrocyclotron. This beam p which was degraded 

from 103.0 MeV with beryllium absorber~ emerged from the 

" 

beam line through a 50 mglcm 2 aluminum window just in front of 

the target. Inside the beam tube, and immediately in front 

of the' window was a. system of aluminum absorbers and a Faraday 

cup for measuring the bea.m energy. Bombardments lasted from 

2 to 17 minutes with a proton current ranging from 3 to 15 

nano-amperes. The, beam 'current was collected in another 

Faraday cup just behind the target. The total transmitted 

charge was measured by monitoring the cup with a pico-ammeter 

whose output was connected to a voltage-to-frequency converter 

(VFC); this in turn was fed ta a_scaler. 

The radioactive product'nuclides formed in the thorium 

target decayed via alpha-pa.rticle emission, or beta emission, 
, 
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or orbital electron capture. In this experiment, alpha­

particles following these events were detected with a system 

comprising a silicon sU:r'face barrier detector, a charge 

sensitive preamplifier, a main amplif'ier, and a pulse height 

analyser. 

1II-2 The Cross-Section 

The def'inition of' a nuclear reaction cross-section 

is based on the simple picture that the probability for the 

reaction between a. nucleus and a flux of impinging particles 

evenly distributed in space is proportiona1 to the cross­

sectional target area. presented by the nucleus. More precise1y 

the cross-section is def'ined by the equation 

Nâ = l N' a X (3-1) 

where Na is the rate of processes of' the type considered 

in the target area struck by the beam (sec-l ); l is the total 

partic1e current per unit time (sec-l ); Nf is the number of' 

atoms per cubic centimetre of' target (cm-3); a is the cross­

section (cm2 ); X is the target thickness (cm). 

The target is considered to be thin enough that the 

beam intensity does not decrease significantly when passing 

through it. 

The cross-section a varies with the kinetic energy E 

and also with the type of incident particle. This f'unction 

a(E) is cal1ed the excitation function of the nucleus for the 

particular process and bombarding particle. In the work to 

be described proton bombardments were carried out at a number 
" ) 
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of incident energies, in order to de termine excitation functions 

for the (p,6n) and (p,7n) reactions on thorium-232. 

The following equations illustrate the method used to 

calculate the cross-sections for the reactions studied. The 

formula defining the cross-section can be used to find the 

number of the new species produced in the target area struck 

by the beam. The flux is defined as 

. ~ = D Vo (3-2) 

where D is the density of incident pa.rticles and Vo is their 

velocity; here it is assumed that the incident beam is normal 

to the target plane. 

If a new nuclide is produced in the reaction, as in 

the case of a (p,xn) reaction, the rate of production is 

(3-3) 

when the new nuclear species is radioactive, wi th 8. decay 

constant ~, where Na is the number of nuclei per unit area 

of the new kind produced by the incident proton beam of veloci~y 

Vo ; N is the number of target nuclei per unit area; cr is the 

particular cross-section leading from the target nucleus to 

the, desirèd isotope,. 

In the equation (3=3), the first term on the right side 

gives the rate of formation of the new radioactive atoms 

from the ta~get sample; the second term gives the rate of 

disappearance of the new product because of their radioactive 

disintee;ration. 

The integral of equation (3-3) is given by 
... 
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(3-4) 

or 

(3-5) 

where P is the total number of incident particles (in "l:;his 

case, the total number of protons~; S is the total reaction 

area of the target; t is the length of time for the irradiation 

of the sample. 

Equation (3-4) or (3-5) is the basis of the method 

usually used to determine the activation cross-section nf 

a nuclide if the flux ~ of the incident beam is known, or 

for determining the flux of the incident beam when the 

activation cross-section is known. 

In an actual experiment, a fini te time (tl - t) 

lI1us-t;. el.apse between the end of the irradiation period t and 

the starting time t l of the actua.l counting. Therèfore, . the' 

total number Na(tl ) of the new radioactive atoms per unit 

area still existing in the target at time tl is 

Na(tl) = (p/St) «(JN/~) (1 - e-).t) e-À,(tl - t) (3-6) 

Likewise, .. the number Na (t2) per unit area of the new radioactive 

atoms still existi!lg in the target at time t2 when counting .' 

stops is 

(.3-7) 

Therefore, the number of counts recorded by the counting 

system will ,be 
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where X isthe solid angle efficiency of the detector; 

y i8 the ratio of live time to real time for the analyser; 

Z i8 the fraction of the decays which result in the specifie 

alpha-ray observed. It is assumed here that the counting 

rate efficiency of silicon detectors for alpha-particles is 

essentially 100% for any case where the energy lost in the 

sensitive region gives pulses much largerthan the noise 

level. 

Now, the natural decay rate from a radioactive target 

such as thorium will be 

(dN/dt)n = Àn N (J-9) 

where dN is the total number of atoms per unit area decaying" 

during a time dt. AIso, in an actual measurement, the number 

of decays counted can be expressed by 

(dNrldt.)~ = (dN/dt)n X' y' Z' 

= (Àn N) Xv Y' ZV 
(J-lO) 

and then the number of nuclei perunit area counted is 

given by 

N = (dN /dt) (~ XV y' Z' )-1 n. c ~ (J-ll) 

where dNn is the total" number of decays per unit area 

during time dt; X' is the solid angle efficiency of the 

detector from the natural source; Y' is the ratio of live 

time to real time for the anlyser system; Z' is the fraction 

oi' the decays which result in the particuiar aipha-ray observed 

from the thin foil thorium target. 

- 20 -



• 

. '.1' 

Substituting equation (3-11) into equation (3-8) 

gives 

(:3-12 ) 

If the same detector is used ta count both natural and 

induced activity, then S=S', and X=X'. A multiplication of 

both sides of equation (3-12) by S will then give the total 

number of recorded counts Ra from induced radioactivity in 

area S terms of the counts from natural activity as fol1ows: 

PQoYZ 

StÀ~Y'·Z· 
(3-13) 

where Q=(dNn/dt)cS. Then the cross-section for the given 

reaction can be expressed by 

cr = 
S t À 1\'1 Y' Z' Ra 

(3,-14 ) 
1· 

In effect the use of the same detector in the measuremént 

of induced and natural activity eliminates the problems of 

directly measuring target thickness and solid angle efficiency~. 

In the equation (3-14), Ra (tl ,t2) and Q are observed 

by the pulse height analyser; P is given by the measurement 

of the incident beam charge delivered; Y and Y' are determined 

by calcula.ting the ratio of live time to their counting 

real time; Z, Z 0 , ~, and Àn are taken from the known decay 

schemes of the radioactive nuclide involved. A sample 

calculation including an estimate of error i8 given in 

Appendix le 
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CHAPTER IV 

EXPERIMENTAL ARRANGEMENT AND APPARATUS 

IV-l Preparation of 'rargets and Thickness Mes.surements 

. A. General Physical Properties of Thorium (35) 

Thorium occurs in thorite (ThS04) and in thorianite 

(Th02+U02). Thorium is now thought to be about three times 

as abundant as uTa.nium and about as abundant as lead or 

molybdcnum. The metal is fissionable and is a source of 

nuclear power. Thorium i8 recovered commercially from the 

mineraI monazite which contains from 3 to 9% Th02 along with 

most rare-ear-th mineraIs. When pure, thôrium is a silvery 

white metal which is air stable and retains its lustre for 

several months. When eontaminated with the oxide, thorium 

slowly tarnishes in air becoming coloured (see Fig. 4~1(A»), 

gray and finally black. The physical properties of thorium are 

greatly influenced by the degree of contamination with the 

oxide. For this reason, values for the melting point and 

specifie gravit y are still in question. The general physical 

properties of thorium-232 are given in Table 4-1 and its 

radioactive characteristics are outlined in Appendi)/ë II .. 

In this ·experiment, powdered alpha inorganic thorium wa.s 

purchased from Ventron (Berverly, Mass., U.S.A.). 

B. Vacuum Deposition of the Thin Foil Target 

The thorium was evaporated on an aluminum backing 

foil of thickness 0.00075 mm, and the foil wa.s then glued to 
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CA). Surface colours of thin thorium target foils 
used in this experiment. 

(front cross-sectional view) (side cross-sect~onal view) 

0.5" 

(B) •. Mechanical detail of target 
-00. Mechanical detail of target mounting ring~ 
CID. Aluminum backing foil --;....:----thickness 0.00075 mm. 
@. The 'thorium deposited . by evaporation. ,"'-
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Table 4-1. Physical Properties of Thorium-232(35) 

Atomic wèight -------------------- 232.08 

Atomic number -------------------- 90 

Valence -------------------------- 4 

Crystalline form ----------------- Gray, cubic radioactive 

Specifie gravit y ----------------- ~ 11.66 

Melting Point Oc -------~---------~1700 

Boilin~ point Oc -----------------=4000 
Solubility, in gram 
per 100 cc ----------------------- Soluble: HC1, H2S0~k' Aqua regia 

Slightly soluble: HN0 3 

an aluminum mounting ring (see Fig. 4-l(B», with a small 

quanti ty of vacuum grease. 

The vacuum evaporator used contains a Varian e-gun 

electron beam evaporation source (36). The gun's heating 

element is a tungsten wire filament mounted to one side of 

a cruci ble; this is heated by means of one variac-contr'olled 

transformer to give the required electron emission and the 

electron beam is moved by adjusting a magnetic field with the 

other variac-controlled transformer to the striking area desired. 

A small quanti ty of powdered thorium W8.S placed in the 

crucible bencath the mounted aluminum backing foils, and this 

was heated by the beam until evaporation occurred. The 
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Table 4-2. Evaporation scheme for thorium targets 

Opersting pressure ------- From 5xlO-5 to 6xIO-6 Torr 

Bearn vol ta{';e ------------- L~OOO volts 

Bearn current ... _----------- From 250 to 350 mA 

Fi'lament voltage and currerit--From 0 to 6 volts, From 0 to 25 A 

I,ength of time for one deposi tion--From 5 to 15 sec. 

Time interval between one depositi.on and the next--5 min. 

Tota.l number of depositions for one ta.rget---------20 

technical details of the evaporation scheme are outlined in 

Table 4-2. An estimate:of the evaporated foil thickness was 

made by weighing foils following evaporation. 

·Because of the fragility of the foils, the system was 

allowed to return to atmospheric pressure over a period of 

about O"1e hour. It was found that if the thorium layer was 

thinner than about 300 Vê'"/cm 2 , its surface colour began to 

change due to oxidation in air. ,The deposited thorium targets 

weretherefore kept in a vacuum of about 30xlO-3 Torr to 

preserve them as weIl as possible. This precaution was 

probably unneeessa.ry sinee the oxide does not interfer'e 

signifieantly with the alpha-ray measurements of this experiment. 

C. Measurements of Target Thickness 

Methods of measuring target thiekness are available 
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whereby the mean thickness of a material may be detcrmined 

but, with the possible 'exception of weighing, thece involve 

expansive equipment. tn sorne cases, the thickness may be 

measured by using optical methods hased on a Michelson inter-

ferometer. Also, considerable work ()7,)8,)9,40,4l,42) has 

been reported dealing with thickness measurements of thin 

foils and films based on the a.bsorption or seattering of 

alpha, or beta particles in matter. In addition, the foil 

thickness of tareet material çan often be monitored during 

the evaporation process (43). 

In this experiment, the basic.method used in the deter-

mination of the number of target atoms has been described in 

Chapter III. Equation ()-ll) gives the number of nuclei per 

unit area bombarded (and counted) in terms of the natural 

decay count rate, the natural decay probability, and pa.ra.meters 

ass06iated with the specifie detection system used. Equation 

(3-14) then gives the value of the cross-section. 

, In this experiment, the area was equal to S=S'=1.057 em2 ; 

the ratio of live time to real time for the analyser could 

be taken as Y=Y '= 100% because of the low decay rate of the 

natural and induced radioactivitYi the fraction of the deeays 

resulting in the alpha-ray observed and the decay consta.nt 

were taken as Z'=lOO% and ~= 9.413 x lO-17/min • respectively 

by using the known data (see Appendix II): the counting 

periods for the natural activity of the targets were between 
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28 and 30 hours, since the ohserved d.ecay rates Viere between 

1.0 and 2.0 per minute. This counting technique should be 

useful for cross-section measuremen"ts on an:)' naturally T'adio­

active target material (e.g., lutetium, radium, actinium, 

protactinium, and uranium). 

IV-2 De~ra.ded Beam Bombardments Usine; an Analyser Box 

A. Introduction 

A target ho'lder and Faraday cup were installed in the 

external beam hall of the McGill synchrocyclotron, and a 

flexi ble experimental control and analysis systpm was él.ssembled 

for this experiment. A plan o:f the beam hall, showine.; the 

location of this apparatus, is given in Pig. L~-2. 

The external beam was used for these activations. The 

system used in this work was designed for ease in measuring 

activation cross-sections directly without requiring a known 

monitor reaction to deduce the bornbardment intensity. The 

inherent advantages of an external beam are its weIl dèfined 

energy and the certainty that the beam passes through the 

target only once. The cu:crent, and total charge through the 

target can easily be measured in a Faraday cup. In ··the 

internaI cyclotron beam, the radial oscillations and the 

precession of the orbits in the median plane of the field 

cause a significant spread in the energy of bombardment at 

any given radius and cause many protons to undergo multiple 

traversaIs of the target. 
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Fig. J~,-2 

Plan of the extern:::ü beam system of the McGil1 

synchrocyclotron. The labelled components are idcntified 

8.S follow S 1 

A :::: Exit port 

B = Fa.raday cup (removable) 

C :::: View box 

D :::: Slit system 

E & F :::: Bending magne,ts 

G = De~rader box 

H & 1 = 4" and 6" quadrupole magnets 

J = Television view box 

K = Switching magnet 

L = Bearn direction 

M = Bearn line 

N = Faraday cup 

o = Television view box 

P & Q = 6" a.nd 4" quadrupole magne1:s 

R = Fa.raday cup with aluminum window 

S :::: Coll.L;:8tor a.nd ,target holder 

T = Faraday cup 

U :::: T. V. camera 

V :::: Analyser box 

W = Faraday cup 
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The method ~ndtechnique of irradiating targetG were 

basod on invcstir;ations of bcsm propcrties in 1971 by Moore (4L,.) .. 

Other descriptions of the main apparatus have been p:iven by 

Turcotte (3), anà Chanr; (I-,.). 

B. The External Bearn Set-Up 

As shown in Fig. L~-2, the analyser box V is attached to 

the end of the bcam pipe. The details of the bombardment 

system are presented in Fip;. 4-3. 

When a specifie energy was required .. the incident proton 

beam WA.S degraded by beryllium absorbers. The energy of the 

transmitted beam as a function of the total thickness could 

he estimated from Fig. 4-4-. These absorbers were installed 

in the degrader box G of Fig. 4-2. The position of the beryllium 

degraders was about 10 meters upstream from the target system, 

at 8. point where the beam is focused to a small diameter. The 

beam, which diverges downstream from these absorbers was 

collimated by the magnetic quadrupole lenses H and l ,-bent . 

by a swi'tching magnet K, and finally refocused by another 

quadrupole pair P and Q (see Fig. 4-2)~ These magnets P and 

Q are located in fI70nt of the bombardment system so as to have 

a diameter less than 1.2 cm at the target. 

The target holder designed for this set of experiments 

is shown in the detail drawing of Fig. 4-5. For viewing of 

the beam a sci~tillation screen is attached to the aluminum 

window R-2, and observe.d by a remote controlled T. V. camera 
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Tht~ clements of the bomha.rdment system 

The cham ber shown was desig71cd specificslly to bombard 

targets of uniform thickness by a weIl defined proton beam. 

The focusserl hesm passes through the cha:mber V' , containine 

three wheels with apertures on which are mounted varions 

thicknesses of aluminum (one aperture he in,~ vacant). The 

beam passing throu~h the aluminum is intercepted in the 

Faraday cup R-1 ( a p1ug is inserted in the beam col1imatinrr, 

.... 

ho1e S-l so that no proton charge escapes from the Faraday cup). 

The varipus thicknesses of a1uminum are then rotated into the 

beam to gi ve a range-energ~T ana1ysis of the protons. Once 

the energy of the beam has been determined, the plug in the 

co11imator is removed,(leaving a 50 mg/cm 2 a1uminum vacuum window 

between the Faraday cup and the col1imator), and the target 

is bombarded. The beam passing through the co11imator onto 

the target is co11ected in the Faraday cup. 

v= a1umin:um absorber cham ber S-l = col1imator 

V-'l = whee1 no. 1 S-2 = tare;et holder 

V-2 = whee1 no. 2 S-) = target 

V- J = wheel no. ) M-1 = focussed beam 

R-1 = Faraday cup T = Faraday cup 

R-2 = aluminum window X = external beam pipe 

R-) = Beam pipe (brass) 

... JO 
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(The data was taken fram 
R. B. Moore(44») 

~ ~ e QI}: Experimental value 
for the.incident beam 
of 103.0 MeV 

assuming an incident 
beam energy of 100 MeV 

:, .. 

30 40 50 70 80 90 100 
Incident proton beam energy in MeV 

Fig. 4-4, BerylIium degrader thicknes8 as a function of 
degraded proton beam energy wi th inciden't bear/l 
energy 103.0 MeV. 
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Mech8.nic::ü datai 18 of' FR.r.'8.day cup, aluminum window, 

collimRtor and target holder in the bombardment system. 

R-l = Fa.r8.èl.ay cup (brass) 

R-2 = vacuum windcw of thickness 50 mg/cm 2 

R-J = beam pipe (brass) 

R-4 = aluminum ring with window 

R-5 = a1uminum ring 

R-6 = insu1ator 

R-7 = flange boIt 

R-8 = BNC connector 

R-9 = a-ring 

R-IO = wire from Faraday cup 

S-l = beam collimator of diamator 1.16 cm 

S-2 = té!.rget holder 

S-3 = target 
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U (see Fig. 4-3 or Fig. 4-5). 

Once the beam has been focuseè. ,'1) the scin~illator is 

removed, 2) Fa.raday cup T (see Fig~ 4-2 or Fig. 4-3) was 

' .. ' . 

connected,·'to an electrometer via a cable to the cyclotron control 

room. 3) The beam cOlli,mator S-lwas attached to the window R-2 

as shown in Fig. 4-5 and the ctirrents in the quadrupole pairs 

were adjusted to bbtain the maximum transmission of the beam 

through the collimator S-4'into our standard laboratory Faraday 

cup T (see Fig. 4-3). The Faraday cup T.was placed as'close as 

possible to "the collimator S-l to minimize the loss of any protons 

scattered from the window, the target or the air path between 

the window and the standard cup T. By placing collimating rings 

around the entrance of' the 'Faraday cup, it was established that 

99.0% of the transmitted beam was within a 2" diameter circle at 

the 4" diameter entrance of the standard cup T. As a further 

check, the decrease in Faraday cup ,current for the same cyclotron 

beam with target out and target in ·was less than 1.0%. Since 

the target was~iby far the most massive scatte,rer in the beam 

path, this-indicated tha.t scattering errors were insignifica:t:lt. 

The external beam system was then ready for a bombardment. 

In this experiment, the details of controlling and setting up 

the whole beam system were done by co-workers Dr. R., B. Moore 

al1.d Dr. J. E. Crawford, and the author. 

Co Bombardments and Calibrations, 

After it had been established,that a degraded beam of 

... 
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sufficient in'tensi ty was passing through the coliimator into 

the standard Faraday cup, 1) the target holder with target 

was insèrted in the collimator S-l shown in Fig. 4-5. 2) A 

current integrator was set up by connecting the voltae;e output 

from the electrometer to a voltage-to-frequency converter, 

··'l· 

which in turn was connected to a scaler. 3) The beam and the 

scaler were turned on at the same time and the target was 

irradiated. 4) When the beam was turned off, the irradiation time 

was noted, as was the final number of counts recorded by the 

scaler.The digital electr6meter used (Keithley Model 615) 

in conjunction wi th the VFC (see Fig. 4-6) were accur.ate to 

better than 2%. 

Immediately after the bombardment, the target was taken 

to the alpha detector system, and .the current integrator was 

ca.li brated by using a standard current source set to gi ve a 

current similiar to the output of the standard laboratory 

Faraday cup T in the bombarding periode The degraded beam 

energy was accurately measured by using the analyser box 

shown in Fig. 4-3', in the following way. 

Immediately\ after obtaining the ·information for the 

calibration of the n~mber of protons delivere"d to'the target 

by using the current integrator, 1) the plug was inserted from 

the standard laboratory. Faraday cup T to a connector on the 

beam collimatpr forming a new Faraday cup R-l (see Fig. 4-3). 

2) The T. V. camera was moved to observe the position of the 
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This arran~e~ent allows a convenient and accura~e 

cnergy s~)Tead by obseJ:'v~::.tion of -the transmission as a f'1.1nc~cio:1 of the 

aluminum absorber thickness. In-terposin~ succcssively ~reater 

thicknesses of alurd.num in the beam evcntually stop~:; 0.11 tr::.J"î:sm.ission. 

'2heory and experiment show -Chat if a nearly monoch:cOY~8.tic 

bes.!TI of 9rotons, wi th a Gaussian ()nergy spread and fixed intr:;'nsity 

8.re :-J.llowed ta pass through successively greater thickYl8SSeS of an 

3 DS(jTLJ,~-e, such as alumin1!m, -Chen Cl. plot of transmitted beaJn vs. a.bsorber 

thickneS~3 yields Cl. curve wh:i.ch is the integra.l of Cl. Gaù.ssian 

di~')t::.~ibution. thereforc. it~ the transmitted current values '",Y'f:: properly' 

no::.~:n<,:;li zed and plotted on probabili ty pa:per, a straight line ':rill 

reS1.ll t. The thickness of 8.hlD1ïn:.1m corresponding to a. 50}~; transmission 

(T= 50) i s the ranGe of -the degraded bèam. Two other points are 

important as iNell. 'l'hese are the thicknesses of aluminuY!1 co:cresponding 

to 25~:s and 75% transmission (T=25 and T=75), whicn represent trIe 

F'!!}-2'.;; of the range of the degraded beam on the probabili ty paper. 

The energy of the beam and i ts F'.VHM a;re then determined from the 

e~1Jirica1 tables of range-energy and stopping-power (45)" 

As cal'. be seen in Fig. L~-7 as an example ~ the ac"tua1 

transmission as a function of range is not strict1y the integral 

of c. Gaussian distribution particular1y in the region of less than 

T=50 -l-~. l l,!1lc/:ness. This happens because nucleon ..1- 4- • ln verac vlons have 

p:::,-·oà.uced a "soft" or 10w energy component to the beam P3.SSL~,g 

t:--trC1.;e:!; the 8.1uminum which i s removed before the ra:!.".;ze oi' the 

remaindcr of the beam has been reached. 
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which gives the Ga.ussian integral for the beam transmission 

and which provides the basis for th~ range-energy rela.tionship 

is based on the protons undergoin'g only low energ:.r tra.nsfer 

collisions wi th the target·1 s electrons. Almost all of the 

beam which istra.nsmi tted through a thickness greater than 

T=50 is formed of such protons. Consequently it is this part 

of the transmission plot which would give the most accurate 

determination of the energy of the beam entering the aluminum. 

Under these conditions, however, the low intensity beam leaving 

the aluminum is widely diverging. Therefore in this design care 

was taken to place the final aluminumabsorber as close as 

possible to the mouth of the Faraday cup. This allowed easy 

and accurate measurements of the beam current at transmissions 

as low as 0.1%. 

"'ft' 

Thus, information for both the number of protons delivered 

to the target and the degraded beam energy could be completed 

inless than 5 minutes after a bombardment. 

tV-3 Particle Detector and Electronics 

In this experiment; the alpha-particle detection and 

analysis system is r~presented in Fig. 4-8. A silicon surface 

barrier detector within an aluminum chamber produced pulses 

which were fed into a system consisting of a preamplifier' and 

main amplifier; tnen the amplified pulses were fed into a 

20·MHz TMC multichannel analyser system. The analyser output· 

was recorded on magnetic tàpe for later ana~ysis, or was 

".\ 1 
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read out by a channel printer. 

The .conventional silicon surface barrier de'Gector 

used in this experiment is a large area diode consisting of an 

extremely thin p-type la.yer on the sensitive face of a high 

purity, n-type silicon wafero The two electrical contacts 

to this diode are made(46): (a) to the p-type surface through 

a thin gold film approximately L~O microgram/cm2 thick, and 

(b) through a non-rectifying metal contact to the n-type 

silicon on the back surface. In this experiment an Ortec 

model A-035-050-300 silicon surface barrier detector was used 

for the detection of alpha-particles. The sensitive depth of 

this particular detector is 300 microns, with a detector bias 

of 95 volts. The range vs. energy curve of Fig. 4-9 shows 

that this is sufficient to stop alpha particles with energy 

lower than 25 MeV, and is therefore adequate .for observing 

any alpha activity produced • 

. The detector was enclosed in the cylindrical chamber 

shown in Figo 4~10. The chamber was connected to a mechanical 

vacuum pump wi th two va'lves for vacuum isolation and air inlet, ' 

and to a vacuum gaugeo The vacuum in the system could be 

reduced to about 30 x 10-3 Torr within 30 seconds and 10 x 10-3 

Torr within,3 minutes from atmospheric pressure. Within the 

chamber a ring type of brass collimator (thickness = 0.127 mm, 

inside diameter = 1.16 cm, outside -diameter = 2.0 cm ) was 

designed specifically ta definethe s'olid 'angle of 
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(Data taken from 
C.F. Wi11iamson, J.P. Boujot 

and J. Picard, . 
CEA-R-3042 (July 1966» 
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Fig. 4-9 Range-Energy Ourve ~or Alpha-Particles in Silicon :. 
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the detector, viewed by the radioactive source. This 

collimator was used only for measuring the decay rates of 

the natural alpha-active target. The arrangement of the 

collimat6r with thenon-bombarded target sources is 

included in Fig. 4-10. 

A thin 2L~lAm standard source was used to check the 

system performance. The FWHlVi energy.resolutionwith this 

source was better than 31 KeV on the 5.48 MeV alpha line. 

Typical resolutians obtained with the thorium' targets used 

w~e of the order of 60 KeV FWHM for alpha-energies of 

about 8 MeV. Using this source the amplifier gains were set 

so that the energy range recorded and displayed by the analyser 

was 0 to 10 MeV. As mentioned previously, aIl count rates 

observed during the experiment were low enough to make 

system dead-time losses insignificant. 

- 43 -
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CHAPTER V 

PERFORMANCE AND RESULTS 

V-l Introduction 

If the first, second, third, etc •• daughter nuclei 

·.,«' . 

produced in a radioactive decay are themselves radioactive and 

if their half-lives are much shorter tha.n that of the pa.rent. 

the number of atoms of each of the ·daughter products present i8 

proportional to the products's half-life. This situation i8 

described by the term· "secular- equilibrium" .. · Sl.\éh radioactive 

decay series exist "for the heavy elements uranium J thorium, 

and neptunium; the s"cable end products of' the series of the 

series are lead and bi~muth isotopes. Secular equilibrium can 

also be attained when a radioactive substance is produced at 

a steady rate by s~me artifi6al method, such as a nuclear reaction 

in a cyclotron or chain-reacting pile. The condition for 

secular equilibrium occurs in the case of the parent isotopes 

227Pa and 226pa in this experiment, produced by the 23 2Th(p,6n)227Pa 

and 232~h(p.7n)226pa reactionsrespectiyely. 

The members of decay chains which start from 227Pa and 

226pa have already b'ren observed and are described in Table 5-1. 

The interrelation of the each of the ,series can proOably· best. 

be seen by reference to a nuclide chart of the hea:vy region 

such as that shown in Fig. 5-0. 

In this experiment, the threshold energies of 35.50 MeV 

for the 2~2Th(p,6n)22?Pa reaction and 39.77 MeV for the 
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Table 5-1 (A) Collateral series dat~ of 2?7 pa 

EnerVy of Percont of 
Type of 
radiation 

main RIpha- alph~-decaY 
Nllclide Half-life ra.ct j 8. t i 0!l:~( Mc:.:..! p.;;:.... V:.-i-) __ ~( nr.:::.(O.L.) ___ _ 

227Pa 

l 
223Ac 

l 
219Fr , 
215At 

~ 

a. ("" R 55lb) ol~ 
K ( ... 15%) ol:' 

a.(99%)-l~ 
K (1%)-l~ 

0.(100%)* 

38. 3±0. 3 min~~ 6.4·65 t h.423 
6 • L~ 15 .:~.~:. 
6.1.;.01 . ';*"~H~ 
6.376 J 
6.356 .. 

2.2±0.1 min* 6.659** 
6.6J.1-8 J 6. 56 ·:l--lH~ 

6.52 
6.47 

0.02±0.002 sec'::' 7.30 

10-4sec, ±20%* 8.60**** * 

211Bi(ACC) 0.(99.7%)* 2.16 min* 

l 
6.619oll-
6. 2R ":~';ê-~~~~~} 

50.7 } 11.,s 
l').2 . ~H~ 
9.6 . -lH:··;:· 

2.6 
0.0 

37.6 } 42.1 
13. J ~HHl-

3.8 . 
3.2 

98. 4'::"::":~'::' 

207Tl(ACC") /3-* 4.76 min * 

~ 
(Energy of p- radiation 
is 1:47 MeV)ol:· 

207 pb stable 

data taken from: 

'* .= W. W. Meinke, A. Ghiorso, and G·. T. Seaborg, 
Phys. ReV., 81 (1951) 782 

** ~ M. W. Hill, (1958), UCRL-8423 ; (unpublished) 

*-r~* = V. B. Subrahmanyam, (1963), UCRL-II082 , (unpublished) 

*-lHl-* = G. Graeffe, P. Kauranen, J. Inorg. Nucl. Chem., 28 (1966) 933 

4H~·**-l1- !::: C. M. Lederer. J. l'il. Hollander, and I. Perlman, 
"Table of Isotopes" sixth edition (1967), 
John Wiley and Sons, Inc.! New YO:t:'k 
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Ruc.] i. de 

226Pa 

~ 
222 Ac , 
218pr 

214At 

t 

Table 5-1 (E) Callateral series data of 226pa 

~~nerp;y oi 
Type of 
rad i a i~ j:gn:-:. __ -=-H=8.1 f -1 if P. 

main alpha.­
radie.tian (MeV) 

a(~98%) 
K(~2%) 

a (J .. OO% ) 

1. 8±0. 2 min~~~~ 6.86 3} 
6.82') {~ 

6.728 

7.00Jl~!-
6.957 

pred. :3 
. 5xlO- sec** 7.85 ~ 

7.555 .:~ 

7.525 

a(lOO%)* pred. 2xlO-6sec** 8.782* 

P8:ccc:nt of 
alpha-decay 

.. ('J~) __ 

9'" } 5 .~-
1 

210Bi(RaE) a(1.3xlO-4%).:HHHH~ 5.0 J ~-(99+%)"*<H'* 
d "'~ LI ,. Q 5 10 - 5 } ays~~'" 7: 69 ·:HHH:-·~- ?~10-5 ~:--l:-*~H:-

(Energy of main beta­
radiation is 1.17 MeV) 

210Po (RaF) a(lOO%)~!- 238. days~:-~~ 

t 
5.3. 305~HHHHH:- 1 0 0 .::- .::- .;:--::- -~- .:,~ 

206pb Stable** 

data taken l'rom: 

* = J. D. McCoy, Soc. Sei. Fennica, Commentations Phys.Math., 
30, No. 4 (1964), "Alpha decay studies of Pa-230 9 P8.-228., Pa-226 
and their descendants". 

·:H~ = W. W 0 Meinke, A. Ghiorso, and G. T. Seaborg, 
Physo Rev., 81 '(1951) 78.2 

·~ .. o):.·u· = Il Nuclear Da.ta U section B. vol.l, No.5, l'Tove 1966 
(edi tor: Katharine W~.y), Academie Press, New York 

**** = P. A. Tove, Arkiv Fysik, 13 (1958) 549 

~HHHH:- = P. Kaura.nen, Ann. Acad. Sci. Femmicae, Ser. .t:.., VI, 
96 (1962) 1~ Nucl~ Sci. Abstr. 17, No. 2250 (19 6 3) 

i""*it-~(-·:t-o)(- = c. l\~. Lederer, lI. NI. HoJ .. lander, and 1. Perlm3.n, 
"Table of. Isotopes" sixth edition (1967) 

John Vli1ey a.nd Sons, Inc., New York 
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Fig. 5-.0 

Nuclide chart for a. portion of the heavy region 

(Data taken from "Chart of the nuclides" 
by U. S. Atomic Energy Commission, 

·Division of Isotopes Develo"pment.(1970)) 
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2J2Th(~,7n)226Pa rcaction arc nbtained from a set of'nuclear-mass 

relations and a resultant mass table given by Garvey et al (47). 

preliminary bombard~ents of thorium tarzets in hath the 

internaI and external beam wi th energies r8::!":;ing t'rom L~5 . 
to 6~ MeV estohlished throt the distinctive alp~8-rays of the 

dccay chains of protactinium-~27 and -226 could be observed, 

8.nd t!8Ve agreement with the half-livcs and the p0.rcent of a.lpha-

decays of the Table. 

V-2 Performance and Data Reduction 

Ta find any serious flaws in the design of' i:he cverall 

instrumental systems, ea.ch component was immediately tested.after 

completely setting up the irradiation and counting system for 

runs. 

Actual bornbardments in the external bearn weredone for 

twq and seventeen minutes in the 23 2Th(p,?n) and 232ThCo,6n) 

cases respe9tively. The irradiation periods depend on the 

activities under observation, which have half-lives of 

about 2 minutes for the (p,?n) reaction and 38 minutes for the 

(p ,6n) • 

For accurate measurernents of the mean energy of the 

degraded proton beam, the aluminum absorbers in -'che beam 

analyser box were the sarne as those described by Chang(4). 

The aluminum absorbers were cylindrical blocks with faces machined 

parallel ta within 0.0025 mm. Individual blacks were weighed 

ta an accuracy of 0.05%. The blacks were made of 99.8;:0 l")ure 
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aluminum. the impurit5.es boing mostly elements for which the 

stopping power i8 very similiar to that of aluminum. Usin~ 

a proton range-energy table given by Williamson et al (45), 

the overall a.ccuracy of the proton range-enorgy rc18.tionship 

on aluminum is estimated ta contain: ·an error of less·than 

±0.2 MeV for the energy, as measured by Chang (LI-). The 

reproducibility of the range transmission graph ensures that 

the accuracy of the determinations of the mean energy and 

energy spread has a deviation of less than ±5 mg/cm 2 , 

c0rrespondlng to an energy error of less than ±0.05 MeV. 

Consequently it is estimated that th& absolute error of the 

measurements of both the mean external energy and spread are 

less than ±0.25 MeV. This result seemed to be slightly better 

than that of previous work by Turcotte (3) and Chang (L~). 

Immediately after the bombardments, the alpha-radiation 

was detected by the system previously described, having a 

total Mean resolution of less than 47 KeV FWHM. The time 

intervals between the end of irradiation and ·the start of 

actual counting were 1.5 minutes for the 23 2 (p,7n) reaction 

and a maximum of 5 minutes for the 232Th(p,6n) reaction. 

The energies of the alpha-radiations produced were identified 

using the energies of ·the natural radioactive thorium decay chain 

given in Appendix II, and those of a mixed standard alpha-

source consisting of 5.15 MeV in 239pu, 5.48 MoV in 241Am and 

244Cm. It was decided ta choose the 8.00 MeV peak of the 
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d2u~hter 215At, produeed in the 227Pa deeay chain following the 

:?J2'rh(~).6n) re:::.ction, and 'l~he 7.8S'MeV peak of the d8.ughter 

"' ..... / 
thè GGOPa decay chain following the 23 2Th(p,7n) 

reaction. These 1)eak~-, stand out clearly in spectra, and have 

stron~ relative intensities. 

In equationf3-14), which was used in the cross-section 

calculations, the only quantities not directly measured in this 

eX1)erimer'lt were the decay cons·tants ~ and ~(l' and the branching 

rê.tios Z and Z'. These ar~ r.:i ven in Tahle 5-1, 8.nd an exampJ.e 

of a calculation is given in Appendix II. 

In the data reduction, two kinds of errors occur, systematic 

or constant errors, and random errors. The cons~Gant errors are 

associated with the absolute branching ratios of Z' and Z, 

the disintegration constants Â and ).n' and the area S.' 'l'he 

systematic errors are associated with the time intervals. The 

random errors are associated with the number of protons P, the 

dead time corrections of Y and .Y ' • the nu~ber of recorded counts 

Ra. of induced radioactivity, and the natural deca.y rate Q=(dr.Yn/dt)cS. 

No attempt was made to evaluate the constant error in Â, 

~n' Z. Z' and S. Also the systematic errors due to measurements 

of' t, t l , and t 2 were not eV8.1uated, since these are insignificant. 

According to the pulse widths, and observed count rates, there 

is essentially no dead time correction necessary. 'l'he random 

error<:.~ of Q=( dNn/dt ),cS and Ra are signif'icant, however; the error 

in the natural decay rate Q=(dNn/dt)cS w~s of the order of' ±2%. 
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r<ost st,8tisticnl errors due ta the number of' recorded counts 

Ra of induced activity were given by about ±2.5% for the 

?~0 • 232 (. ) -~~Th(p,6n) reaction and about ±10% or less for the Th p,7n 

reac-tion. As di~3cl1ssed by Kavanagh et al (2), the errors 

of' measurement in the number of protons P i8 due to the 

efficiency of the standard ?araday cup in the collection of 

"!-)roton charg(~, and the errors arising from forward and back-

scattering of the incident protons from the target; these were 

cheC~'i:ed to be insigrüfi cant by testing beam transmission into 

the cup with and wi t:hout the tar,9.;et in 1}lace. The recul tS.nt 

erraI' of measurement of P is estimated to be better than· =2% on 

the average. 

Using the law of propagation of errors, the resultant 

total random errors for the cross-section measurements in 

rnost cases are given by about ±4% for the 23 2 Th (p,6n) reaction 

and about ±12% for the 23~Th(pI7n)reaction. 

V-3 Results and Discussion 

A. Experimental Results 

The cross-sections for the 232Th(p,6n)227 Pa and 

232Th(p,7n)226pa reactions measured at various proton energies 

up to 102.00 MeV are presented in Tables 5-2 and 5-3 respectively, 

and the excitation functions are plotted in Fig. 5-10 These 

excitation functions are similar in form to the many (p,xn) 

cross-sections described in previous work (1,3,4,6,7,8,10). 

The excitation function presented in Fig. 5-1 for the 

- 51 -



Table 5-2 

Experim~ntal 23 2Th(p,6n) 227Pa cross-sections 

Incident proton 
energy 

(MeV) 

38.80 

40.51.J. 

42 .. 72 

45.28 

47.44 

48.90 

49.52 

50. Lj-8 

51.70 

53.60 

56.15 

62. 

70. 

80. 

90 

102 '. 

Energy spread of 
proton beam(FWHM) 

(MeV) 

1.00 

1.30 

1.30 

1.11 

1.28 

1 .. 28 

1.25 

1.20 

1 .. 20 

1.41 

1.30 

1 .. 0.;. 

1. o~' 

Cross-sections 
(mb) 

3 0 02 :!: o. 48 

9.28 ± 0.55 

2L~.66 ± 1.46 

38.70 ± 1. L,-4 

41.57 ± 1.41 

39.69 ± 1.40 

35.79 ± 2.05 

30.33:!: 1. OLt-

22.82 ± 1.56 

14.96 ± 0.57 

10.24 ± 0.42 

5.87 ± 0.25 

,l- es·tima tad spread of'" proton beam (FWHM) 
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Table? 5-3 

Experimental 23 2Th(P17n)226pa croAs-sections 

Incident proton Enc:c{!-y c:pre8.d 0:[' 
Cros8-sections encrgy proton bcam (FWHM) (mb) (MeV) (MeV) 

50.39 1.28 2 .. 30 ± 0.73 

51.68 1.25 3.29 ± 0.88 

52.91 1.29 5.97 ± 1.03 

55.88 1.25 12.06 ± 1.30 

56.66 1.12 12 .. 24 :l: 1.42 

59.19 1.38 Il.65 - 1.40 

59.78 1.20 10.68 ± 1.12 

62.51 1.19 7 c 40 - 0.86 

62.~. 90 1.00 6.74 ± 0.76 

66 .. 70 1.27 5.77 ± 0.91 

69 .. 26 1.12 4,=56 ± 0061 

71.13 1.12 3.31 ± 0~48 

7}-l-.40 1.01 3.29 ± 0.53 

78.80 1.02 2.96 ± 0.50 

88 .. 78 0.90 2060 ± 0035 

102.00 1.00 2.34 ± 0.38 
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.. 

Fige 5-1 

"Phe measured excitation functions for the 23 2Th(p,6n) 

and 232Th(p,7n) reactions •. (The dashed and dotted curves 

are intended only to guide the eye, and are not comparisons 

with theory.). 

_.+._.+._.+ _.- :232Th(p,6n) excitation function 

+ ......... + ..... Mf ........ + :232Th (p p 7n) exci 'cation fun0-'GÏon 

Horizontal error bars represent the spread in be&~ energyo 

Vertical error bars are from back~ound subtraction 

and counting statisticso) 
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(p,6n) reaction shows a suprisingly sharp peak. The cross-

section for the production of 227Pa fro~ 232Th has a threshold 

of 32.50 MeV and ris~s sha~ply to a maximum value of 43 mb 

at 47 !VIeV. On the high energy side of the peak, above about 

60 MeV, the curve becomes asymmetric with a tail extending 

up to the maximum bombarding energy. A slight anomaly appe8.rs 

at about 55 MeV, possibly due to a different reaction mode •. 

The excitation function presented in.Fig. 5-1 for the 232 (p,7n) 

reaction is similiar in forro the 232 Th(p,6n) case, rises 

from a threshold of 37.77 MeV to a maximum value of 13 mb 

at 57 MeV, 'about 10 MeV higher than the 232Th(p,6n) peak). 

Again on the high energy side of the peak another reaction mode 

becomes apparent at about 65 MeV, superimposed on a long tail. 

?resumably both tails correspond to events caused by 

the prompt emission of one or more neutrons followed by the 

delayed emission of the remaining ones. 

B. Comparison with Other Experimental Results 

Using the electrostatically deflected proton beam of 

the l84-inch synchrocyclotron, Meinke et al (7) bombarded stacked 

foils of 5 mm thorium, with varying thicknesses of copper metal 

·sandwiched between the sixteen foils in each case. After 

bombardment, the 0.4 gram of thorium were removed and dissolved 

in concentrated nitric acid. The proton ener~f measurement in 

this experiment was ve.ry crude because of the spread in the 

initial energy of the incident particles and the straggling in 
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the stacked foils. Their experimental rcsult for the 

232Th(pp~n) reaction is included in Fig. 5-2 which shows only 

the lo'.\' en('.r~TY portion of their measurement. The excita-Gion 

function rises to a maximum o:f 50 mb, which is slightly higher 

th:3n the present resul t.. The main discrepancy between Meinke' s 

result and the present experiment is in the position of the peak­

at 80 MeV in Meinke' s experiment, com-9ared to 47 MeV in onrs. 

Lefor-t et al (6) and Brun and Simonoff (8) likewise 

obtained absolute cross-sections for proton energies up to 

155 MeV, which are also included in Fig. 5-2. Both experiments 

'Nere carried ou-t using aluminum and carbonmoni -Gor foils, 

chemical separation of the targets after bombardment, and alpha­

particle counting. The targets used in both experiments were 

in most cases thicker than those used in the present experiment 

(about 200-300 u€,/cm 2 ). The excitation functions in both cases 

appear -'co reach .. 80 maximum between 13 and 15 mb at about 54 ·MeV 

in disagreement with both the peak height and peak position of 

the present experiment. There are a number of possible sources 

of error involved in the previous measurements, all of which 

may account for the ,discrepancy with the present result. The 

ma.in difficulty is undoubtedly the large energy spread introduced 

in a beam degraded to about 50 MeV from a much higher incident 

energyi thi's is inevi table in the earlier experiments involving 

stacked foils.. The earlier experiments also involved chemical 

separation techniques, which were not required in the present 
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Fig. .5-2 

Comparison of 232Th(p,6n)227Pa excitation function 

with prcvious experimental results: 

-0-·-0- Meinke et al (7) 

-.-e- ----_.<)-_ .. - --(>-_. Brun and Simonoff (8) 

----_.-A--'-'--..A- .. Lefortal et al (6) 

+ + Present result( The curve 
-. ---_. ._ .• is intended only ta guide 

the eye.) 
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No attempt was made in the earlier experiments to 

find the 23 2Th(p,7n) cross-sections (probably because of the 

short lifG-time of 226Pa ). To our knowledge this is the first 

such measurement. 

C. Theoretical Considerations 

Equation (2-5) expresses the cross-section predicted . 
8.ccording to Jackson' s theory (10). A comparison wi th the 

detailed Jackson model (la) is difficult unless the variation 

of residual excitation ener&;,J in the case of each of the prompt 

processes is kno\'m. The Jaclcson model (10) involves averaging 

the term P(E~~, x-i) over such a distribution. To be able to 

find <P(E*, x-il> we must know the probability that a collision 

with an incident energy Eo will leave the nucleus with an excitation 

energy E~:-. If this is known, <P(E~!-, x-i» can be calculated. 

The cross-section could then be calculated from 

Jackson (10) suggests that a) above 60 MeV the theoretical 

prooability for compound nucleus formation q(OpO) is smaller 
1l 

tha~ the probability for the ejection of one pro~pt neutron 

q (1,0) and is of the same 'order as the probabili ties for emission 

of two prompt neutrons'q(2,0); b) the probability of a residual 

exci tation energy E-::- in the case of a prompt q (1,0) event at 

incident energies below 100 MeV i8 roughly proportional to E~~; 
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c) in the case of hir;her order prompt q (2.,0) even"ts, the 

distribution ls rectangular. 

To include contributions from the 2nd, 3rd terms, 

etc., in equation (5-1) requires a more det~iled knowledge of 

the probability of rcsidual excitation E* with incident 

energy than is presently available, _ to make a meaningful 

comparison with theory. Therefore, in the present work we 

have attempted only to fit the data with the first term of 

the series in equationD-l), i.e., as though the event involved 

only delayed evaporation of 6 neutrons for the 232Th(p,6n) 

reac"tion and 7 neutrons for 232Th(p, 7n) reaction. In each of 

the delayed cases, one is not concerned with an averaging over 

residual excitation probability, since the excitation energy 

of the target has a definite value. Thus the theoretical 

cross-section formula can be written as 

cr th ( p ,xn ) = cr c ( Eo) q ( 0 , 0) P (E~.I- , x) (5-2) 

resulting in a combination of the Jackson (10) and Blatt and 

Vleisskopf (11) model. In equation (5-1), the P(E"I-,x) involves 

Pearson's incomplete gamma function, given in equation (2-7) 

which must be integrated by parts. Using equations (2-6) and 

(2-7), P(E~!-7X) in equation (5-2) can then be written as 

------------------------------------------------------ -----~ 
t This formula is quo"ted by Lefort et al (6); however there is 

a'rhistak~ iI?-the signs ,of ·the terms in their paper. 
----.,.--------------------::-59---:;..,-.,.-------------------------------
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whGre al = 2x-l and a2 = 2x-3. Therefore, equation (5-2) 

becomes 

C"th(p,xn) 

(5-4) 

In order to find the variation of the thearetical 

cross-section VIi th -I:;he nuclear temperaturG, i) the reaction 

cross-section C"c(Eo ), for an incident proton of energy Eo was 

taken from Shapiro (~4), and was calculated for values of Eo 

... t!. 

up to 100 MeV. In this calculation the nuclear radius parameter 

1"0 used in the formula R = roAl/3 was taken ta 1.30 f'!l; ii) the 

relative probability q(O,O) for the emission of no prompt 

neutrons and no protons \·vas taken from Jackson (10); iii) a 

program was written for the PDP-15 computer to calculate the 

P(E*gx) values for the 232Th(p,6n) with a threshold of 32.50 MeV 

and for the 232Th(p,7n) with a threshold of 39.77 MeV. In order to 

find the best fit to the present experimental points, the 

P (E-ll-, x) values were compu"'eed for nuclear tempera tures ranging 

from 1.0 to 1.8 MeV; these appear in the expression Àx = 
x 

(E~~ - ~Bi)/T =(Eo - Eth)!T, where Eth is the threshold energy 
l '. 

of a given reaction. 

The results of the theoretical analysis using equation 

(5_L~) are presented in Fig. 5-3 ir. the form of excitation 

functions which are seen to vary with the nuclear temperature T. 
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The shape of the curvcs thus obtained i8 neaxly 

i6entical to the shape 0:1: the p(c":-,x) curves themslvcs; in 

At the peak the theoretical cross-section i3 very much hi~her 

-chan that measured experimentallyo Tt i8 believed thatthe 

co~npeti tien of fission events vvi th nuclear eva:ooration is tl"~e 

most likely reason for this discrepancy. This will be discussed 

in more detail later. 

It is seen that the curve for T=l.l has its peak at 

t}lC Game cncI':::';Y (L1-7 MeV) as the experimental curve of' the 

(p,6n) e?Ccitation function. Fig" 5-4 shows the theoretical 

Cl.1.rve for rI' = 1. l MeV normalized to the same peak hei[';hi: as 

that of the experimental datao It is seen that the agreement 

in t11e s!1ape is excellel1t up te a proton ertel~gy of 52 MeV, 

sbove \'Ihich the experimental poin-ts exhi bi t the expected rügher 

energy tail. The position of the peal<:: is qui te sensitive -to 

the choice of nuclear temperature T. A change of 0 0 1 MeV in 

nuclear temperature shifts the peak position by roughly l 'i:1~eV. 

Similiar calculations have been performed for tne 

232 Th(p,7n) reactiono In this case the variation of theoretical 

cross-section with nuclear temperature is also represented 

in Fig. 5-3.. 'T'he nuclear temperature which corresponds to the 

experimental peak cross-sec-tion is 1 .. 3 MeV in the curve of 

best fit shovm. in Figo 5-4.. This curve which, as in the Cp, 6n) 

case overestimates··the meas1J.red cross-section, has 1:;een 
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Fig. 5-3 

Variation of' theoretica1 excitation f'unction 

with nuc1ear tempe rature according to 

equa ti on (5-L!-); 

Theoretica1 232Th(p,6n) cross-sections; 

T = 1.0 MeV _._. -_.­

T = 1.1 MeV _ .. _ .. _ .. -

T = 1.2 MeV _ ... _ ... _ ... -

Theoretica1 232Th (p,7n) cross-sections; 

T = 1.2 MeV _ .... _ .... -

T = 1.3 MeV ----.. _ ..... -
T = 1.4 MeV _ ...... _ ...... -
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Fig. 5-4 

Theoretical 232Th(p ,6n) .cross-section normalized 

to the same peak height as the experimental points. 

(N~clear temperature T = 1.1 MeV, 

Normalization factor = 5.7 'X 10-2 ) 
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Fig. 5-5 

Theoretical 232Th(p,7n) cross-section normalized 

to the same peak h~ight as the experimenta1 points. 

( Nuclear temperatùre T = 1.3 MeV 

Normalization factor = 3.06 x 10-2 ) 
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nor;:1:::tli zcd to the same. peak hiC':ht as "che cxperimeY':tal )oints 0 

~~î. t?lis case, the shape'! 8greement i8 excellent up to an anergy 

Qf 65 IVieV, aoove whic11 "che expcri:nental points again show the 

eXl_,ected high energy tail .. 

The values of T = 1.1 MeV for 232Th(p,6n), and 1.3 rf.eV 

for 232 Th(p,7n) are lower than those obtained in cxperiments 

carried out in previous (p,xn) reactions in this mass region, 

and are low comparpd ta previous theoretical estimates. In 

the work of Bell, ,Skarsgard and Jackson (l, 10) on 206po, 207pb, 

and 209Bi, the temper8.ture used to fit the data VIas 1 .. 8 ME!V. 

Lefort et al (6) uscd a tempe rature '1'.= 1.9 MeVto fit their 
a 

These values agreed re'sonaoly weIl 

wi th the -theoretical estimates of31att andWeisskopf (11), 

which were oased on the Fermi gas model of heavy nuclei; 

according ta this model -'che nuclear temperatures '1' and excitation 

E'< should oe represented by E~~ = §:.T2 where ê:. is a constan-t relai:ed 

ta the nuclear level density. According -ta Blatt and Weisskopf 

(11), the 'value of 2., for a nucleus with A=231 was quoted ta 

oe roughly 12 MeV-l • This figure was extracted froIn data 

available at that time from the knovm levels of odd-A nuclei 

in the neighbourhood .of l MeV .. With this estimate of 2p the 

expected value of T for an exci-'cation energy of about 50 U'.eV 

would De 2 MeV, which makes the values used by Lefort; et al (6) 

and Jackson (10) quite plausible. 

T:~ese values of Tare not, however; consis-'cent with 
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numoer oi' (p ,xn) s.JcucUes done on the targe"c 1271. Turco-'c-'ce (3) 

fitted (p,Jn), (p~6Y'"), and (p,7n) da.ta with 8. nuclear temperatures 

of 1.55 MeV, and (Pr8n) with a te~peratu~e of 1.85 MeV. In one 

csse (p,5n), the value T = 1.20 MeV was used& Since v in 

Blat-c and Weisskopf's derivation (11) -the constant §:. is 

related ta the level density VICE) by the relation 

VICE) = C exp( 2 J a E"::-) (5-5) , 

9. lo':!er nuclear temper2.tUl'e should imply a higher value of §.;., 

which in turn suegests -'chatin 1271 the level density should be 

higl:.er th2,l!. in 232 Th and 208Bi .. This seems unreasonable. It 

would be more consistent ta conclude that the earlier experi~ents 

J.ed t~o uY1reasollably "!:ügh T values; if this i8 true, the values 

of temperature quoted in the present experiment are . . -'-conSls"'Cen ... 

wi tl1 those of Turcotte (3), for the ligh"'cer target nucleus 

127 I. (The possible sources of error in the earlier me8.surements 

have already been discussedo) 

Nlany authors have discussed possible modifications of 

the Bla.tt and Vle:_:3skopf (11) trea"cmentÇl'For example the nucleus 

may be considered ·to "cool off" during the evaporation process 

(48) so that the effec"ci ve tcmperature is Im'ver thcl.TI the 'value 
:t. 

estimated from T = (E-::"/~);-I. B:cun and Simono:ff' (8) used 8. 

ca.lcula tiœî based on wo:.-1-: by Tarrago (49) .in 1Nhich t!1e 
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:;,YC J':CC::11 ::-:, f::ean value CalCl.l.la-l:;ecl alonc; "che eV2.por8:cion ch<-,in. 

is thcrefore not rCRsonahlc to considcr the nucloar temnerature 

28 n re8.ction constRnt - nevertheless this parameter should 

pr0vide 2 1lseful comparison of level densities in different 

~ucJ.ei, with comparable initial excitationsc 

BJ.3.t-t and We issl<:op;f (11) mention that the values of 

C and ~ in equation (5-5) were adjusted to fit the level data 

then é,.vailo..ble p and should -be considered only 8. rough guide 

to the goneral features of level densitieso If their values 

C = 0.005 MeV-l an~ ~ = 12 MeV-l are used, Equation (5-5) gives 

2. level densi-cy of 5.5 MeV-l for 1\=231 in the neighbourhood 

of 1 MeV excitationoThe isotope table of Lederer et al (50) 

shows 10 levels below Oy5 MeV in 233Pa,_ and a glance at other 

odd A nuclei in thi~ region shows level densities close to 20 

This again suggests a value of ~ larger than 31att 

and Weisskopf's (11) earlier estimate. It is, then, not 

unreasonable to conclude that such revisions in the earlier 

estimates of level densities, and more realistic Evaporation 

calculations could yield values of T which are consistent 

with the measurement in the present experimento 

D. Competition'of Neutron Evaporation with Fission 

The discrepancy between the shape of the theol~e~cical 

c1..'.rves s.nd the posi-'cion of the experimental points is not 

surprising 'since the contribution of prompt neutron emission 

has been neglected. Although the shape of the q(l,O) and 
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q(2,O) curves (Fie. 1 in ref. 10) Guggcsts that inclusion 

of thcsc prompt evempts would add a high-energy tail to the 

thcoretical curves, it should not appreciably add to their 

peak hcight. The very large discrepancy between the peak 

height of the experimental and theoretical exci ta-'Giori functionG 

suggests that some competing process has been ignored; the fact 

that the theoretical ·curves can be normalized to fit the 

.experimental ones suggests that the excitation function for 

the competing process has the sarne shape as that of neutron 

emission. 

A numbcr of ear~ier papers (6,B,5l, 52, 53,54) have 

discussed the relative probabilities of neutron emission, 
,';)~. 

and induced fission in the he'~vy èlements. Based on ·many 

cross-section measurements for both fission inducing reactions, 

and others involving neutron cascades, data have been compiled 

on estimates of rrnlrf, the ratio of the relative widths .of 

neutron decay to fission. Lefort et al (6) present a partial 

list of (~ff) ratios suitable for atomic masses ranging 

from 226 to 23B. Fig~ 5-6 of their paper shows a plot of 

log(~/rf) vs. A for many data points. It is apparent that the data 

are weIl fitted by a set of essentially parallelstraight lines, 

one for each Z value. An empirical relationship , then p 

which should represent Cr"n/I';) values, is therefore 

(f?nfrf) = C(Z) exp (kA) (5-6) 
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An identical relationship was sugeested in an earlier 

( '- .... ) '-'110' '" "31"- .':' :;» , \.\.. . . ~.\.. v..:.:. l. .... t:: 01. O.335was estimated trom 8. fit 

to 3.1 ratios 2-V3.iJ.;.)IJ10 fo:C' the i80i:opos of uranium" 

Fu ;iimoto and Yam:J.2;twhi (51) h;:'3ve cf::timatcd the 

relative in a theoretical derive.tien 

based on the Fermi-gus model of -'che nucleus" The fi8810r: width 

est;i:n8.7.G is 

(5-7) 

W~1er0 E i8 the exei tation enerG:)! 9 Ef iG the fission "'ch:ceshold. 

and T (-che nuclear temperature) is assumed to be proportioYlal 

to the square root of the excitation energy. The neutron 

width, using the sorne model i8 

(5-8 ) 

where K~ .?/ = l'î. .... 2mro ~ 10 MeV, and Bn is the neutron binding 

energy. The ratio of vljdths is therefore 

PlO"'" 233'Oa k' .... .I.,.J.-Jf 

Neglecting the abrupt jump in binding eTIergy between neighbouring 

odd.-odd and ocId-even isotopes, the value of' 'Ei' increases at a 

rate of about 0.12 MeV pel" nuo180n, while Bn decreases by about 

0.13 MeV pel" nucleon~ Equation (5-9)' therefore predicts 

th2.t the plot of 11, err/If) vs" A should 'be linear p '.vi t1-: a 

( 
- 6q -



~,lope of O. 25/T, which. for low nuclear tempera turcs p is in 

"f~irly good agreement with the slope of 0.335 of the data 

co:npiled by Lefort et al ,(6) and Lindner and Turkevich (53). 

It therefore seems raasonable to use equation (5-6) to 

compute values of ~nlrf'along the neutron decay chain. In 

the calculation which follows, the value of k is assumed to 

be 0.335, consist"ent with the ea.rlier experiments, a.nd C is 

selected to give reasonab~ agreement to the normalization constant 

of 5.7 x 10-2 found 'in our' experiment. The logari thmic forro 

of equation (5-6) i8 

(5-10) 

The value of lnC = 77.62 is found to be consistent with the 

normalization constànt in the 23 2Th(p,6n) reaction. This 

calculation is shŒm in Table 5-4. The first column lists 

the values of A for Pa isotopes along the decay chain, and 

the second column gives the value of rn/fi for each value of 

A. In each step of the decay process the neutron width: total 

width ratios will be ,rnAln +(f), which is shown in column 3. 

The cumulative' product ':TI~=l? which represents the ove raIl 

neutron width: total width,in the evaporation of x neutronspis 

sho\V11 in column 4. The last column should represent the 

norma,li zation constantsrequired in 232 Th (p, xn) measurements 

to account for fission competition. The figure of 0.020 for 

the (p,7n) case agrees reasonably wéll with the measured va.lue 
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Ta'l:;lo ,-' " .)_!..ti 

-------
ç:/ (G: -f- r;. ) 11--' ( ~,~ ) 

.:.l .. ( ~/If) f::,-i- rf i=ï 

233 L!·o 20 00M08 00(;08 

,..,~'" 
,:.. _) l~ 3.00 0.750 00606 

231 2 .. 05 0.672 0,,1.;·07 

230 1 ~ 5L~ 0.606 0.247 

229 1 .. 10 0 .. 524 0.129 

228 0.785 0" Lf-}-1-0 0,,057 

~:? ~~7 0.563 00360 0,,020 

_ considering the approximations involved in. 

the theories of fission competition and neutron evaporatio~. 

Fig.. 5-6 shows the values of ~ ~/ f}) wlüch '.':c:~e cQ7":rpiled 

is the line corresponding to the value C = 77.62. This lies 

'.':1"1 l.ch were calc~ùa ted on the basis of' spalla-tion yields f:::,'om 

uranium and .thoriumtargets. We conclude, -'..~hen~ tl".-a-i::; :::1::::::::io:1 

comnat~tion explains satisfactnrily the values of the 

"c;:'ffis.li Z2 tion const8.n-ts derived in this experlrr:.cr:.t" 
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Fig. 5-6. 

r n!(f, as a function of A for fissionable nuclides 

This figure is a reproduction of Fig. 5 in Lindner and 

Turkevich (53). The dashed and dotted line shows the 

(rn/11) values presented in Table 5-4, calculated from the 

estimates of fission competition in the present work • 

Lindner and Turkevich (53) 

Present work 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

An experimental technique for the determination of 

absolute (p,xn) cross-sections on the natural alpha-emitter 

.Jehorium-232 has been developed, which eliminates many of the 

experimental difficulties encountered in earlier work. It 

i8 not necessary with the present method to use stacked-foil 

techniques, nor is it necessary to perform chemical separations 

on the bombarded target. The method may be adaptable to 

measurements on other naturally alpha-active targets (e.go 

lutetium, radium, actinium, protactinium and uranium). In 

the present measurement, which uses a very thin thorium target, 

traversed only once by an .'external proton beam, the energy 

spread is less than 2% FWHM. With the counting technique used, 

the 23 2Th(p,6n)227pa cross-sections were measured to within 

about 4%, and the 232 Th(p,7n)226pa cross-sections to within 

about l2%~ This is the first such measurement on the latter 

reactiono 

The excitation functions for both reactions show the 

characteristic shape, expected for compound nucleus formation, 

.•. 1,'. 

and the high-energy tail due p presumably, to the prompt emission 

of one or more neutrons p followed by neutron evaporation. The 

23 2Th(p,6n) reaotion has been measured in earlier experiments 

(6,7,8)0 The present experimental curves do not agree w:i.th 

the previous measu~ements, giving lower energies of the peak, 
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11Rrrower peak widths, and different c~oss-sections. The 

earlier results are suspect, mainly because of the inevitable 

enerQ" spread introduced in an internal beam technique using 

st8.cked 1'oils. 

The excitation functions have been analysed on the basis 

of a first approximation to. the Jackson model (10) of neutron 

evaporRtion, in w11ich we assume that the prominent peak is 

due mainly to delayed evap.oration. A number of theoretical 

excitation functions were computed using different nuclear 

temperatures. In the 232Th(p,6n)227pa reaction a temperature 

of 1.1 MeV was selected to place the peak of the function at 

the posi"tion of the experimente.l peak, and the resul ting curve 

(normalized to the same peak height as the experimente.l points) 

gave excellent shape agreement to the data. In the 232Th(p,7n)22% 

reaction, a temperature of 1.3 MeV likewise predicts a theoretical 

curve which, when normalized, also gives excellent agreement 

to the shape of the experimental points. These temperatures 

do no-';; agree with the higher values reported in previous \'Jork 

on similar heavy nuclei (1,6,7,8), but they are consistent 

with the results of more recent work on 1271 (3)e 1t is believed 

that the earlier estimates of level densities may be inaccurate, 

accounting in part for the discrepancy; also, the theoretical 

treatment of evaporation may well have to be modified to' 

account for' the"cooling' of the nucleus in the evaporation 

process. 
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The theoretical excitation functions for thorium are 

an order' 9f maf';nitude hit"ther than the experimental,ones. It 

is shown that this is consistent with estima.tes of fission 

compati tion, and that values of the (rn/ 11') ra.tios estimated 

in the present work agree weIl with earlier estimates (53). 
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APPENDIX l 

SAMPLE CROSS-SECTION CALCULATION 

As 8 example. this calculation i8 for -the absolute 

232Th(p,(,n) reaction cross-section using a proton beam of 

energy 47. 4~· M~V. Since secular equili brium occurs, an alpha­

rrty of g. 00 MeV ln the da.1Jghter nuclide 415 A t was observed 

instead of direct emis~ion from the parent nuc1ide 227Pa. 

The parameters required in the equa ti on (3-14) are gi ven b~,: 

a). Pararneters which are not considered to contribute to 

statistical error: 

t =" 15 minutes Ân= 9. ~.13xlO-17 per min. 

tl=" 18 minutes ~= 1; 809xlO-2 per min. 

t2= 58 minutes Y'= 100 % 

S = 1.507 cm2 y = 100 % 

Z'=100% (normaljzed absolute value) 

Z = B4· .15t1o (normali 7,ed absolute value)' 

b). Parameters subject to random error: 

Ra = (2974±69) counts 

p = (1. 042±0. 017) x1013 protons~~ 

Q = (1 Q 894±0. 035) counts p·er min. 

(*= the error was obtained by averaging the counts of the 

. scâler, fed by a standard pico-ampere source) 

Thus, the cross section is given the following calculation, 

where the :t:'andom error is·calculated as the R.M.S.- value of· 

the individual contributions. 
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cr = 
S t ~ ~n y' Z' Ra 

1.057 x 15 x 1.809 x 10-2 x 9.413 x 10-17 

1.042 x 1013 x 1.894 x 100 x 84.15 

100 
x 

(1 - exp(~1.809 x 10-2. x 15) 

100 
x 

exp(1.809 x 10-2 x 15) 

2974 
x -------------------------------------------

,( .. exp(-1.809x10-2x 18) - exp(-1.809x10-2x5EDJ 

= (41.57 ~ 1.41) x 10-27 cm2 

= (41.57 + 1.41) mb. . 
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AP?ENDIX II 

NATURAL ALPHA-EMISSIONS OF THORIUM 

The natural thorium of the targets ineiude lines from 

2~2 230 228 
~ Th, Th, and Th. These isotopes occur in natural thorium 

in the ratios 232Th;232Th:228Th ~ 1010:5xl04 :l. 

In the present worki the half-life of thorium-232 

and the natural thorium .alpha-energy standards for energy 

ca.librations were taken from Table AII-l'and AII-2 respeetively. 

Table AII-l Half-life data for thorium-232 (70 D )-l~ 

Half-life . referencei~ 

1.45 x 1010 years 5600 

1.39 x 1010 yea.rs 56p 

1.42 x 1010 years 56S 

1.41 x 1010 years 60F 

1.40lx 1010 years 63L 
-----------------------------~--------------------------------V~lue adopted in this work = 1.40 x 1010 years 

Unweighted average = 1.414 x 1010 years (70D)-l~ 

Weighted average value = 1.404 x 1010 years (?OD)-l~ 
------------------------------------------------------------------_._--------------------------------------------------------
* = referenee: 

56M = R. L. Maeklin, H. S. P.omeranee, Jo Nuel. Energy,.~ (1956) 243 

56? = E. Piecotto, S. Wilgain, Nuovo Cimento, ~ {1956) 1525 

56S = F. E. Senftle, T. A. Farley, N. Lazar, Phys. Rev., 104 (1956)1629 

60F = T. Ao Farley, Cano Jour. Phys., ~ (1960) 1059 
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63L = L. J. LeRoux, L. E. Flendenin, Natl. Corif. Nucl. Energy, 

Application of Isotopes and Radiation, Pretoria, South 

Africa, F. l,. Warren, Ed. t Atomic Energy Board, Pelindaba., 

South Africa, p. 83 (1963) 

70D = "Nuclear Data Table" edi tor: Katha:rin Wa.y, SectioD A, 

Vol. 8, No.1-2, U970), page 153, Academie Press, New York 

Table AII-2 Alpha-energy standards in thorium 

alpha-energy 
Source half-1Lfe (MeV) % branching reference~~ 

---------------------------~-----~----------------------------

23 2 Th 

23 0 Th 

1.40 x 1010y 

8.0 ·X 104 y 

4.011 

. l.j •• 6840 
l.j •• 6175 

77 

76 
24 

57H 

67L 

----------------------------------------------------------------------------------------------------------------------------
Parent 
source 

Half­
life 

alpha- alpha-
emittor energy(MeV) 

% branching 
from parent reference* 

2J2Th 1.40xl010y 228Th 5.427 71 53A 
or 5.344 28 57S 

228Th 1.910 Y 
224Ra 5.684 94 62B 

212Bi 6.0506 25 61R 
6.0890 10 60R 

.220Rn 6.288 100 62B 

216po 6.777 100 62B 

212po 8.7854 64 61R 
----------------------------------------------------------------------------------------------------------------------------
':l-= reference: 

53A = F. Asaro, S. G. Stephenes, Jr., and 1. Perlman, 

Phys. ReV., .92 (1953°) 1495 
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6lR = 

T. A. Eastvv'Ood, émd 

G. C. Hanna, Cano tTour. Phys., 1'> (1957) 258 

Albrcch Ry"tr .• Hel v., Phys. Acta, .J!±. (1961) 960 

" ...... 

62B = Geneviève Dastin-Scoffier, Compt. rend., 2Sh (1962) 3854 

67L = C. M. Lederer t lJ. M. Hollô.nder, and 1. Perlman, 

Il Table o:f Isoto-pes" sixth edi tion, (1967) 

John Wiley and Sons~ Inc., New York 

57S -- F. S. Stephens, tJr., F. Asaro, and 1. Perlman, 

Phys. Rev., 107 (1957) 1091 

60R = Albl:"ech Rytz. 1 Compt. rend., QQ (1960) 3156 
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