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Abst:!fact 

TX'an.sition c~.re:<: in lead of the photons responsible for various nuclear 

reactions have been obtained using 322 Mev bremsstrahlung from the Berkeley 

~ynchrotron, The area under ·these curves or "track lengthvv determines an eff'ec= 

tive photon energy» and the results are given in Table II., The integrated cross 

sections of the reactions cl2(1»n)cll and cu63(y»n)cu62 are foUL~d to be 0.,090 

and. 0, '76 :Menr=b:9.lt'U rel.'lpeoti 11ely., Relu.t.i.ve yields o.f vario~.ls reactions from Zr.::. 

have heen m0asu:!:"ed., and rel~.tive cross sections he:ve been calculated from these 

and the effective photon energies, A lower limit; of 1.,4 Mev=ba!'ns is obtained 

fo:r the total· o:ross section for photon absorption by the Zn nucleus., and 30 Mev 

is f'ou:.'l'.d f.'or a lowe:r limit to the a:ve:'t'age photon energy absorbed by the 13ame 

nucleuse ·The'se resul.ts are disc:ussed with respect to the proposed theories for 

nucleal:" photon absorption., 
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I$ Introduction 

With the development of high energy electron accelerators 11 x-ray beems have 

become c.veil~ble •rcrhi,-,h. ooutedn photons e-.a.e:rgetio enough to produce multiple 

nuclear disintegrations. It is of interest to know the energies of the photons 

responsible and the cross sections for various reactions. These two quantities 

are difficult to obtain. due to the t~ontinuous energy spectrum of the available 

bremsst:rahluxlgo Baldwin and Klaibe:rl used the 100 Mev General Electric beta

tron to obtain exni ta:tion c1.:u:--ves fer the reactions c12 (Y ,n)c11 , cu63 (y ,n)cu62, 

U(Y,f'ission) and Th (Y11 fi~sion) by measuring the yield as a function of .the 

electron beam energy and no1~alizing the beam intensity with the help of the 

caloulated an.eX"gy response of a monitor o The:i.r results show a very narrow peak 

for the eneJ:gy distribution of the. photons responsible fer the reaction under 

study /1) hereafter oall ed vu effecti 7e photons., 11 

I 
Mc.Elh5 .. r.llley et al o 

2 have obtained 

partial excit:a:M.ort fun.ctions for the reactions Ta181(Y..,n)Ta180 a."ld cu63(Y,.n)cu62 

by a similar method using the 21 Mev Illinois betatron.. They find a greater 

spread in energy of the cross section peaks than do Baldwin and Klaiber; how-

ever, the 11 effeeti 'ire photons~« aX"e still well grouped around an average value. 

Similar results ho:<Je re~ently been reported by Katz et a.l o 
3 

1 
G., C., Baldwin and G. S., Klaiber.., Phys., Ra·v. 70, 259 (1946); 71, 3. (1947); 73, 
1156 (1948) 

2 
J 0 McElhinneyll Ao 0& Hanson.~~ H. A. Backer, R .. F., Duffield and Bo C. Diven, 
Phys., Rev., Z!» 542 (1949) 

3 L .. Katz, H., Eo Johns, R., Ao Douglas and Ro s. H., Haslwn, Bull., Am., Phys. Soc 0 

25.~~. No. 4 8 p. 16 (1950} 



The conclusion that no very high ene~gy quanta participate in these reaction~ 

is verified by the absolute cr-oss section measurements on C by Lawson and Perlman
4 

who obtain the same values with 50 Mev and 100 Mev bremsstrehlungo In addition, 

the relative yields of several reactions on many elements as obtained by Perlman 

and Friedlander5 are fo~d to be the same When measured with the 50 Mev and 100 

Mev betatron beam. 

With the completion of the Berkeley 322 Mev synchrotron 6 an. other approal;llh t~o 

this problem became possibleo By studying the intensity variettion in an absorber."' 

such as leads of those photons responsible fo:r a given nuclear reactior•.!> it is 

possible to determine a mean energy value for these photons ar1d to gain some 

information on their energy spread., This method will be studied and appUed to 

several photonuclear reactions in Part II of this paper~ and some relative and 

absol.ute cross section measux-ements will be described in Part III o The required 

theoretical c.alr.mlations from the cascade shower theory are repod;ed by Lo E;yges 

0 • 6 
~n an ac:companyJ.ng paper" 

II o Tra.nsi tion Curves 

A., Method~ As the synchrotron beam passes thlr'ough an absol:"ber, its e:aell."gy spectrum 

is changed by ca.scade processes g lo\ver ener"g;y photons multiply., higher. energy 

photons disappear o To study this tra.nsfonnatior1.., d.etecto:ts sensitive to various 

photon energies are requiredg these are available in the f(Jf'm of photon.uclear 

reactions: from different target nuclei" As we have just seen there is good evi= 

dence that the energies of the photons responsible for such reactions are grouped 

4 . 
Jo L., Lawson and MoLe Perlman, Phys., Revo 7~9 1190 (1948) 

5 Mc Le Perlman and Go Friedlander 9 Physo Revo !!o 442 (1948)~ 7~9 989 (1949) 

6 L., Eyges, Phys., Revo (to be published) 
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in a narrow interval. The reaction is determined by the kno1~ target and pro~ 

duct nuclei~ the latter are identified by their radioact:i.vit.ies., 

The amount of target activity is proportional to the number of photons 

responsible for the production of the radioactive product nucleus$ thus, by 

placing identical targets at various depths in a lead absorber and comparing the 

induced activity, the density of ueffective photonsllll is measured as a function 

of absorber thicknef>s. The resulting curves are similar to the transition curves 

or Rossi curves obtained in c0 mnic raywork except that here the transformation 

in lead of a selected energy band of x-rays is being studied.* 

We are primarily interested in the effective photon energy W
6 

responsible 

for various reactions;; Eyges6 shows that this can best be obtained from the area 

under the corresponding t!'ansi tion curve or its Y'track length., 11 In the case of · 

lead he obtains a simple analytic expression for W
6 

which is applied to the track 

length of the curves observed in this worko Some information on the accuracy 

of shower theory oal~ulations in the energy region under consideration is also 

gainedo This feature is examined in detail by Eyges., 6 

B.. Exper.imental Apparatus and Procedure., In the normal set-up, hereafter desig-

nated Geometry 1 11 a stack of lead absorbers 9 x 9 inches in area was placed at 

5 1/3 feet from the synohTotron Pt target (Fig. i). The 1 ead was of commercial 

grade and the measured surface density was divided by 60 5 gr/cm2 to ~btain the 

** thicknes:;; in radiation lengthse Foils of the target material had an area of 

* In an attempt to measure threshold energies, Baldwin and Klaiber1 have reported 
two such curves taken with the 100 Mev betatron beam., 

**The value of 5.9 gr/cm2 given by Rossi and Greissen7 for the radiation length 

7 Bo Rossi and Ko Greissen, Rev. Mod. Phys. 1!• 240 (1941) 



-· 

·3 3/4 :x: 3 3/4 inches and a thickness from 0.,040 to 0,15 gfcnt2 detelm.ined by 

the activity requi~ed for ~ounting purposes, Yhe foils were mounted on th~n 

oa:rdhoard holders end placed behind various ;thicknesses of lead" The whole 

stack wa~ centered on the beam by the use of a telescopeo 

'When a transition curve waa: measured for photons producing a sh.o;:;rt half= 

rsorber--art:ack and one or -two foils placed inside during :a, l'I."Ullo At largex- dep·th$ 

the induced activity becomes small$ to be able ·to use longer bombardment~ D th~ 

monitor f'o:i.l wa~ then placed i.nsi.de the steCJ.k at a prerlou~ly mea!S!ured pos:i'tiono 

If a -longe~ half 1i~ ~e ~t d ~ th ~· d t ~~ ~ Z 62 (9 5 ~~, -"'" =~ .. he .. suo~.- e J..l"Om e rea{';l\c:lon un ell" lSI Ul.l.Y9 e,ogo D n · o' 

hours) 9 a. complete set of 24 foils wal1!l placed in!Si.ds the absorber t:Jtack during 

the in·adi ationo 

Af'telf "bombs,lfmnent the foils we:lr"e :r'olJLed infto cylinders he.virJ.g a diam.etell" 

of 7/8 in.oh 9 placed crwelr Ee-<k e.:nd KrebiS thin-wa.l1~1d glass Ged..gelr QlouCJ~ter.s" n:nd 

in Pb was :i.ncreased 10 peroer;.t f'oxo ~he followi.nB reasong The pa:i.:r' production 
oross section measurements by Lawson and 'Vla1ker~· gi va results 10 perzcent lowel' 
-i;;han the theoretical ~'e.lt:Julations of Heitler"lO Sinc:e brero.;;;s·t.ra.hlung and pail!"' 
production are inverse processes to whieh detailed bale.ncing applies 8 it is 
reasonable to assurae that the Jl:"adiation cro~B section ·is also 10 percent 
smaller than the theolt"etical values gi v·en in Hei tlelf o lO 

8 R, Lo Walker9 Phys, Rev.., 76» 52'1 (1949) 

9 
Jo Lo Lawson~> Physo Rev" ?'5D 433 (1949} 

10w o Hei tler" The Quantum ~heocy. of Radi.~tion (Oxfor-d Uni ve!fsi ty Press/) 1944) 
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it was in general of the same order as the half=life., A 2 mil Cu foil of standard 

size gives about 8000 counts per minute when placed in a 130 R/min beam as meas

ured behind 1/8 in., lead at 1 meter from the target., 

At the position of the lead stack the synchrotron beam has a width of about 

1 inch between half intensity points; at 2 inches from the axis, the beam is down 

to 3 percent of its value at the axis. 'These results were obtained by comparing 

the activity of irradiated 1/4 inch diamete~.disks placed at various distances 

from the beam axise The dimensions of Geometry 1 were chosen so as to include 

as much of the incident photon flux as practicable., Possible effects of scat

tering on the transition curves taken with this geometry will be examined in the 

following section., 

The relative foil activity is plotted as a function of lead thickness in 

radiation lengths by normalizing the activity of the first foil to unity in all 

Co Influence of Geometryo As the x-ray beam passes through the leai stack it 

spreads in a lateral ·direction due primarily to multiple scattering of electrons .. 

The quantitative interpretation of the t:ransi tion curves depends on the appli~ 

cabili ty of one dimensional shower theory; this means tha·t all the scattered 

photons must be detected .. 

The transition curve for the photons effective in the reaction cu63(Ygn)cu6a 

as obtained with Geometry 1 is shown by Curve 1 in Fig. 2.. This transition curve 

was ~sed to study ~he pos si bl e influence of scattering since it is due to lower 

energy photons for.Which such effects are expected to be most pronounced .. The 

following tests were carried out~ 

(1) The transition curve was also taken using lead absorbers of area 

2 1/2 x 3 1/2 inches and detector disks of 1 5/8 inches diameter~ this is 
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Geometry 2 in Fig" 1., Standard end 'Window Victoreen tubes were used to compare 

the activities. The results as shown by Curve 2 in Fig., 2 lie from 5 to 10 

percent below the results obtained·with Geometry 1., If we consider the differ-

ence in dimensions between the two geometries such a small difference in results 

indicates that scattering effects are not very important at these photon energies" 

. 12. 11 
(2) The transition curves for photons effective in the reaction C (Y,n)C 

obtaineq, with Geometries 1 .and 2 are identicalo This is not suprising since the 

average energy of the photons responsible for this reaction is higher than for 

the previous one, and scattering is less important" 

(3) To estimate the influence of the portion of the beam not usually effec

tive, Geometry 3 (Fig., 1) was used; here monitor and detector foils are placed 

above their nor.mal position so that only about 1 percent of the total beam is 

caught" The results are shown by Curve 3 of Fig., 2o If scattering outside Geo- · 

metry 1 is important, more weffective photonsllll·wf.ll scatter into Geometry 3 than 

out of it, resulting in a higher maximum than obtained tmdeT nomal conditions. 

This is· not observed; on the contrary, the peak is smaller as one vrould expect 

if it were primarily due to the outer edges of the synohrotron beam (there are 

proportionally fewer high energy photons in the outside portion of the beam)" 

At la.rger depths ~urve 3 appears to decrease less than normaL This is mainly 

due to neutron background which becomes appreciable at these low intensities" 

The transition curve obtained with Geometry 1 can be corrected using Curve 3 

for the effect of the portion of the beam missing the detectors., .Such corrections 

amount to 1 percent of the relative int-ensity which is smaller than other sources 

of error. 

(4) To test f'or possible backscattering effects. Cu detector foils were 

placed at various positions in Geometry 1 with and without lead backingo No 



significant difference in relative activity was observed., 

(5) To determine whether the size of the beam had any influence on the 

shape of the transition curve, various collimators were used to cut the beam 

size down to 1/4 inch diameter., No change in peak height was obseni·ed., 

The xoesults of these tests indicate that the transition curves taken with 

Geometry 1 are not ai"fected by the dimensions chosen. This means that the one 

dimensional shower theory can be appliedo 

The activity of· the samples could also be produced by secondmoy electrons and 

neutrons present in the stack., The small cross sections for electron disinteg

rations measured by Laughlin et a1.,11 show such contamination to be negligible, 

while ·the neutron background can be estima.ted from the behavior of the transition 

curves at larger absorber depths., The absorption coefficient for neutrons in 

Pb (about 0.,1 per radiation length) i~ i3rnaller than for photons., At large depths 

of lead, neutrons would be primarily responsible for the observed activities., In 

the curves reported here* the final absorption indicates small neutron back-

ground., It may be noted that the track length is quite insensitive to the be= 

havior of the transition curves at large depths. 

Do Results 

Ag, Cu and C detecto~o Short bombardments of silverD copper and polystyrene 

detectors result in aoti~ities produced primarily by (Y~n) processes~ Ag107(Y,n) 

A~l06~ 24 min~tes (counting wa~ ~tarted after the 2.3 min~te activity of Agl08 

had died out); Cu63(Y,n)cu62 , !0.1 minutesp c12(Y ,n)011 , 20 minutes. In the first 

two cases these activities are also'produced by (Y,3n) reactions; the results 

11 

* 

J 0 s. Laughlin, L., s .. Skaggs, A. 0, Hanson and J, J. Orlin, Phys., Rev., 73, 
1223, (1948) 

The transition curve for the photons effective in the reaction Al27 (Y,Zpn) 
Na24 :i.nd:icated a relatively large neutron background and is therefore not 
reported. In 'this case, the I'!ilaction ~ross section for x=rays ·is mall, 
while the cross section for Al27(n,a) 1s large. 
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~eport~d in Part III indicate such contributions to be 3 percent or less. The 

transition curves for the photons effective in these three (Y ,n) reactions as 

taken with Geametry 1 are shown in Figs. 3 and 4. In the case of Cu and C de

t~ctors, curves were obtained with bremsstrahlung with a maximum photon energy 

of about 200 Mev in a~dition to the 322 Mev maximum energy. 

The five curves show the same characteristic features. As the synchrotron 

beam penetrates the lead stack, photons are absorbed. In the energy region of 

interest, the absorption is primarily due to pair production. The absorption 

of the "effective photons" originally present in the beam produces the initial 

dip .of the transition curves. Same of the electrons produced by. photons of 

energy much higher than We are responsible for the production of "effective 

photons" in one or more steps. This multiplication results in a rise or at 

least a levelling off of the transition curves. For a given beam energy, the 

rise is largest for the reaction with the lowest threshold (Ag). For a given 

detector the rise is mnallest when the lower energy beam is used. At large 

depths multiplication of "effective photons" stops and an exponential absorp

tion is approached. The slowest absorption is observed with the lowest threshold 

detector. The final slopes of the curves for the same detectors but different 

beam energies are the same within experimental error. Same of these features 

will be examined in more detail in Section E. 

The values of We as obtained from the track length of these transition 

curves are given in Table IT., The agreement with the results of McElhinney 

et a1 .. 2 and Katz et al.3 is good, but the results appearlower than would be 

expected from the excitation curves of Baldwin and Klaiber.,1 The ratio of the 

track lengths of the transition curves for "effective photons" of a given energy 

obtained with beams of different maximum photon energy is accurately predicted 

by shower theory since most approximations cancel out (see expression (9) in 
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Eyges ~ paper6 )., Theo:r·etical and experimental results are presented in Table I; 

the agreement is satisfactoryo 

Long bombardments of Cu detectors allow the observation of the 12.,8 hour 

product of the reaction cu65(··(,n)cu64., A few points of the corresponding trans~ 

· i tion curve were obta:l~ned and 'W6 estimated by comparison with the complete curves 

for (Ygn) processes .. 

Zn detec·toriSlo Figo 5 shows· transition curves for the photons causing 

several reaction!Sl from Zn and the corresponding values of We are given in Tabl~ II., 

The curves for the quanta. r·esponsiblefcrr the (Ygn), ('Y,2n), and ('Ygpn) processes 

from Zn6-4 were obtained vn th Geometry lo 'l'he observed aotivi ties have contribu= 

tiona of less than 10 percent from other Zn isotopes as seen in Part IIIo To 

obtain the trans.iti.on cmiTes for the photons responsible for the reactions 

zn64 (Y,p2n)cu61
9 zn66(Y8 pn)C-e,_64

0 and Zn68('Y,p)cu67
11 a special technique had to 

be used becro.,tse of the low ;y1..eld of the product activities" Thick detector foils 

(Oo0:-16 ino) were u~ed.0 and the Cu products were separated with small amotmts of 

ca~rle~ at the end of the bombardment; thus no sample self-absorption decreased 

the counting erf'ic:i.€J:!1CYo 'fhi s method. did not prove practicable "With the large 

foils oi~ Geomet:ty l~ instead 7/8 inch diameter disks were used in a stack. placed 

at 2 1/3 feet i'a-om the s.;ync:hrotron target,. To correct for scattering of photons 

outside the detectors a tr>ansi tion c:u:r'Ve with polystyrene detectors was taken 

and compared with the one obtained with Geometry 1. No difference ·was apparent 

up to 3 ~adiation lengthse Beyond that the required correction increased 

rapidly toM percent at 9 l'ad:iati.on lengthso Because of this large scattering 

only a few points were obtained for these curves~ they serve to estUnate W
8

., 

Ta. dete'ctors. Short bombardment in the 322 Mev synchrotron beam of Ta 

metal producee a new 70 minute half-life besi.des the 8 hour activity due to 



Ta181 (Y,n)Ta180 o Chemical separations* have shown the short half-life to be 

associated with a rare earth,; it is thus formed by the ejection of at least two ~ 

chargeso A fgw poin1B of the transition curve of the photons responsible for 

this new ·activity are shown in Figo 6 0 The high effective photon energy (Table 

III) obtained by assuming a straight line absorption curve, explains the absence 

of previous observationo 

Long irradiation of Ta produces in addition several activities with a :half-

life of the order of dayso These could not be separated from the 8 hour activity 

under the conditions of this e~eriment. Thus the transition curve shown in 

Figo 6 is not produced by photons responsible only for the (Y ,n) reaction, but 

also by quanta of higher energy o This is clearly shown by comparing its shape 

with the curve for the {'·r,,n) reaction in Cu
0 

For absorber thicknesses of less 

than 5 radiation lengths# the Cu curve lies higher than the one for Ta, the 

reverse is true beyond that pointo It is expected, therefore9 that We = 19 Mev 

as obtained from the track length is too higho 

Bi detectorso Bi disks of 2 7/8 inch diwneter were used as detectors in 

Geometry 1 and many activities with half-lives ·ranging from minutes to days 

were observed after a three ho~r bombardmento It was not possible to resolve 

the decay curves into the various known half-lives in this region of the periodic 

tableo The tra.nsi. tion curve obtained at the end of the irradiation is shown 

in Fig. 6 and corresponds to very high energy photons. fwo hours after the end 

of the bombardment,~~ the transition curve becwne less steep, indicating that lower 
.. . 

energy photons were producing the longer hair-lives. The low activity of the 

samples when t~e effect became appreciable precluded quantitative observationo 

Pb detectorso When Pb is irradiated with the 322 Mev beam, many activities 

appear besides the expected Tl206 (4 minutes) and Tl207 ( 5 minutes). As in 

* The author is indebted to Dro Go Wilkinson for carrying out this separationo 
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the case of Bi, the· decay curves could not be resolved into half~lives known 

in this regiono The curve shown in Fig., 6 for the tishort half-lives" was taken 

1 hour after the end oi~ the bombardment and represents the relative sample acti-

vi ty for a period of' 8 hours., After that time it began to rise slowly and the 

transition curve marked uulong half~lives" was taken 36 ho.ur.s after the end of 

the bombardment.. The enex-gieiS of the responsible photons as given in Table II 

represent lower limits only, due to the large neutron background in this caseo 

Further work, especially chemical separations, is being planned in the case 

of' Bi and Pb to. establish the origin of the new activities., It does not appear 

impossible that they are at least partially produced by photofissiono* 

Eo Discussion., The transition curves presented here are caused by photons 

grouped in a certain energy range.. Vfuat features of the curves are most energy 

sensiti ve'l In the region under consideration,!) high energy photons are abso~bed 

more rapidly than iow energy quantao The initial drop thus corresponds to the 

absorp·i;ion of the photons parti(tipat.ing in the reaction, averaged over the inci-

dent spectrum.. It is difficult to measure this drop accurately since it is quite 

small (of' & Fig. 3)., As can be seen from Fig., 1 in Eyges v 6 paper, the experi-

mental _points chec1k the theoretical curve calculated for We :in the case of Cu 

and C showing no large ~ontrl butions to these reactions. f1rom high energy photons o 

The slope of the transition curves at iarge absorber depths should corre-

spend to the lowest energy photon participating in the reaction.. This again is 

hard to mea.sure accurately due to the low sample activity in this region. Also,~~ 

contamination by neutron backgroUnd is difficult to separate from the photon 

induced activity. The final slopes~ before these effects become appreciable,~~ 

correspond to 15 Me~' and 18 Mev in the case of Cu and C detectors, in reasonable 

agreement with the knotrn thresholds2 of 10 .. 9 Mev and l8o 7 Mev. 

Erldence f'o~ photoi"ission in Bi has recently been reported by No Sugarman, 
Phys. Revo 79,~~ 532 (1950) 
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The effective reaction energy W as obtai. ned from the track length is e 

defined as follows& 

where 

W O'(W) Z(W) N(W) dW 

o-(W) Z(W) N(W) . dW 

W = photon energy 

cr(W) =reaction cross section for photons of energyW 

Z(W) =track length of transition curve for photons of energyW 

produced in Pb by 322 Mev bremsstrahlung 

W = quantum limit of the x-ray beam 
0 

~in = -~hreshold energy of the reaction 

(l) 

N(W) ='number of photons of energy W present in the incident beam., 

In the case where the energies of the photons responsible for a given reaction 

are grouped around an average value as is believed to be the case for the re-

action studied here, the value of W is close to the average energy as shown e 

in detail by Eygeso 6 

The main advantages of the track length method of determining the average 

energy We of the_ photons responsible for certain nuclear reactions are as 

follows: 

(1) No beam monitor with an accurately known energy dependence is re-

(2) For long half=lives, only one bombardment is needed to obtain the 

effective energy" ~his is important since the irradiation times are of the 

order of a half-life., 

(3) For short half-lives, few bombardments are needed to obtain a fair 

value for Weo This is useful in the case of new activities. 
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The main disadvantage of the method comes from the absence of detailed 

information on the shape of the excitation functions .. 

III. Integrated Reaction Cross Section and Relative Yields 

A. Method,. Vvhen a target is placed in the synchrotron beem 8 the number of re-

actions n per m'lit time of bombardment is given by: 

(2) 

where N ~number of target nuclei per unit area 

dq(W) "' number of' photons of energy between W a.nd W + d.W incident on the 

target per unit timea 

The other sJrmbols have the same meaning as in Equation (l)o This expression 

will now be transformed i.n terms of quanti ties that can be calculated or 

measured~ 

The energy spectn:un of. the synchrotron beam as calculated for 321 Mev 

electrons incident normally ori. a 0 0 020 inch platinum target is shown in Fig .. 7 o 

The ordinate represents a function r(w) given by the equation 

dW 
q(W) dlii '"" k f(W)-. w (3) 

The numerical value of the constant k is equal to U8 the energy incident on 

the target per unit time 8 as can be seen as followso The numerical value. of 

the ordinate of F:i.g., 7 has been chosen so that the area under the curve is 

unityo This means that 

U "j
322 

W q(W) dW-

0 

f(W) dW = k 

The ~li"ariatio:i:i ·of f(W) with energy takes into e.ccount the deviation of the 
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beam spectrum as calculated for the Berkeley synchrotron from the expression 

dW 
w 0 

Equation (3) now becomes: 

J
W

0 

n = 1-J""U 

wmin 

cr (w) r(w) dW 
w 

(4) 

If C1(W) has an appreciable value only near the effective energy We this can 

be written 

r(we) 
O"(W) dW = NU -

We 
a-. t 
~n 

(5) 

To obtain the integrated cross section cr . of a reaction, it is thus neces
int 

sary to measure n, U and W o - e The transition curve method is well suited to 

obtain this last quantityo 

In practice, the yield y1 of a reaction 1 is often measured with respect 

to the yield y2 of a reaction 2o The relative cross section can then be 

calculated using 

wl 
e 

re ---w-z-
e 

B0 Integrated Cross Sectiono 

(6) 

cr. t has been measured for the reactions 
~n 

c12(Y,n)cll and cu63(Y,n)cu62 a.nd the results as calculated with Equation (5) 

are given in Table IIIo The values of We as obtained from the transition 

curves were usedo 

The energy U incident on the target per unit time ~as measured by a 

method developed by Blocker, Kenney and Panofsky which is described in detail 

elsewhereol2 Only the procedure as applied to this particular problem will 

12 
W. Blocker, Ro W. Kenney, and Wo K. H. Panofsky, Physo Rev. 22_, 419 (1950) 
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be outlined.. The set;-up consists of a monitor ionization chamber, a two inch 

collimator and a large ionization chamber of known geometry placed in the beam 

respectively at 4 feet, 4 3/4 feet.lt and 5 3/4 feet from the platinum target.. A 

thin polystyrene sample holder was situated on the.front face of the large cham-

ber so that sample disks could be irradiated under repeatable geometrical condi-

tions. 

The monitor chamber was calibrated* against the beam energy passing through 

the selected target area by the use of -Pb, Cu and Al disks of the same (7/8 in .. ) 

diameter and contai1ung the same number of electrons.. The taking of Pb-Al and 

Pb-Cu ionization current differences eliminates effects due to background and 

Compton electronso It is then possible to calculate12 the energy passing through 
. -

the target area per unit ~urrent in the monitor ionization chamber.. Cu and C 

disks of 7/8 in. diameter were then irradiated in the standard area. U is ob-

tained from the integrated beam as measured by the calibrated monitor chamber., 

The number of reactions n per unit time of bombardment is calculated by the 

usual method from the number of counts obtained by placing the sample under an 

end window Geiger countero Beam intensity variation9 length of bombardment, 

decay during and after irradiationg sample s~lf absorption and counter efficienc~* 

are all taken into account. 

The accuracy of tb.e values of oint is estimated to be 25 percent.. The 

result for the cu63(Y,n)cu62 reaction is in fair agreement with the value re

t>orted byKatz et al. (C'o6 Mev..;ba.rns with 25 Mev betatron)., The integrated 

cross section for c12(Y,n)c11 is lower than the value obtained by Lawson and 

Perlman (0 .. 15 Mev~barns with 100 Mev betatron) but the discrepancy does not 

* The author is indebted to Wo Blocker and R. Kenney for this calibration. 

**The absolute ~ standard used consists of a thin u3o8 deposit covered with an 
Af foil., The calibration by coincidence methods was done by L. Aamodto The 
Cu and C disks and the u3o8 deposit were of appro:x:i.mately equal size .. 
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lie outside the estimated errors. 

c. Relative Yields. It is of interest to know the relative yield of several 

photonuclear reactions starting from one elemento Zn was chosen for such a 

study because of the relatively convenient half-lives and known decay schemes 

of several product nuclei. The results are summarized in Table II and represent 

the average of two or more measurements. ~mere We is known, the relative cross 

sections are calculated using Equation (6). The yield of the reaction cu63(Y,n) 

cu62 is taken as unity since the yield of the 10.1 minute activity of cu62 was 

usually used as a reference. 

To obtain the relative yield of reactions leading to different product 

nuclei, the.activities as extrapolated to the end of the bombardment were used 

after the following factors had been taken into account: counting efficiency 

from decay scheme, self-absorption, decay during irradiation, and beam intensity 

variation. This last factor was obtained by numerical integration of the beam 

intensity as recorded by the monitor ionization chambero 

Low induced activity presented the main difficulty in these measurements. 

Except for some (Y ,n) and (Y,pn) reactions, the use of thin samples with negli-

gible self-absorption proved impractical. Thick samples can be used in the x-ray 

beam, the maximum allowable thickness being determined by the transition curves 

corresponding to the reactions under study. However, the self-absorption of 

the radiation from the product nuclei then becomes important. This was taken 

into account in three ways: 

(1) Cu was separated with small amounts of carrier after bombardment of 

thick Znso4 samples; the activity of the resulting thin Cu sample was followed 

to obtain the relative yields of cu61 , cu64 and cu67 with respect to cu62 • 

·(2) Isotopically enriched samples of ZnO* were used to obtainthe yields 

* Supplied by the Carbide and Carbon Chemicals Corporation. 
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of cu61~ cu6Z: and zn63 from the varfous Zn isotopes by counting samples of 

identical thickness and area. 

(3) Since Zn62 decays 90 percent by K capture and the counter efficiency 

for x-rays is very low., nearly the same radi~tion is counted from zn62 and Cu62 : 

The relative yield can therefore be obtained from a thick sample. 

The uncertainty of the given results varies with the different reactions, 

but is estimated to be less than 30 percent,. 

Summaryo A lower limit to the total i~tegrated cross section 
total 

CY. 
J.nt 

for 

photon absorption by the Zn nucleus can be estimated from the results sununarized 

in Table II since atotal = L a-. t• This sum. should be extended over all 
int · J.n 

possible reac.tions to give the corr.ec.t value~ Addi:Q.g the integrated 9ross 
. . . '' / ~~i'' 

sections.; for the (Y11nL (Y_.2n~, (Y.p), (Y,.pn) ~d ("(,p2n) reactions., 
a value of 1.2 Mev-barns i.'s obtained• The'''relative yields,- but >not ·w

6
, 

are known for the (Y_.3n).,. (Y,p3n) and (Y,p4n) processes. By estimating the cor-

responding effective photon energies from the number of ejected nucleons# an 

additional contribution of about 0.2 Mev-barns is obtained. The fact that not 

all of the observed reactions started from the same Zn isotope should not greatly 

affect this result since the excited nucla~ were all of the even-even type. Thus 

we obtain 
total ........._ 

0' .· t -:;/ J.n 
1.4 Mev-barns 

In a similar manner a lower l~it for the mean energy W for photon ab-

sorption can be estimated using W = 2 Cf'.. W /"2. ~· t.. The result is J.nt e J.n 

w ........._ 30 Mev 
~ . 

It should_be noted that the relative yields of the (Y,.n) reactions ob-

served with 322 Mev bremsstrahlung agree well within exper~mental errors with 

the G. E. results obtained with 100 lfev and 50 Mev betatron beams. 



IV. Conclusions 

From the results reported in this paper it is apparent that the (Y,n) 

pr~cess is the dominant mode of decay of the x=ray excited Zn nucleus.. However 

other reactions contribute at least an equal amount to the total absorption 
.. . 

cross section. It thus appears that the photon absorption curve has a broad 

maximum around 20 Mev 8 tailing off slowly at higher energies .. 

In a recent paper Levinger. and Bethe13 show from quite general sum rule 

considerations that photon absorption by dipole transitions leads to a reasonable 

total absorption cross section if exchange forces are included.. The results 

reported here agree well with their calculations 8 since the value of x (the 

fraction of the n-p interaction due to exchange force) obtained from 

1.4 Mev-barns and W "" 30 Mev is of the correct order of magnitud~. 

ototal = 
int 

. . u . h 
Goldhaber and ~eller have proposed a more specific model .1:0r nuclear 

- ' .. 
dipole absorption in which only one excited level is of importance., This leads 

to sharp resonance absorption and scattering.. The importance of processes re-

sulting in the ejection of more than one nucleon seems to indicate that at least 

some other process for higher energy photon absorption must exist. 

The decay of the compound ~ucleus zn64 when e~cited by different methods is 

of interest.. GhoshailS has obtained this compound nucleus by a=particle bombard-

ment of Ni and proton bombardment of Cu 8 while in this paper the excitation with 

x-rays has been described. The cross :section for formation of the compound nue-

leus depends of course on the method of exci tation 8 but the decay might be ind~-

pendent of this factor if the nucleus has lost all "memory" of its origin .. 

Ghoshal finds the peak of the (Y,n) reaction at 20 Mev, the peaks of the (T,2n) 

13 
Jo So Levinger and Ho A. Bethe 8 Phys. Rev. 78., 115 (1950) 

14 Nt o Goldhaber and Eo T.elle~ 6 Phys o R~~ o 74 8 1046 (1948) 

15 So Ghoshal 0 Phys. Re~. (in. press) 
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· and (Y.,pn) processes at 31 IVIev$ The values of W
6 

for the reactio..l'l (Y11 n), 

(Y .. 2n) and (Y,pn) are 19 Mev .. 29 Mev and 30 Mev respectivelyc This close 

agreement is not sup:dsing since .the a.-particle binding energy is smallo In 

addition Ghoshal finds that the yield of the (~or p,pn) reaction is four times 

larger the.n the yield of the ( ~ or p 1 2n) process. The relative yield of 5 0 5 

of the corresponding x~ray induced reactions is quite similar considering that 

peak and integrated crosa sections are being comparedo It thus appears that the 

decay of a 30 1\iiev excited Z..."l nucleus does not depend on its method of excitation. 

Levinthal and Silverman.l6 ha·ve obtained energy and angulru.~ distributions of 

protons emitted by several elements irradiated in the synchrotron beam., They 

find a relatively large number of high energy protons that would not be expected 

accord:in.g ~o tb; stiati sti.<~al theory a and these protons show s.n asymmetrical 

angular distributiono This indicates that the (Y,p) reaction is not necessarily 

produced by phot.ons grouped in a narrow interval around W ., This should be 
e 

noticeable f'roro. the shape of the transition curve corresponding to the (Y,p) 

rea.ct:i.ono It :Ls unf'o::rtunate that the accuracy obtained in this case does not 

warrant any conclusions along this 1ine 0 

It is &. pl.ea!3U!:"e to tha:nk Professor. Ao Co Helmholz under whose guidance 

this wo:::"k was r,~arried out i'or many helpful suggestions and assistance, and 

Professor. E. McMilla,n fo'!!." his constructive interest and support.. Several con-

versa.tions with Professor Rc Serber on the interpretation of the transition 

curves proved ver'y· fruiti'ul., The author is very much indebted to Dro Lo Eyges 

for taking a...'1. interest in this problem and performing the required calculations. 

Mr. J. Rose assi st.ed in some of the measurements and his help is much appreci-

atede Finally this iiiTork would not have been possible without the fine cooperation 

16 c. Levinthal and Ac- Silverman, Phys., Rev., (in press) 
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of lfr. W. Gibbins 8 Mr. G. McFarland and the synchrotron crew. 

This work was sponsore·d by the u. s. Atomio "Energy Commission. 

Information Division 
eob/10-11-50 



UCRL-708 Rev. 

-24~ 

Table I 

Exp~erimental and theoretical track length ratios 

:t'or 322 Mev ar.~.d. 200 Mev bremsstrahlung 

! 
Reaction / Berun Energy Observed Ratio 

(Mev) Track Length Exp. Theor • 
.. - ~ - --- ---- -~ 

cl2(Y,n)cll 
322. 6 0 43 

1.44 1.50 
205:1:5 4048 

' 
322 10.0 

Cu63(Y~>n)cu62 

I 
1.51 1.55 

201±5 6.63 
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Table II 

Effective photon energy WA, relative yields and integrated cross sections for 
some nuclear reactions induced by 322 !rev bremsstrahlung 

Track Length 
Product Product ~-parti(l~s {radiation we Relative Relative 

Reaction Hali'=lif'e and Energy(Mev) a .length}' (Mev) Yield C) in+. 

c~2(Y,n)c11 20 mino j3+ 0 .. 99 6 .. 4 27 0 0 074 0 0 12 
. cu63( Y sn)cu62. lDol min .. j3+ 2 .. 92(b) 10 .. 0 18 loO 1 .. 0 

cus5cr ,n)cu64 12 0 8 hrs J3"' 0 .. 64 (15%) 19(d) 1 .. 2 1 .. 3 
j3= 0~57 (31%) 
K (54%) 

Zn64(Y8 n)Zn63 38 min .. j3+ 0.,47(1%);1 .. 40(7%); 
20 36(85%) 

9 .. 3 19 0 .. 83 0 .. 89 

K (7%) 
zn68(Ysp)cu67 63 hrs. J3=-o;56 7 .. 2 24 00 070 0 .. 097 

Zn64 (Y .92n)Zn62 9.,5 hrso + 
·J3 0.66 
K (90%) 

(lo%)(b) 5 .. 9 29 00 039 0 0 067 

Zn64 (Y9 pn)Cu62 100 1 min., see above 5 .. 5 
. 

30 0 0 21 0 .. 37 

zn66 (Y.~~pn)cu64 12o8 hrso see above sc!d) o .. n 00 19 
' Zn66 (Y.~~3n)zn63 38 mino. see above 0 0 029 

zn64(y.?p2n)cu61 30 4 hrso j3*1~20(63%)z Oot5)2o5%) 2.9Cd) sf.. d) 00 045 0 .. 17 
0 0 26_(0 .. 93%) C_ 

K (34%) 

zn67(Y9 4n)zn63 38 min .. see above < .. 02 
Zn66( Y gp3n)cu62 10 miilo see above 00 033 

zn66 (Y 
9
p4n)cu61 30 4 hrso see above 0 .. 014 

Ag101(y 
11
n)Agl06 24 mino j3+ 2 .. 0 Me~ 10.,9 16 

· Ta18l(y 
11
n)Tal80 8 hrso 9 .. 3 19 

1~ )rare ~ 1; 2p ... 0 earth 70 min., ? 2 .. 5 68 

Pb(Y, ?) hours ? 2 .. 2 78 

Pb(Yb ?) days ? 20 9 57 

Bi209(y, ?) hours ? 2.2 78 

(a) Unless otherwise stated values taken from Go To Seaborg and Io Perlman, Rev .. 
Modo Physo 20 9 585 (1948) 

(b) Ro W. Hayward
8 
Phys~ Revo 79 11 541 (1950) 

- -
(c) Go ·E., Owen8 ~o ~o Cook and Po Ho Owen, Physo Rev .. 78-! 686. (1950) 

(d) Only a few J?oi.rits were obtained for the-transition curve, and We estimated by 
comparison with complete curves 
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Table III 

Integrated Reaction Cross Sections 

Reaction W (Mev) 6int(Mev~barn) 
e I 

·I 

c~2(Y.~~n)cll 
I 

2'1 00 090 ' I 
I 

cu63(yll~)cu62 18 0076 I 
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Figo 6 
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Figure Captions 

Position of absorber stack with respect to the synchrotron and 

various geometries used in the experiment 
- . 

Influence of geometry on transition curve in Pb of x~rays causing 

Beginning of transition curves of x~rays responsible for several 

Semi=logarithmic plot of transition curves of X=rays respo~sibie 

for several (Y»n:) reactions 

Semi=logaritr~c plot of transition curves of x~rays responsible 

for several reactions from Zn taken with 322 Mev bremsstra.fl.lung 

Semi=logari thmi.c plot of tl!"ansi tion curves of X=rays responsible for 

several reactions from Ta» Pb and Bi taken with 322 Mev bremsstrahlung 

Theoretical bremsstrahlung spectrum from the Berkeley synchrotron., 

The function £(W) is defined by Equation (3)o 'The ordinate scale 

is chosen to normalize the area under the curve to uni tyo 
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