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                                   Abstract

      We observed C;u{ilS (r, ?e) CuSL' reaetion produced by the gamtna-rays emitted

    froin lith:'um bornbarded with 46e I<ev protons, andi u fairly aeeurate value of
    tl!e eross section for this reaction w:ts detern)ined by the me:ksurements of the

    indueed positron aetivities pro(luced in copl)er samples against tlie total number
    ol" irradlated gamma-ray quanta. In order to ei!n)inate the efi'eet oÅ}' self-absorp-

    tioti oi' }}osltrons of Cu62 in the sarnples, the ratio o'f' aetivities of samples to

    tl}ose o'S` a monitor samp}e was plottecl as a function of thickness of samples.
    1;'rem this curve we could extrapolate a value wl}ich is not sufi'ering f'rom the

    etl'eet o'S' self-absorption. erotal nurnber o'f gamma-ray guunta coneerned svas

    measuyed with a Geiger-)vllueller counter of thick lead wall, of wliicli counthig

    eflieiene)r was Åëoinputed theoreticully. After measure}nents of the deeay eon-
    st{tnt' o'f C:tie2and c}'f' variou$ t'actors concerning the geomet.rical arrangernent

    ancl ana]ysis o'fb the experimental data, the cross seetion oÅí Cu(ms ('r, n) (]u6B t'or

    1"t'.6}fev hy Nvtts obtained as 7.7.r Å~ 10-26cm2 :t l.5f7g, whic}}, however, was ln-

    ereased then to 8.5 Å~ 10-2GemL' th 15 !%! by tttl<ing into a' ecount tlie f'aet that the

    lithiun} gnnmia-rays kave a line at 14.8 Alev besides a lk)e at IZ6 "Iev. 'rhe dis-

    eussions oxi the value obtainecl by other w.orkers are also given.

                               I. kitroductien

    Shice 1"337, stu(lies of" pheto-neutron effect oi" 17 Mev and 12 Mev
gamma-ra>Ts on heavier elements }}ave been macle by $eve}'al investigatorsi.

                      '    * IPreliininary report was read at the 4th annua] fneeting of the IP]}ysical Society
of Japan ttt University of 1"ol<yo (April 27, 1949).
    1. W. Bothe and Nt'.C}entner, Zeits. t'. ?hysil< 106 (1937), 236; 112 (1939), 45; W.
Y. Clmng, M. Goldhaber, and B. Sagane, Nature !39 (1937), 962; I'. B. Cur]son and J.
E. Il,Ienderson, l'l'iys. Ilev. 58 (1940), 193 ; O. I'luber, O. Lienhaurd, P. Scherrer, and lff.
WljfHer, IPhy.g. itev. 6e (1941), 91e; .Helv. IPI}ys. Acta 15 (1942), 312; 16 G943), 33; a8
(1945), 221; O. Huber, O. Lienhard, and }I. WljMer, Helv. ?hys. Acta 16 (1943), 226; 17
(l944), 195.



 i94 gak'ae Slii'i?ei:]zt.
'N'V'it}i i{nc)ther {}yl')e {/)l} IE}hc)t<i)-nuclear reaet]io]i,s2 the s.:ti<l eiYect;,s kave

been caretkilly fu:bu{lied by us iri tl}ese t;eii year,g. 'E}'v'.e have l}ee i •able to

co]}firm thc oec,u}'rence oi' (?',7z) reaetioii pyo('lueed }jy l7 ]tstXev gr{tmma-

rixys xvhieb re,g{!ks ia} the k){luee(il aei]ivities iit g. onie i}'ra{lia'ted ,gan]pie,s,

IV}li]te, i)} SI)ite oÅí (:EII'efi'!i e.x'I)e}'irllel}t,g, NvL) Colll(i. Iloi] as<;e]'t}tvi]1 {}l}e </)c:-

curren<.te oÅí' this reaction xvith 6.1 Mev .<,),'aiMn]Ei-rays' ol:' F (2), ?'). [El"he

                 tIatter f.'t(;t n]ay l)e ex})ecte{i f']'ona t}]e l•.'noxNrledge eha't t}}e ttvera.,(,rc bind.-

iLi'ig energy o.ff a Beutro]}' in ni!{l(IIe-xxreisr}it i]u('iei ig, {;;'eneyally al)ouS S

Mev a]}d n}ore. In the nieanxvhile, t}}e re/searchers in ZU}'ich[' obse}'ved

t}}e pho`ts'o-{li$'intef,.rra"gion of (1', p) type o{' severnl eiements with the i}'-

ra{liation off 17 Mev gan)rna-}'a>r,y. Oi} Che other htu}d, in the U]}ited

State,s og" Atnei'ica the I>ro{luction oit hif.rh ene}'.,(,,.ry X-}'tLys by betatrons

an(l ,syiichyot;ron.g waf ftchicvci{l tift<l se.verai tylt?es of vhoi]u-in{]ueorl ngc]t('/ar

]reactions '"rere ob,serve(l'`'. }I"}ttl<1[whi alt{l. Ilg'il.o<:h" measure{.l t;he tl)ye,sh{:)l<l$

ol' (r, n) rea<'tioiis by usinf.r the higrh vokag,e X-rays f'ror}] the 20 Mev

betatron. K'crlt]]aii aitd Ii"i'ie{lian(!eyC' u,sed ehe X-rtyy$ ]'roin the 100 Mev

be'tatroi} .`tnd t}he 8e Mcv synch}'otren to in{]{tce (?', 7't), (r, p), (?', Lt??,) tm(i

(r, 2p) reaetion,s ot' sevcrtti nu<'iei 2uy'I det(}rn]ii}ed the reitttive yields Åíor

tt ii{sn]l')cr olf the,se reae{}i<m;i. B:tldwin and. I<laiber"` meitttirc{ll the yiel(l

{L)urve$ i'or the rea(:tio'ns Ci2 (r, ?z) C'i} ixn{1 Cut'" (?', tn) Cu`'2 "Tith X-i•ays

up to 1(>O Mcv and l'(}tmd tl}a,t the reiaeivc e}'oss Fec;tio]} }]as a ma.x'i-

nxim at a}.){>ut .Q.L) Mev /l'o]r CilC};S an(l. /30 IMIev i'o)r CiL' whiie lt (k(•rea$ef,

t;o ne{rligri,bie vttluc ttii hif,},'h {'luant}un} cmerfries. .}Åíectei}sty, I-iv!<'scIhim}e>r

et al." }}ave e,stin}atc('i ay}.>}'o.xAmate ei'ossi scc{;i'ens ei' tanealmn aiid ('o})per

.i'or t}]e X-rays k'oin tl}e ft]2 Mev l)e'ktLtro}}. iiii tl}o,ge ex}c}'inient$, lioxv-

ever, knoxvieilsre$ oi' the $peetyal {Iit t}'ibution oj` Sb'}}e intexxsity k'i X-ra{lia-

- 2. Iii Arakatsu, \'. I/Ietnura, B'(. Soi}oda, ts'". Shin}izu, i<. I<ln}ti}'a, {incl I<. Ifuraolt'`a,

IProe. IPIiyf.-)ie'fath. fl•ee., ,Xa,})`,vn 23 (1941), 440; lli Arakatsu, }'!.Sonoclte, Y. {Jei)iur#., ancl

S. Shiu}lzu, Proe. I'hys.-]'{ath. Soe., Jtspkn 23 (19til), 63:•l; }i). Ar;".-tstsu, 5f. Slonoda, 'Y'.
Ueynur:}, S. ghimizu, :mcl l<1. Il<iniura, Il'roe. }1"h.ys.-]NfatX g.oe., .Ja's.tm 2"rr (l9-43), l73; ll.>'.
.iXrakats}/i, S. ghimizu, [l]. Il'l.;mtLkxni, ancl .]'. .X'31utc,, 3ourn. Ig'hys. Soc., .j'apnn i (194•6), Lt4•.

   3. (). I'ItR.}c.r. (/). I.]ienkarcit, III'. geli.errer, txrxl I'l. X,V5iller, ll.elv. I"hys. AekL i6 (i94•:)),

431i l7 (194•4), 139; O. Il'Iirzel an(l ],L YV2'itller, Ebid/. lj.."J (IE 4(.i), 214; 2g (1947), 373.

    4. G. C. II',aldxvSn und Ci.E. I<l:ti}.}e,i', l"hys. Illev. 7a (1946), 259 & 586 ; 7g (19t17), 3;

73 (l94E), 1155; J. IA. Ijawson aiid }i{. Ii. I'erl},ran, 74 (10J4•S), 1,l90; I). XJ. h{oeltw, ]}l. C.
N\a(lclel, Iu. "r. ][,':Lgg, an(l l'N. .l!. 'J]obin, I'}iys.,I'L-ev. 74 (194g), 153Cl ; ),•f. }j. IE'erimun, 1['li}'s.

B'ev. 75 (19`a•9), 988. .
                                               '   5. G. C. .l,ltLl(itxvin :m(l II. N'V. I<och, i'h>'s. R•ev. 6?' (1945), 1.

   6. ])irI. Ilj. IEI'er]man and (il. Friedltmder, ?hys. ?beev. 74 (1948), 442.

   7. G. C. .Il;aldwin fma G. S. K]aiber, ?hys. Rev. 73 (1948), i15Cl. '
   8. J.}'[eElhinney, A.O.II'i.anson, ll•.A.Becl<ey, R.B. I:)ufiield, and B.C. Diven,
I'hys. Il•ev. 7"r (1949), 542.
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 tion f'rom the kt]'gets oÅí the betat}•on or tl)e synchrotron, #hougri] it is

-theoi'eticaily predieted, are yet ika,yufiicient to iiiake tshe aecrtrate deter-

niination oÅí tl]e abs'olute cross ffections Åíor tlie pl)oto-di,gh}tcg}•ation rettetions

induced by these higl} volSas,se X-rays. ]]or the theoretieal interes#, t}iere-

l'ore, it is preferttble to ma}<e an aee{irate experin]ent with mono(:hromatic

gamma-rays. Sinee- the (?', 7z) reaction of copper t'or })i..(.rh ener.gy gan]ma-

rays is eoniptu'atively strons, aiid the meas, uretnentg. off (7', n) yicld. vaines

oÅí va}'iotis otl}er nuclei have .crelterally been done by taking the valne
of Cu63(r,7z)Cu6fi yield as st;tu}dard, the mea,sri}'ement of' the absol(ite

cros$ section of this reaction is p.ftrticulaa•ly impoi'tant. Notwithg,ttnd-

ing, there are vei'y few experiments with n]onochroniatic rac]iation.
In 1937, tl]e rous,h rneasta'ement on the cross section oÅí' Cu`i3 (r, n) CuG2

reaction for .cramma-rays ef Li (p, 7j) was mttde by Botl]e an(l Gentner,`'

whKe a measurement hcas recenSl>r been made by "VVItene}i and I-IirzeliO

xvith the san]e gamma-rays and a value abo"t t}n'ee times as large as
that oÅí Bothe and Gentner htts bcen obttLined.

   In the pres, ent experirnent tl}e ttbsoltite eroffiE section of Cm63 (r, n) Cti6L'

rertetion t'o}' the 17.6 Mev gamma-ray$ ot' 1{1.ii(p, "i) reaetio'n kas been

cletermined ex'peritnenbaliy as caref'tilly as pef s,'ible, and we httve obtained

the result tl}ttt oc,,ci7) = 8.t5 Å~ 10-2`;em2 t lor 9b.

                          K Apparatus
   Y'or the prodli<"tion of] 17.6 MIev gammtt-rays "re use{I a high voltage

n]ac:}]ii}e of' Coek(;}'oft-XValtoii type equipvecl 'in our laborat,oxiy. rl"he

proton beam oi' a'bout •160 II<lev was dirc(:te.{l on t;}}c tar;,,r,et oi' thi}} rnetal-

iic iithitim placecl on the botton] off a thin bra,sg. tube of O.2mn] thiel<--

ness. It xvas focusecl to a spot o(' .ctbo(it 1.5 n]n] in diten]eter.

   A$ it i$ well expe-}'ienced in oiir labortttory, thc nugnber ot' .o.'amma-

ray quitnta xva$ counted, by a ,specitil2y een,st}'u(:te(I GTIei.<,,},'er-Muclier countex'

Nvith a letg(l xvall of" 6.5 rnni thickness, tl}e in,skle dian]eter and the efeec-

tive length oÅí wlaich are 2cm aBd 2 cm re$pectively. It was fille{1 with

ttr$.on of 9 cn.). I,Zg n}ixed witl] ethyl alcehol oÅí 1 cm }'I,.cr. ri"he- lead wall

oÅí 6.5mm thielcncss is abie to p}'event thog.e eleetrons Åírom entsck'ing into

the coanter whieh may be expeiletl from the g.urroun(ling riiateria' ls ex-

posecl to the sramn].k-rays of Li(p, r). ri"he coimting eeeciency oÅí this

le`kd cottnter for 17.6 Mev quantum, err, wa$ computed. t}}eoretieally by

   9. NV.Bothe and W.Gentner, Zeits. f. IPhysil< le6 (1937), 236. .
  Ie. ]il. Wh'Mer and O. Il[irzel, IIelv. PI}ys. Acta 21 (i948), 2eO.
                                                    .
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M. Sonodaii by tal<ing intoaccount the knoxvled.o'e.g of' Compton effect,

eleetron-pair c}'eatioi} and the elllect of multi})le $catterixxg and brerns-

stra}}iuns. oÅí the secendary electrons in the counter >vali etc. I'Ii$ result is

        Eff rc O.217 Åíor the gamma-ray quantum ot' 17.6Mev.

Since in the prei.ent stage of our knowledges bl]e rigorovis (letermination

of the cormting ellfieiency by accur'ate ex.periments is yet diMeult, the

above theoretieal value was presumably usecl in tl}e computation for
determination of the absoltite number off gamma-rtvy quanta concernecl.
[l]he pulses t]rom •the lea<l. eounter, af'ter ampiification, were countecl by a

system ot' scfde-oSJ`-ten devise(l by R. Ishiwari ancl ll{. Yuastui2 II]n actual

measurements the lend counter was placed at a point 29.4 cm apart fi'om
the il:ii-targeb and was u$ualiy shieldecl by a Iead cylin(/ler of 1.05 cm

thickness. The praeticai absorpkion eoefficient ot' tl]is iead gylincler
covering the co{m'ter was measurea as pav(?b cylin{'ler) == O.53cm-i.
By adoptin.cr the above figures oÅí' eff and pav the t}ctual readings of the

counter were coi'rected in comptitt}ting the ab$olute ntimber of ,()rttmn)a-

ray cluanta concerne(1 ; iiameiy, from tlie ne't count.g,, ny, the absolutie

nt]n]ber oi" ga,mnm-i'ay quanta eniibted fi'om bhe 1[Ji-target, 2V7, i$ given

by the formula:

                    -Nv ll70r Sff cxp (ww/bb7 tv) ='n7, (1)

whcrc (ti i,s the sc>li{l angl'e $ubteridecl by t}he eflect}ive space of'; t,he (:otmter

a•i] t]lie t;:tr.{ret, and x is the thicl<}iess off israll oi', the lead. (tylinder cover-

ing the eounter. In the present ge-on)etry (o is given by 2 Å~ 3.3/29.42

stex'a.clia•ns and ,x• -- 1.0o' cn3.

   rLI]lie saniples 'irradiate(l were a number oli cop})er (c. p. .crra</ e) (;ircultLr

discs. rurlie (.lian]eter oif `.tll the discs xvas precisely eciual to 22.8mm,

xvhiie the t;l]ickne$$ was variecl from 40.8i rnsr/cm2 {io l761.9s mg/<;m"

as liste(il in rLI]able I. The effect 6t! iri'egularity o{' activation aue to
the fiuctuation oE' eniis,s{on of" irradiating iMamma-ray$ was eoma'eetecl by

t}ie usage off copper activation monitors of" 40mm in <iiameter an(l
801.32n]g/cm2 in thickness.
   Iliior bhe measurement of po$itron activities induced in these copper

samples txvo Geiger-Mueller counters of enCl-window type were con-
structed, ot' which strttcturai details are shown in ffig. I. rj]he inside

  il. M.Sonoda, Journ. IPhys. Soe., Japan, now in press.
  12. R. Isl}lwari and I<. Yuasa, Mem. eoll. Sei. Vniv. of l<yoto 25 (1950), 155.
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'Sainple

  No.
Thickness

in ing/cin2

  40.8,
  54•.9.,

  82.9.,

 120.9,

 271.5,

 523.5J

 858.6.r

1369.9,

1761•9s

.

    i

dituneter :

Monitor
saznple

sol.,g.

22.8•

diameter =: 4,O.O

lll}ll.

}Illll.

 dian]eter i$ 34 n]n] ari{1 tl}c interval

 counter and the n]ica win{Ioiv ofi
26 nnn in {litLn]ot}e,r is abotit 6 nirn.

E;tcli cou}it}er Nvas filie(]. "rith argon of

9 cn] I'Ig mixed etl}yl al<tel}ol of 'i cm

I'Ifg. Orie Nvas iise(l 'for tl}e n)easure-

ments ot' aetivities of sttmple$ and
tlie otlier }vag, ug, ed f'o]r tli()se oii n]oni-

toi',s. "Lll]hcsc tvv'o coiiritcrs havc 'u'he

san]e <lin]ensions except that the
thiekness oi" n)ie•,L w•indow oll tl]e

san]ple counter is 3.7f} n]g/cn]" Nv}}ile

that ot' the mo)'iitor (:ou'nter is- 6.1;i

ni.(.r/cn]"'. I)ul$es of' each eounter')

a{'ter amplificatiori, were fe(1 to a

scale-ot"-four }'ecordinsr eircuit oi' IIi-

ginbotham typei3 with tx mechanieal

reeorder respeetivcly. Coimting mea-

$urenients with t}l}ese beta-countol'g.

wei'e careÅíully cori'ecte{.l I'or coiinter

tio)is of' the arr.ren.ffement of' sampies and

as deseribecl in the fo11owint,v, section.

between the efi;ective
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           To antpÅí(f;er

 MA2am;nl"m EE]E5on;ireenPice;n

    I?ig. 1. P)eta-r:xy Geiger-}Iueller
       counte}' of' end-window type.

se)i,sitivity, f'or geometrieai concli-

  I"or absorption in a mica window

M. gands, Rev. Sci. Inst. 18 (i947), 706.
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                  III. Experimental Prccedures

   A set oÅí' sa`mple ttnt'l rnor)itor,whiel} were fltte{l. closely each other,

                                   xvas rt)ourintorl,.as is ,shown 'in }i'i"i;,v,.

                                   2, on a pittstic ck•euiar plate an</I

                                   piaced in a (lelinite orieixtation

                                   ift tl]e staft(]ar(l tgeometrieal eon-

<r.ggi,,i'/:;',k,,,,.,..-h,,"Me" ltOI.:a,Ll)e"lleeT,/i/:•sl,g-f,`i,II,l)il]//l•l/igOglls,ffx$scd/ili'e",kli

      lt id      i i t l target t{ibe in siicham.aliner as
      IS tsO•OMM-i, the axis ot' proton beam pt%ssecl
 IFig. 2. gtandarcl geoiiietry of irracllution thi'ough the centers oÅí botl] moni-

       of sttmples• tor ait{'l saniple.
   Ilrl}e lowcr surilace o!" {}he monitor, whicl} was facecl im[nediately to the

upper surl'ace oÅí' the san]ple, was laid. 1.3r, n)ni alpttrt I'rom tl}e point re-

.,{ .rtu-{ied t'ts the .(rammn-ray sot'n'ce oii the Li-target. A{Å}er the irra{']i'tttion

3:'or several minutes both sample an{1 monitor were trang.!'ept'ed to tke
defi3aite po.sibions respectively, xvhere the loxver' siirS'aee ot' monitor was

.l"ace(} to the n]iea "rbidoiv of" the rnonltor countei` separatli}lg 2.0nin]

whiie the ulpper su}'Åí'ace oÅí' the sample was .l:'tteecl eo the xvikidoixr of:' the

sample courtter septu'ating 1.7 rnrn. During the lapf e oi:' one mim'ite, alfter

the end ofi iri'adiation, the mentione(l. mea,surenient een{Mtioj} xvtt$ realize(l

/!'or eaeli run of experiments by tis.iii.c.v the <levice havin,sr the {]elic•ately

a(lju,stable s(;rews. In t}]is stttn{'lai'd .,(.reonietry, the eo"iitii'ifg n)easurenie)its

oi' induced aetivities pro('Iuee{l respeetively in samll?le an{'I n]onitor were

be,.(y{in $in]ultaneo{'isly at j{i$t oi}e n}inute al'ter the en(i of ir}•a{litLtion

an{/l xiLrere contiiiuecl. .f'or the t'olloxvin.(,.y 10iiE]inute,s. Si'iel} i/t]er}siireiiE]{/)nt]s

t'or eacl} ofi g,.aniples Qii dill{i'ereixt t]hie]<.nes.s "'ere earried out.

   "lihe resiilts ()btaiiied. ttre piotted iit B"it.r. ;'), in xvliich .Al,/AZ,), is given

in a dotted eurve ancl. AIs/Nm.'tv,, in a soH{1 curve ks a I'unction off

thiekness ot' samples respectively, where net counts ot' the sample cotmter

an<'1 those oÅí' the nionitor counter are <lenote{l. by N, {Ln{] .N. re,speetively.

rrhe tkicl<ne$s o{' samples is presented in this cttse by weif,,T,ht pei' miit

area, w,, in g/em2. XVe see that tl}e dotted eur've tends to stgturation

as the thickness of samples becomes larger. The aspeet may be expectecl.

Åírorn the fttet that the indueed bet[t-rays l]ave the <'lefinite niaxin]uin

energy of aboub 2.6 Mev corresponding to about l.4 nmi range in copper.
The solie eurve $hows the vt}riation of the value whiel) is proporkional

--t-- ---H

t-6tun;e-QFec.l-ptk"

L;-'tav

tMenlt

i ' i;i;' , ,
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Fig. 3. [I?he ratio of net counts Qf the stn}ple counter, Ns, to those oÅí t}}e monitor
    counter, Nm, as a funetion ef the thielmess o'f san]ples, u•s.

to the apparent aetivities procluced in unit thiekneq.s of, samples. [l]his

eurve was extrapolated to zero thicl<ness by taking the xveight of measure-

ments into accormt. By tl}is proeedure we obtained & limiting vtthie
lirn (N,/N., • ws) == 2.9, 2, xvhieh is obviously be tal<en as the vallke xvitho-t
atssbo

sul'fering t'rom the eEfect off $elf'-absorption oE positrons in the sanaples.

T'Iowgver, in order to obtain t}}e absolt]te n-mber of Cu"2 pro(lueed ifn

a samvle, it !ngst be necessary, fmrtkermore, to mal<e tl}e eorrection for
the absorption of beta-rays in {t miea winc]ow of t}}e cotinter ai}(l that

for the effects of the radiaSive position off the sample an{l the eounter.
NVe need, now, to ]<iiow how maiiy pcrcent of l)ettt-rays emitte(l .from
the ,ggrf'ace oi' a sft, mple nmy 1)e countec] by the sttn]ple cou"nter.

   By ast umins,' the simple exl}oi}ential law, the absorption coeff]eient
of mictx for po:,Jsitroiis of Cti`'2, itLp, 'tvas determined by bitsertiiig a series

of t})ki niiea, ,glieets betxveen the sanip}e and t}ie coiinter, a,nd ive have
f'ound that y+fl === O.O12//)(mgr/cmL')-i. rLI]he correetion .{'aetor /C"or the

absoi•ption in a miea xvindow of t}}e ,ga,mple cotinter wfts o}>tttinec]. as :

aB = .l.04,.
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   Since the .creometrieal eorreetion was one ofi the most important Åíactors

f'or the calculation of the eross seetion, we determined. tl)is value care-

fully by 1:tborious experinients. As a 'firsb step we observe{.] the varifttion

of cov nts a".rainst t}}'e varying (liStance between $an]ple and mie{ window.

It was t'omid tl}at the lof."arithm oE eomits deere{xf.es linearly with the

(]istance. A#'t;er a series o6 sepa,rate experiments (lone on tkis line
we i, rrived at the eoneiu,gion tl)at the g>'eometrieai correetion, aq. , is

2.1 k O.1. And hence the total number ok' po,gitrons emitte(] tk'om the
whole snrf`ftce off the g.{mple, Np, is given by

                           Nfi x20,, 0B .Z"', (2)
where N is the net eounts oÅí the counter.
                                                   i   The mean lige, cr, or deeay eonst,rent, X, of eu"2, wkieh is inevitably

necess.ary for calcmk}tion of the eross section, was determine(l by She
counting data obtained throilghout the eour,g.e ol' tl}e prese-nt experin]en'e
by ftc pplyiii.<g tlie rigoroiis t}}eoretie:tl treatn)ent of IPeierls.i't' "i"he res.iil'ti

obtahLe<l wa,gL 7" =: i5.2i Å} O.4 min. or }L =: l/7• = O.0657 ! O.eO17 min-"i.

   In practiee, n)oreove]', xve ascertained t}hat, the efeeet off tan)iihilation

rtreclifttion of pof itrons upon tl}e counting (iata Nva,s almost neg'ligibly small

by observing that the counts due to activities off the saniple were re-
duced to natural eounts ofl thc coiinSer wheii about 3mn] thick copper
piate wa,s inserte(] between the eounter 'an(l tbe sftmple.

   Daring t}]e expenimcnt the iiumber off g}•n]ma-ray quanta was meastired

Åíor the time interval off eael} half minute continuing 8mimites neces-
sitated for the irra{.l.iation.

            IV. Calculation of Reactien Cross Section

   NV}ien tl]e im'adiation of. gtxmn]a-rays is ma(.e in the geometry ,shown

in Fig. 4, in which a disc f ample of radins re .ftnd t}}ickness 6 is place{l

                                     apart a 1'rom the giimma-ray poznt
                                     sotu'ce, (a<o'e), the ftiimber of
                                     aetixre nuclei, dA, pro('luee(l in f{n
                 zf-\'a.u ?el"t sozayee IRfinitesimal time int;e}'val, (t, t

                                               be xvri'tste}i in i f'orni :                                     + dt), ean
   Fig 4 A geometry of irradmtiiii;!' S dYll=ffon A7v[k S:l"oSg(a2-/-x7-;)da]dt,

a cireu]ar disc san}ple is pltteea c}osely

under the gamma-ruy point sonrce. (:),)
   14. i•. Peierl,q, Proc. Roy. goc., A, 149 (1935), 467.

ct ts-e
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                                                            '                                           '

     a -- reaction cross seetiofi for Cu63(r,ft) cua2, .
     o?) == number oÅí Cu63 atoms per ee in eopper sample,

     .bJ7 === total mrmber of 17.6 Mev quanta emit#ecl from the Li-target

           per umit time.
   I[f' t}l)e irradiation cont]inries Å}'or CZ' mimites with eonst,knt intensit]y,

t}}e number Qf active nuelei pro(luce(], A, is .given by

     A -ww S:e,XP[nd N(T m t)] dA

        == S:am N7 [t !i'ISog(a2 a+.. T:)da] exp [- x(T - t)] dt'

       == 074nx'N7[S."'i5og(a2 a-i-M. e':)da] [1 - exp(- xT)], (4)

                                            '
where )u is the {lecay constaiit oÅí Cna2 in min-i. Sinee, in praetice, as

<lescribed in the prece(linsr seetion, the g.ample was irradiate(l dtu'ing

8 inintites and l'or caeh halt' niiriute o[' xvhic}] gan]n]a-ray counts xxrei'c

reeorded, the nmnber ol' Cu`'2 atorns existed at the tirr]e when the nieastire-

ment o'f aetivities was eommeneecl-one min-te a/tter the end oÅí irradi-

ation--can be given by

          A, == -a4Mx-[Si'igg, ("2 i. "tre-)da] [1 - exp(- o.sx)]

                   XN il. I' .2Ny, e- xp [- )L (9 - O.5i)] , ' (s)

where N7,t's are the total number of gamma-ray quanta' emitted from
the tar.cret during each half minute interval in 8minutes ot' the irradi-

ation. Si}}ee, aeeording to Eq. (1), the net comits of the gamma-ray
cotniter, nv,t, are relatecl. xvith Nv,i as

                   N7i i'ij) erf exp(- ",ym) :nyi, , (6)

and the nun)ber of Cu(;2 a,toms t}]at clisintegrate in the folloxving 10

minutes, Aa, ean be expressed by, iising Eqs. (5) ancl (6),

                                      '       Aa " Ao [l - exp(rm 10X)]

          =" '2bT'E';m,"')','+'g'Zll'lll'1' 'tt-')'I2-•;.,-,•// [Siio6 tt. (c!2 i,. o:i't) el.] .
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          . Å~ [1 - exp(- O.5X)] [1 - exp(- iOX)]

                 ifi              Å~ ll.ili, 2n7, exp[- X(9-o.si)]. (7)

   Now, the observecl cotmts for sample, .bJ,, ar}cl those /for monitoi•

sample .bJ.,, are given by, aeeorcling to Eqs. (2) and. (7),
                                                              .
           -zvs == [2A6i,:l'iip], ,,,, -.Kg:"iOSg2(il2,oa'fE-"';)d" ,Å~ -i,,

           -N,n mu [.,4o'v/g<,],. ww- {iga""igb"2(c",,2oi- '-")dc` ,.. ?, (8)

where K is the correetion factor for self-absorption and, referriii.cr to
Eq. (7), a eommon factor, 1', is given by

     P == ,. erf N ea.CpZ{nd pa, ,x) [1 - exp(-- o.t.}x)]

                              lei         X [1 - exp(- iOX)] ,]X., 2n7, exp[- X(9 - O.5i)] • (9)

An(l the suMxcs s and 7n mean t}.iat tl}e notations containe(l iit eaeh
brael<et .are eoncerned in the sample and tl}e nionitor respeetively. From

t}}e exp:essions (8) we obtain

        mm"Ns = N, =im? K!:"loSg(a2a+.,";')da , ao)"

        .2Vm aos Almp6s NmpSs 20'a C'B s '
where g is density of tke ,yample.
   Now, w}}en tv,->O oi S,--->O,

            [T)IS Y.l.l ,, (a-"tt#t af,)d.], -> [iog("2 ,f.-•m2:;/' )], )

A- p}i}lyinf.r, t;hefe relftt,ions to .Eq. (10) xve obtaiii a,t ozaee

        e---==,},:mn,7, N,rs,,7s,-,, == kg-?;-N,1,"ZS-X,x-s, -= N,:l,rg iOgg/ll,ilZ), (m
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ing section.

   Usin.cr. Ecls.

 Pltoto-induced Reaetion a•cae3 (r,n) au6e.

is obtained experimentally as described

(9) and (ll) we get the final expression

   2N. p[0{ ], [efi], Q (e sff X exp(- pav ,x')

in the

of a:

   203

preced-

    a ww ., ,, [lc Lg ("2 .+, 76)], [l - e>p(- o.s>.)-1. [1 m e>tp(rm IO)L)]

                                  1.
                   Å~                     II.i 2n7i exp [- x(g - o. ,s i)] ' (12)

                                    '
It is to be notieed t}iat this exp}'ession eontains no eonnting data eon-

cerning the samples but those ofi tke monitor uscd simultaneotisly with
the samples. rll]l]ereby we have tl]e a<lvantage of' en}ployinf,r, the eotn}ts

of' the n]onitor xvhicl} are les$ sii{'Yeringr i'roni t}]e statistieal errors than

those of sampies.
   Numerieal eomputation of Eq. (i2) has been done by en]ployi}ifg the
valties obtained by tl}e pi;esent experiment as i'ellows :

       ?v == decay constant of Cmfi2 ww- O.(657 ! O.OO17min-i,

     [ag], : eorrection factor concerning t}}e geometx'ieal eondition$ of

            activity measm'ement oE sample -ww 2.1 I O.1,

     [ep]s =: correction Åít`xctor for the absorption of positron$ of Cue2

            l'rom the sample iR a miea winclow of the counter ==:1.04T,

      erf -mm eounting eMeieney ol' tl}e gamma-ray counter for l7.6 Mev

            hv = O.21-, ,

       (v == solid anf.Tle subtenc ed by effeetive space of the gamma-ray
                                                 '         ' coimter at t}ie gamma-fay souree =: 2 Å~ .",.;3/29.4-"' stera(lians,

      pa7 = : praetiÅëal absorption coefficient ef the lea( cyliiide}• eovering

           the gamma-ray eoiinter for t}}e gamma-ra>rs of I]i(p, r) ==
           O. 53 cn} -" i,

       ,x• -- wall thielaiess of the lead cylinde: eoverii}g the g.tptmma-

           ray cotmter -- 1.05 eii],

       7n -um nuniber of Cg"a atoms pei' ee iix copper sa,n]pie -- (Avos"adro's

           mimber Å~ abandance ratio*` oli C4yi":i xx <.]en,gity of copper,

            g.)/iitomie xx'eight o{' normn,1 eopper = 6.48, Å~ 102i Å~ p,

   * T})evalue of abundance ratio of(lufi: used here is 68 ."o!. (.J.)}fattauck, A'ei'nphy.gika-

lisclte tZIabelgen, Sprlnger-Ver}ag, Berl;n, 1942).
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     [a], -- distanee betweei} the sample ancl the gamma-ray sour.ce --

            1.3r. mmr •
     [f'o]s = radius of the sample :11.4mm,

       e = Iim (N,/N., . ws) =" 2•92,
           tvs->O
      N.=robserved net cotmts, of the activities. of the monitor (sum-

            mation frorn 6 rims), as s}iown in Tttbie II,

      nvi =:observecl xxet eotmts o.ff the garnma-ray eotmter for eaeh

            half minute intervai in 8minutes of the h'rac]iation (sum-
            mation from 6 rtms), as shown in [i]able II.

[l]hus we have obtainecl the yesult that a == 7.7s Å~ 10--2`;cm2 with a pro-

bable error of about 15 percent.

               .
                                     TABTJ}l II. ExperiinenCal data

nvi

        i
Bun No.

     1

     2

     3

     4

     5

     6

    Total

 Natural eounts

     nyt

exp [-1 (9-O.5 i)]*

nv•tex.pl-l(9-e.5i)]

  1

244

324

192

256

256

252

l524

 43.8

1480.2

O.5718

846.38

2 3 4 Jr 6 7 8

304 '408 368 348 364 332 376

3C4 324 324 344 292 272 260

394 368 352 304 284 260 272

356 392 368 288 336 296 268

wh
284324 312 16e 268 296 328

336 308 316 288 296 244 248

2080 2212 !888 184e 1868 1732 1708

43.8 43.8

-
43.8 43.8 43.8 43.8 43.8

2036.2

pm
O.5910

2068.2 1844.2 i796.2 1824.2 1688.2 1664.2

pt
O.7196e.dios O.Cj313 O.as25 O.6740 O.6963

1203.39 l263.26
tmm.tH

1164.24 1172.02 1129.51 1175.49 1197,56

 lc;
'.i.Il 2n7i exp[•-- R(9 - O.5i)]

i=;1

   * Z = O.0657 :it O.eO17 u)in--1.

                   V. ResuKs and Piscussiens

   In t}]e present experimeiit .za iiew rnethod o{' eiiminating the effect oÅí

sel.t'-absorption oi' beta-rays induÅëed in tl}e sa,mpie was introdiicecl and
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variot'ts careftil expe- riments for determining many important and neeessary

 I'actors l)ave been cai'ried out. [E]he eross seetion oÅí Crf'3 (7', n) Cu"2 has

 been then /{'oiiitd to l>e

    ae.a7) -ww 7.7.,, Å~ 10-26. ein2 Å} 15 % for 17.e) Mev hv of Li (p, r) .

    "ehis re,gi]lt, liowevev, has been o.btaine(l on the a$sim]ption that tl}e

s,r,amnva-rays ofi IJi (p, ?') eonstitute them2 elves of the qiittnta of] 17.6 bgev

.n]onochroniatieally. Blit, ac'eo}'(ling to tl)e detern)ination oC' ener.gy of

the }'adia{;ion by several workers g.ueh as Del,gasoo, lff'owler an6t Lari-
rit,sefti'"'" ftnd XYftiker and. McDaniel,'`' there are probably two lines

in,gte.xd ofi a ,gingle lirie, namely, one line at 17.6Mev a}}d another
at 14.8Mev. A}}<l the ratio oE inteng.ities of tl}e lower eiierg'y line to
t}}e higher ener,c,y,y iine was fotm(1 to be approximately O.r5o for.tl]e protons

of nvt a}'}cl Nm. '

 9

32S

260

204

260

260

232

l544

43.8

150e.2

O.7438

il15.85

].o

284

28e

2e4

212

22is

224

1432

43.S

1388.2

e.7687

1067.11

ll

316

248

232

260

224

220

1500

43.8

14•56.2

e.7945

ll56.{ 5

l2

344

252

256

236

180

204

1472

43.8

1428.2

O.8212

1172.84

 l3

3e8

248

240

216

232

224

1468

43.8

1424.2

O.S487

120E.72

I4

296

252

2or2

232

208

2ce

144.0

43.8

1396.2

O.8767

1224.05

15

312

252

224 '

216

2eo

228

1432

43.8

13S8.2

o.goor7

12i)7.29

l.6

292

236

228

235

2e3

200

1394

 43.8

13- 50.2

 0936i

].263.92

-rw 37437.36

Nfn

l273

!042

1070

1107

109i

i082

6665

1725.9

Nm = 4'939.1

of' 460}<.ev bomba,r(]ing)'

   There{'ore tl)e valuc
 energy.
Of (Tctt(w)

 v

obtaine(l. .fl'OM this experlme}}t shoul(l

[gl IJ. A. De]saf oe, SK;. A. I?owler, ancl

IR•. IJ. Ni'ftlker ancl I?}. b. ]S'fel/.>;miel,

C. C. .IJauritsen, Phy-s.

Phyg,. Rev. 74 (194S),

ResT. 51

3•15.

(1937), 391.
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be increa$ed by a facter, nt, which is given by

                  ct -(i + :i R)/(i + g".:ili', R),

wh'ere R is the ratio of intensities oÅí the line at 14.8Mev to that at
l7.6 Mev, ancl ei7 ancl ei.t are the eounting eMeiencies o.f the gamma-ray

eotmter Åíor each of the eomponents eÅí t}]e rays respectiveiy, ancl are
given by M. Sonoclai' as si7 == O.21", and. Ei,t =0.172 resPectively•
Aecording to the e}ieory of WeisskopÅíi' the,cross section is proportional

to (hv)3, $o the ratio of eross seetions for 14.8 Mev hv and 17.6 Mev
hv, acno4)/aeua7), is eonsiclered to be (14.8/17.6)a = O.595. Recently, by

the measurernents witJ} high voltage X-ri, ys, however, the ratio is given

•as abomb O.61 by MeElhinney et al.S and as about O.17 by Baldwin an(1
I<laiber.7 If R is taken to be O.t5, a's should be given from the above
relation, according as the three clifferent valties oiZ oczta4)/ae2`(m, aS

                1•07a for o(Jua4)/ocua7) = (14.8/17.6)3'= O.59e" ,

          av -nv 1.07i Åíor ocu(i.t)/acua7) == O.61,

                1.28s for acuae/aeu(i7) -- O.17.

[i]hen the correctea values oC the c}•oss section o'F. the reaetion onder

consi(]eration are given as

                8.3s Å~ 10'26 em2 for a = 1.07B ,

       a,,,(I7) == 8.3e Å~ 10-aa cm2 Åío}. ct == l.o71, .

                9.9s Å~ 10-"2e cm2 for a = l.28s,

respectively. Since, however, the theory of 'SeVei,BskopÅí is basecl on severai

assumptions and is not yet complete while the measurements ofthe relative
yielcl of these reactions earried with X-}•ays Åírom betatrons involve several

m}eertainties beeause oÅí the lack oÅí the acet]rate 1<nowledge of the speetral

c]ig.tribiitioii oÅí quanta in them, the value ae.a.,)/a(in(i7) is fairly ambiguous.

Thougl], t}ierefore, we can not ascertain whiei} of. these #hree diff7erent

values is most relittble, we may yet coneiu{]e that oe,,(i7) Iies bet;ween
7..g, Å~ lom2{' cm2 and IO.8 Å~ iO'"L'`'cm2 as is shown in Fig. 5, in whieh acua7>

is give'n ,aS a fUilCtiOn Of Octi(l.,)/acu(n)•

    In this xvay, xve arrive at tl}e eonclu:. ion that the cross section of eu`'3

(r, ee.) Cm`;S' is to be taken as '

          aan(i7) = 8.5 Å~ 10-2`' cm2 --i- 15 "/o for 17.6Mevhv.

17. V.F. Weisfkopt', Phyg.. Rev. 59' (1941), 318.
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I-1{owever, it' the ratio ot' eross seetions for 14.8 Mev hv an(i 17.6 Mev hv

is precisely cleterminec3, one can easily find a more acctu'ate value of

crcu(i7) by in$pectint.r the em've- shown in Fig. s.

   rLIL"he historical value of Botl}e an(l Gentner" obtained in 1937, 5 Å~
10--L`; cni ma:sr be consideyed to be too small, sinee the eehtribution of

I4.8Mevhy on the reaction was negleeted i}} their measurenients.

 tl r,le'tStmt M

 le

 e'

  s
:t•

d3 7

  `

   e e.t aZ e•S a- "s ae o-7 aS a9 l•O
             ecavv-}!es"-"t)

   Recent mea$uren]e}its by NVEfi'ler ancl I'Iirzelie gave a value ot! 12 x

itom-2`'cm2. "L["}}is value was obtainL.cl frona the expe}'iments with tl}e gam'

n]a-rays ot" Ilii (p, 7') ancl was eorrecteC to 16 Å~ 10-"26cm2 by taking into

txecotmt the .e4xistence ok' 14.8Mev li}}e. Iilowever, as ib is diseus$ecl

above, th'i$ vaiue mEty be presumably too lar.cre.

   Since the energy levels of beavier nuelei are ftot preeisely determined,

the}'e is, so f'ar, rio theoretiea,1 way to ctticultite the cross g.eetion. Notwith-

stttnding, tm(ler some simplifiecl .assumptions NVeis$kopÅí'`i7 calculateCi that

the ci'oss section is proportional to (hv)8, ancl he obtained bhe propor-

tioxiality constant .t"x'om the measurements of Bothe ancl GentneriS of

relative yie-klsof' (r,n) ret}ctions t"er the gamn]a-rays procl.ucecl by Li

(p, r) an{l B (f), ?') reaction$. Aeeo}'<ling to his theory the cross section

iE expecte{l. to be about 3.5 Å~ 10'-L'`'crn2 or less. On the othe!' hand, the

behavior oE resonanee phenomena oÅí (r,n) reactions was observed for
the }}if,r,h voltage X-rays. Baldwin and Klaiber7 observeCi such a resonance

in caz'bon t}t 30 Mev and 2it copper at 22 Mev. A tl]eory to accotmt for

this pl)enomenon l]as been Put Åíorwarcl by Goldhaber ancl Teller'" in

analogy with the " }'eststrahl frequencies " of polar crystals. Accorcling

to their theory hSaelv for copper i$ preclicuted as abont 1Mev-barn,

   IS." W. Bothe and W. Gentner, Zeits f. Physik ll2 (1939), 45.
   I9. ]Si[. Goldhaber and E. Teller, Phys. Rev. 74 (1948), 1046.

             Fig. 5.

acti(l7) as a funCtion of acina"1)/ac)ucl7).

[[]his curve is given by

          1+ Si:; lt,
   7.7b x eg7 Å~ 10 -- 2G cn12,
            a()u(IJI)                 R         1+
            acua7)

where ei7 == O.217, ei4= O.172,

and R= O.5o.
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xvhich cor}'esponds t]o acuao = : o" Å~ 10m2`'emU. I]i"iirsoii ttii{I II)erlmEu}L'e have

 reeently measure{l hS adv Åíor C'2 (r, rb) C'X l)y ii$ing the o"V and 98 Mav

X-rays, and de(/lucecl the vt}lue oÅí hS aav t`or C"`'3 (7',n) Cu"2 as 1.5Mev-

barns whieh means tl]at a,,,a7) is about 7.5 Å~ 10m"2C;cm2.

    Another value of ff(iu(t7) has been reporte(l by McElhi}}ney et alS., to

be about 6.7 Å~ 10-26 cm2. 0n the other htxn('j, Cu`':i (e ;n,e') CuG2 was

studied by Sl"ags,'s et ae.S'i by l)onibar(lins,' electroris of 22 Mev directiy

iipon t}}e target. They obtained the electro-{'li$integrutioii cross section

oti this reaction f"or 17.5Mev electron as 3)9.. Å~ 10-29c;n2, from whieh

the photo-disintegration cross section is ei<peeted. to be ab()ut 13 Å~
iO-2`'cm2 {)y talcing the cross section for photo-disintegraeion by hv t}bove

threshoid cnergy appr().ximately 4eO times tl]at for elee'tiro-<llsintegratiop.

    As mentioned above the values obtttined t'x'om betatron experiments
are considere(l in general to be rather in large error, aii{l values gjven

so .far by severai workers differ to a great extent. In the present state

of knowiedges the value 8.5x 10H2Gcm2 obtaiiiedi by the present ex-
.pei'iment is, then, cori,siderecl'to be most close to the ÅítLet, nevertheless we

have a prospeet ot' obtaining a more accta'ate vtilue whei} the ratio of

cross sections for 14.8 Mev hv tni(l !7.6 Mcv hv wo[il(J. bei precisely n]ea-

sured as describe(l in this {'}iscussioii.
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