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The (r, n) Beaetioil of Molybdenum
  prod"ced by the Li (p, "x) r-Bays

                              By

Sakae Shimizll, Shinjiro Yasumi, Yoshio Saji ft, nd Jiro Muto

                      (Received Ju}y 7, l950)

                           ABSTRACT
  rl]he (7', n) reactlon of mo!ybdienum procluced by the irradiation of Li (p, r)
7-rays was observed. The radioaetivities indueed in mo}ybdenum s{mnp}es xsTere
measured preeise}y b.v an end-window type B-ray eounter with a thin miea windoxv.
While we determined the absolute number of r-ra.v quanta by a gpecially eon-
struetee Geiger-)fueller counter xyith a thick iead wa}l, of whieh counting
efucieney was computed theoretieally. By measuring the intensities of aetivi-
ties produced ir} a set of molJrbdenum samples of various thicl<ness and the
nmnber of r-ray quanta coneerned, we could deterrnine the apparent cross section
of this reaction foer the sample xvith different thlel<ness. Extrapolating the
curve of apparent eross section versus the thiekness of irradiated san}ple to zero
thickness, we could determine tl}e absolute eross seetion of the A'fo92 (r , n) .Mo9i
reaction t'oy the Iii (p, r) r-rays as 9.9 Å~ lem26em2. Some diseussions on the
results obtained are also glven.

l. Introduction

   rLI]he (r, n) type p}ioto-di,sintegration oE heavier nuelei can be biclticed

only by t}}e high ener.ay cgmnta having the energy larger th.xn nentroll

bincling energy oÅí' a neatron in these nuelei. In recent years many
works on thresholcls ft. nd exeitation ftmctions of t}]ese reactioRs by the

hi.crh energy X-rays from betatrons and synchrotrons were reported.
Slnee, however, tl}e eontinuous energy speetra of the X-rays used l]ave
been scareely l<nown, it is very cliffictilt to (il.etermine tlie absolute cros$

sections for the photo-incluced reaetions by these experimenSs. And
there are so far a Å}'ew worl{s coneerning the experimental determina,tion

of the absolute cross seetions with high energy r-rays produced by the
Li (p, r) reaction (1).

   One of the authors has reeently reported{ the experimental cletem)i-
nation of the cross seetion for Cufi3(r, n) Cn"2 reaction proclueecl by

these r-rays(2). After this work'", with the intention to finfl o-t any

relation, if it exist, between cross seetions and nuclear strtietures, we
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have further eonSinuecl the stuclies on (7' , n) yeactions of heaviex' elements

by the ir}'a(liation of ILi(3), 7') r-ra>rs. [l]he present report cl.eseribes•

a sin]ilsw work with rnolybclenum.

2. Apparatus
   T2}e apptutat]as ancl ex"per'imeittJal arrangenien'ts }s'ei'e esseiitittlly tl}e

same as 'ehose oÅí' 'the previovis worl{. Bu'b it is profi'table to give sopne

simple descriptions about the appart}tus uisecl.
   .nykti or the procluctioit oÅí Jlii (p, 7') ?'-rays we usecl a hig'h volta.cre niachii}e

of' Cockerof't-XV,rel'ton 'type e(]uippecl in otu' lttboyatory. The pyoton

beam of abont 460Kev was direc'ted on the 'target ot' metallie Iithium
plaeecl on the bottona of a thi}i bra,gs tube O.2 mm thiek. It was focusecl

to a spot ot' aboat 1.;")' mm iit cliameter.

   [L"he number oÅí r-ray quanta xvas eountecl by a Geiger-Mueller eotmter

with a lea<l wali 6.5mm thick, the inside d.iame'tex' and the efirective

leng'th of whieh are 2 cm ancl 2•cm respec'tivel>r. [ll"he c'otmting eraeieii-

eies oÅí tl]is lead eoimSer for high energy quanta Nvere reeently compused
theore'tically by M. Soitocla (3) by taking the I<nowie(ges oÅí the shower

theory into account. Sinee the rigorous deterrnii}ation ot' the coimting

eflicieney b>r aceurtftte experimen'ts is >ret diMcult, we usecl presumably

tl}ese theoretieal values. In actual arrangements the leacl counter xvas•

plaeed at a fixed position 29.4 em apart tiirom the Li-target and usually

shielcled by a leacl eyiinder 1.05cm thiek. The practical absorption
eoefficient of this lead cylincler was mea` su}'ecl as Ib7 =: O.53 emMi. The

absolnte number ot' r-ra>T cluant.ts eonc•eritecl was easily obtained Åírom

the data ofi net cotm'ts as deseribecl in the following section.
   [l]he samples irradiaSed were a set ot' molybcienuni eircula}' clisesi ot'

var'ious Shicl<nesses. The cliameter of ail the cl.ises was preeiseiy equal

'to 2.9:,.8mm, while the thiekness xvas chosen as listecl in [[]able III. [I]!}e

lpurity oli molyb(ilenum xv,fts exarr]iRecl sl}eet;roseopicaliy ancl the cltensi'ty"

of samples was mea$urecl ancl "'as foimd to be g =: 9.67 g/cm3.

            II]ABLIII"1 I. Cl]hickness of moiybdenum samples.
                   (TPiameter of eaeh sample nm- 22.8 mm)

I
  Sample
    No.

f l
Thici<ness

in i])iii (6)

O.05

O08
O.l.9

O.16

i in mglcm2(w) i in mg/em2/Za'

             i

igi1'i'  l

i

 7.<t,

ll.8,

i8.ls

23.6,
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    In the present experiment we useCl also eopper activation monitors
 of 4emm in cliameter ancl 801.3 rng/cm2 in thiel{itess in order to avoicl

 the effeets clue 'to the iElue"buation of' -i'-ray irracliation, xvhieh ma>r in-

 troduee some errors into the final results.
    Fo}' tl}e measurenients ot' the positron activitie$ indueecl in these
 sampies we use(l two Geiger-Muel!er eounters .of `.),7r-type (encl-xxrindoXxr

 ty:pe) with same dimei}sions except that 'the thiekness ot' niica windoxxr

 of the sample Åëounter is 5.z9j n]glcm2 while- that of the moni'tor 'counter

 is 6.1 mg/cm2. [I]he 61eeails of these coun'ters were cleseribecl in the pre-

 vious paper (2). The pulses oÅí the couitters, af'ter an]plification, were

cotmeccl by a decacle scaler ancl two seale-of-4 sÅëalers.

3. Experimental procedures

                            Cross seetioR

    XVhen the irracliation of ?'-ra7s of constant intensity is n]ac.le for

oite miltute in the geon]e'try sl}own ip Fig. 1, the number oti the active

nuelei proclaeecJl in the sample, N, is given by the followin.cr expression :

             A? = OM Ny (k nv e'"X) [-ilua S.""61o.cr (af .,+.,,um'maI2) dx], (1)

rvvhere

    a : reactlon cross sectlon,
    o?z : niimber of the parellt Adio-ituelei per e.c. in molybdenurn sample,

    X : decay con$'tant of the active nuciei proclucecl,
    A77 : total itumber of r-ray quan'ta en]itted Åírom the Li-target for

         one nnnute, ,
    a : clistaiiee bet"reen t!]e r-ray source an{'l ehe upper $urÅíace of

         the sample disc,
    S : t•hiekness ot' the $ample dise,

   7' : radius oÅí t•he sample clisc.

Sinee, in actual experiments, ?'-ray intensity flue#uatecl .crradually while

the sampie was irradiatecl cluring abotit 20Nt50 n]inu#es, ?=ray counts
were nieasured Åíor eaeh one miniite, for xvhich the intensit,y was assamecl

to be eonstant. The aetivities o'Åí' the aetive 1rfo-nuelei proclucecl were

measurecl from just one minute after the encl of imradiation for the
foliowing 15minnte,g. [[]hen the net coLmts, .b(I,, obtained by this pro-
cedure can be gi'ven, accorcling to Eq. (1),
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                         Å~(i -- eM']""A)= AT7i.e"(T-i+l)X f                                                       (2)
                                    'i ='i                                                       '

: time of irradiation in iniR., .
: absolnte number oÅí r-ra>r qnanta emitted t'rom the Li-tar,.crm et

   du}'in.cr. eaeh one minute in'terval,

: eorrection l'aetor eoneeriiint.r the geometrieal conditioJ} oÅí ae-

   tivity mettsui'emeii#s oÅí the sample,

: eorrection t'actor t'or 'the absorption o't' B-varticles in a mica

   wiridow off the B-}'ay eotM}ter,

: faetor concerning the seli'-absorption in the sample.

Eq. (2) we obtain

                    .9,,pt 0,, aB
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[I]ab!e I, an(i{ for these samlpies ehe vahies oÅí A,o were obÅíainecl. Now
the true eross seetion meax}s the value oÅí A,ff when tlie sample t}}ick-
ness tends to zero. Hence we could easily obtain the true cro$s sec-
tion, a, by extrazpolating the curve oi" A,a t'•eo's2es w (weigl}t of samlple
pGr Rnit area) to zvnre t•hickne,ys 2o -- O.

                 Ahselute number ef 7'-xay quaRta
   In or<ler to obtain the absolute nnmber oÅí ;'-ray quant•a, .N7i, i'rom
the observecl ltet counts oÅí' she ?'-r.ft>r Geis,ey-liiVIueller coruiter used, nvi,

the i'ollowing rel,i'bion wa$ usecl: ,•

                            (t)                        AT7•i llil7Tr Srf e-ptV" -- `tzvte (4)

      '
xvhere (o is the solic-i .ang.rle sub#en(?ecl by t•ke effective volume oS the ?'-

ray counter at the 7'-ray so-rÅëe, ana e-ge7X i$ the factor .for the absorption
ot' 7'-rays by the lea(1 cylliidey (thickness a) -ww 1.05c!n) ,ghield.ing ehe
7'-ray eoun'eer. [lrhe eflicienc.y o'S' this cem}ter usecl, eff, xvas ca, lculated

theore'tiealiy by rviif. Sonocl,a (3), obtaiRin.ff Åíhe resuk that efr -m ()•23s

t"or l7.6Mev ?'-i'ay quftnta. By numerieal computatioR we obtaine(l

                       OZvi/N7.i -ww 8.28.iX 10-5. (or)

       Correetion factors eoeecerniemg tke S-ray gteasureitkerks
   [l]he s.eometi'ieal eon'eetion, 0g, we.s e.ftrefu.ily {lete}'mi;ie('l. by a ,genies

ot' experin)eRts us!i}g Ag-san]ple aetivatecl by a neutroi} sour(;e (50mg
Ra -l- Be), and was 'found t•o be C)l,y= 1.<99.. IIIn ehe case o'ff Cue'2, as one

ot' the aiithor$ previonsly reported (2), the eorreetion f'.`xet•or O'p for the

absorpt]io)a oE B-rays in' .i niica xvi}idew of the g.an]ple coun'ter xvas
('letermine(1 by inserting a set o'Åí; thin miea shee#s betweei} tl}e sample
aii(l ehe eouitter. Sinee t}}e ma,.ximmn energy oÅí` B-rays o/t t}}e active
nioiybdemim seen)ecl to be about 2Mev, as {lescribed in the t'oilowing
sectien, xve coulcl also in the present ease p.clopt the san]e value as that
in t•he case o'f Cu`'2, i}amely 0s == 1.e6t;.

                 . Copper meRiter
   "Ll]l]e irra<'liation was n)onitorecl by the nieasuren)ents oÅí Cu(i2 activi-

ties in(l-ceci ln the gnonitor sample 6f' copper, mom}te('l directly uncler
the bottom of the Li-target together with .7v[o-san]ples in the geometry
shown in Fi.cr. 1. Af#er the irra<'liation the similar n]easurements were
macle f'or the Cu-nioiiitor as .for the Mo-samples.                                                   Foi' each rtm oÅí'

measuremeiits, t}ie value '
                                NxM
                          SA77ie-CT--i+l)Acu (6)
                          ttaj
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was computed, w}}ere A!."f is t}ie total i}eC counes ot' Cu-monito}' I"or 15

miittite,g. XVe regar<']ed 'ghe value of (6) as an inclex Å}'oy the coRcliSioii

oÅ}' r-yay k•raclia'tions. In praetiee, howevey, throu.crhout whole series oÅí

me.ftsurements data o'ff oniy one run was exelu(led aeeording to thi$ poln#

oÅí view.

                  StabMty ef the B-ray counter

   S'tability ot' the B-ray cou]iCeys ttsecl Nvas daily examinecl by a stanclarcl

1[<(]il-sample plaeecl at tlie ,fl.xed posit}ion i]i front of] a niiea windloKv oti

the eom]ter. The errors xvhic}} n)ay be intro(.luce(.l by small clay-to-c.lay

varia'tions in eounter sensitlvi'ty xxrere e.xelvided by measuring the ratio

off the net coun'ts of I'i'thCl-s.kmple iit every ch. y.

4. Results

                          Cross section

   The alppai'erit cross seeeion Å}!or each saniple is shoxvn iva [[]abie II

and Fig. `9,. Mlhe ob,gervetl value correspoiicling to the No. I-san]ple cou!cl

not be adopted, sinee the inteRsity ot' t}}e B-activitie$ induce(]'! in this

sqmple was mueh weal{or' than the oshers. By the ealculation using the

least square n)etl)o(l, xve obtained t}}e folio}ving en)pirieal reia'bioi•i be-

tween the t}pparent cx'oss see'tion, A,a (in em2), an(.l t•he th2ckness o't'

saniple$, 2v (in n]{rleiii"):

              A,a := (- O.O125iiw+ 15.76) Å~ ro""erlg, (7)

where {; is the abakdanee }•a'bio o{' tl}e paren'e Me-isoto}?e coneernecl.

Extrapoiat•iiig w to 7.ero, theii A, een(ls to 1 (el'. II]"iL.r .2). HIence, xve

obtaine(/ a va,ltie oli t:he true eross seetioii as

                     a= (1 5. 'tV r, Å~ IOrr er)/; cn]2. (8)

"Sherelbre "re obtaiiiecl the i:ollo"'in.c,,),' re$uits: te

(a) Iif the observec'l reaction k assig.ned to MIo""(?',?z) llX{[o"i, then t2.

         a== 9.9 Å~ 10-26cm2 ifor Iji(p,?') ?=rays, l
   sincegoi'. fyfo"" is O.ld"86 (4). I
(b) If theobservecl !'eactioi} ig, assigned to Mo"i'(r,?z) Mo""a,then ), (9" )

     . a -im 17.3 Å~ 10--2aem2 t'oy Li (p, r) ?'-rays, I

   sincego{' Mo"' iS is e.C91.q,, (4•), )
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   But, "re can aMi'n] 'tha't '.Fhe reaetion observed in the present expe}'i•

ment is assigned to Moee (r, n) Mo"i, since t}}e reeeitt work of Dufiel(l

and I<night(5) iitc]iea'tecl that 't,l]e aetivity wi'th a hai'f-life oÅí 15.5

minutes was observed by the use oÅí molybtleltum oxide enricl}ed in iMo"2

un(1.er the iri'acliation ot' 23Mev be'gatron X-ra>Ts.

                                     '
       TABI"IFJ II. The al)parent cross sciction for each saml)!e.

San)ple
 2xro. a

l

Thiekness l Apparent cro$s

   2Vlin mgfein2 i

section Å~ ab

  A a<

 ." Il'l el)'i-

  1Lu}c.,allc(l r2L-.io

l t  77.0r,

117.8,,

l53.]-
    l

I la.3,•lo
15.ls•10
l,?.3- • 10
   l

-."e -l

--"- -j

-er. -t

I

i..

t
•l

Åëral,,

2X6e

t5 ptX    NxNx

       XNxN
le N TftVE CRes3 sEcngNx sBuNosIicE asue (cr•4)

s

o        o so. Iee lso uT,Eylcmn
                         THICKNESS OF SAMPLES
          IFig. 2. Ap})arent cross section versus thlclruess of samples.

                            Ha}f-Iife

    In order to obtain half"-lit'e, 7', or decay co)}stanS, X, oÅí tlie active

 tvIo-nuclei, Mo-stm)ples of 40mm in ditune'ber were preparecl. Data
 ob'tained. f'rom the coun'ting' ineastn'ements of 12 separate runs are plotted

 in II]"ig. 3. From these (']t`tta tZ' aiid )L xvere (.letermlnecl b>r applying
' the rigorous methocl oti IPeierls (6) as Å}'ollows :

                              '    I'IaltLlife T -- 14..9. min., and d.ecay consttmt pt -- O.0487 inin'i .

Tl}e$e values were use(l in the caleulation of t}}e cross section.
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                      Tx'amsmisslen ef B-rays

   IÅí we assmme that the ex'trttpolated value obt.kii}e(']. by the empirieal

'fo.rmida (7) c:Qrresponding eo the #ra,nsn)i$sio}L o.Åí B-rays is 100per cent,

the per ceitt transmissioR oÅí the Mo-$amples oseci is obtaiitecl fts f'olloxvs :

             9. 3.9 % for IL>llo. 2-sample (11.8g m.cr/cni'/Zg) ,

             9, O.6 % for No. 3-sample (l8.ls ms,/cm2/Zth) ,

             87.8 % Å}'or No. 4-st•an]ple (2:3.6a mg/cm2/Zi') .
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Fried}ander (Ph>,.Rev.74 (1948), 442). Thiek eurve is obtained by
the present experknent..
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In [I3"ig. 4 selÅí absorption eurve-srangmission t'e?'szos nig/cm2/Zti'-ob-

tainecl by the present experiment is shown together with the eurves
given by I'eriman ancl Friedlander (7). It seen]s probable, froni Fig. 4,

that the gradiei]t of the eurve obtaine(1, Å}'or i(9-rays of' ),{o-san]pie lies

be'exveen those ot` 1.9 A'Iev aitcl 2.;g Mev. For this reason it is conciucled.

that 'the maxiimma ener.cry ot` B-rays emi'ttecl from the active nioiyb-

denuni may be about 2Mev.

5. Piscgssioits

   IB'rom the lpreliminar>r experime-nts nsing a i}eut}'oii sotiree (50n].(r

?ba -l- Be) witl] ancl withotit paraffin, xx'e couid aseeTtain that the neu'

troRs whieh migh'ts be emitted t'roni the ]IJi-target by the ltatural eontent

of deuterons in the protoit beam were ineapab}e o/fi eausing any observable

activi'ties in the Mo-sample.

   SiRee the (.lecE y measurenients o'f active mQlybclenun) were commei3cec]

t'rom one minute aÅíker the encl ot' irradiation, it eQril(l not be ee]icliided

whe'the}' n]iie}} shorter half-lives* t}han that xve observed exist or not.

XVe observe{I 14.2-min. haif-life, while other investigators i'eportecl that;

the aetive molyb('leniipn pro(luced by (?', rtz) reaction hacl 17-min. haif-•

liÅíe (8). Reeently, howe-ver, Duff}eicl aml. }<itif,r,ht (5) observecl 15.6-mh}.

haiÅí-li'fe, which is in eonsider.ftbie agreement with the deterpniiiation of'

the present experiineBt.

   Since there are many stable isotepe$ of n]olybclentm.], the a,gsignment

oÅí the ob$erveci aetive molybdenum seems to be clifflc-it. It is, how-
ever, probabie that the present reaction is as$is,iiecl to either MoS'2(7',

n)MogXoy Mo{'i(?',n)Mo9:). But, the reeent woi'k of Duffiel(l and
Knight (5) using the molybdenum $ampies enriehed in Mo"2 ancl ,TD,i([o"'"

established the assignment of this reaetion, aii<.l namely the intensi'ty ot'

the reaetion xv•as 'Åíeund to be proportional to the Mo"2 content oE the

irradiaeed san]lples, confirming its assignmeBt to i7PvEo92. [l]herefore, as

nien'tioiaecl in the preeecling seetion, the cross section of Mo02(?', c,z) Mo"X

cleterniinecl by the present experinaent is

              a}io "= 9.9' Å~ IO'"2"cm2 for Iji (p, r) r-rays. (9'>

  * Besldes 17-min. hftlfLlife a shorter period of about one min. was observed b.y 1 aid-
    "-in and Koch uslng tlie X-rays of above'14Mev (IPhys. Bev. 67 (i945), 1) anLl
    Duffaeld and Knlght (5) using the X-ru.vs of 23 Mev.
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Now com}parin.c.r this value with the cross $ection for Cue3(7',n)Cii`'2
reaetion, acu := 8.5o Å~ IO-2`'em2*, obtainecl by the p}'evious work (2), we

obtain :
                                            tt
        alhlacu -- 1.16 for Mo"'2 ancl Cu`'3 foi- l[ji(p, r) r-rays. (10)

   'LI]a•king into consiCleration the fact 'that the gyadiene ot' self-absorp-

tion curves f"or i{9-ray$ xvith various energie$ beeomes sn]alier as the
value of' niglem2/ZS deereases,**as' shown in Iliiig. 4, it appear:s that

She ex'trapoiaeion ot' 2v to zero aeeordiltg 'to the linear rela'tioii (7) niay

g'ive a li'ttie Iarger value of the cross sec'tion than the "v'rue one, liow-

ever, the error h]troclucecl by this proceclure is itot la}'ger than 5per
cent. "rhe probab!e em•or oÅ}i tl}e result}s ob'5aine(l by the prese3L't worl<,

derivecl from the wi)oie eotirse o'f the experiments, is estimatecl to be

abou'b l5pe}' cent. But the resul't (10) seem$ to be more aecurate, since
tl]e appttratus aticl exper2n]er}tal arrangen?eitts acloptecl in both worl<s

are essen'{ially same.

   No"', by She measurements oÅí IPerlman and B'riecliander<7) it xx'as
macle elear that the (7',n) yields Åíor the tar.cret nuelei wi'tsh masses

betxveen 60 ancl 120 were iii the sanie or(]ex' Åíor 50 1MIev X-}'ays and,

further, the same trend was also valicl for 100 Mev X-rmpys. rrhis fact,

however, only sugge$ts that the iiitegrEtec] eross sections f'or these X-

rays are nearly equal. Bn'g from the presen't experiment ive can con-
chi{"fe that the absoiRte cross section for copper ancl molybclenum (ftre
iit tl}e san)e orc]er Å}ior lithiun) r-rays.

   [l]he valiie of cross seetioi} above mentioned has been obtainecl on
tl}e a,gsumption that the lithi-um-7'-rayg, constitute therr]selves of ethe quanta

ot' l7.6Mev monochromatieally. But, ,aecorcling to Sherecent mea,gure-
ments ot' NValker and iMclDttr}iei (9) Rsin.cr a r-ray spectrome'ter there are

two iines ii)stead of a singie liRe, at'icl nameiy a line at 17.6Mev ttnc].

ariother line at ltl.81VIev. Ancl the ra'tio o'Åíi in'tensities oÅí the lower

energy iine to tl]e higher energy Iine xvas foun(l to be approxi'mately
O.SO fo}' the protons olf 460 I<ev bombar(iling eners.y. Tl}en, it is proper

that the effeet due to the quanta o'fi i4.8Mev shoulcl be tal<en into
aceoun't, since the observa'tion by Baldwin an{.l I<och (10) indieatec] thak

  * This value is, how•ever, about 10 per cent }arger than that previously obtained,
    acu= Z7sx 10m2"etn2. This dlserepancy is due to the dif'i'erenee of the counting
    etiic-iency. aclopted ln both works, nnd namely err-- O.217 in the previous vv'ork "'hile
    sfr= O.23s in the present "'ork. {I]he ditl'erence ef t"'o v.alues results from the
    dif!'erenee of ealculating procedures ofefll'eie'ncy. At present we can not aseertain.
    t'rom the experin}ents, Nyhich value is more aceurate. '
 'it* Tl}is effect Nvas also observed in the prev!ous xvork ivith Cu62. '
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 the thresholcl t'or -Mo(r,o?,) reaetion was 13.5 ! O.4Mev. By ,gknple
 consi<lerations, it is clear th.kt ail correetlons for 14.8Mev quanta ean

 be made, mr}itiplying by ,ft factor ct xvhiel) is gi'ven by

                   a == (l + g['xi R)/(1 + :'iil ft) ,

 xvhere fe if.' the ra't-io ot' in'te]}si'eies of the liiie wb 14.{9 ts(Iev' to that at

' 17,C; -wtev, ancl eiT aiicl si.k ttre the cornitkig' effieieneies of' 'the 'i-ray

 counter fer 1"if.6Mev ancl 14.8Mev qtianta re.q.peeLuively, ancl are gixren
 by :-itv{{k, Sonoda(3) tkeoretically as ei7 -- O.23s ancl ei t= ( .l8.t respec'tively•

 ffiT ancl oi.i are the c:ross sectioik /ffoi' 17.6 ]/1rilev an(,l. I4.8 Mev ('xnant-a

 respeetive-iy. Siiiee, however, at present the ratio oi.t/aiT has beeii

 $careely kno"rn, it is difflcult to (.ie'eerniiite precisely the cross seetion

 i'br each ot` two iines of li'thium-?=rays.

    Furt}her xvor}< on the cross secslons oÅí pho'Lo-nuclear react]ions ivith

 vttrioiis nueiei is elearly neeessayy. In particular, the high yieid ot'
 aei8'(r, tn) reaet-ion observecl b>r IPerlman ancl lffiriedlander(7) tempts

 us to iiivesti,cr.ate (r, n) reactions t'or the nuelei wit•h mas$e$ above 120.

 Jli"ur•ther s'tucli'es on the clepen(lence ol' ero,gs seetion on nuelear struetu}'e

 are noxv ln progr'es$.
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