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jJ2STRACT 

12 11 ' 
The excitation function for the reaction C (p,pn)C has been measured 

from threshold to .340 Mev using the Berkeley 40 ft. linear aocelerator end 184 ... 

inch. cyclotron. Absolute cross section measurements were made at various energ1e's. 

using a Faraday cup and calibrated beta-counter. The threshold occurs at (18., !,', 

0.3 Mev). The cross section has a broad maximum of 100 millibarns near 45 Mev end . , . ' . 

deoreases to 4.3 mil1ibarns at 340 Mev, 

I. INTRODUCTION 

'l'he formation ofrad1oactive ell from 012 by high energy partio1es 

(protons, neutrons" deuterons, and alpha-particles) has been widely used at this" 
1 .. 6 

laboratory .. 8.S a, monitor and detector. These reo.ct1ons have threshold near 20 Mev 

and therefore discriminate against low energy background. The positron activi~ ot 

'---:---" -
1. P •• C. Helmholz, E. M. McIViillan, end D. C. Sewell, Fhys. Rev. li. 1003 (1947) 

2. w. W. Chupp, E. Gardner,e.nd T. B. Tf!3i'lor, Phys. Rev, 1J, 742 (1948) 

'" .3. L~ Cook, E. lVi. McIlilillan, V. Peterson, and D. C. Sewell, Fhys. Rev, :z2. 7 (1949) 

4. A. Bratenahl, S. Fertibe.ch, R. Hildebrand, C. Leith, and B. Moyer, Fhys, Rev, 
71, 597" (1950) 

5. s. B. Jones and R. S. White, Fhye. Rev. 1£, "12 (1950) 

6. w. J. Knox, Phys. Rev. Ill, 687 (195l) 

--------"----------.-.. -----------.--~---
* Now at Jalifornia Institute of Technology, Pasadena, California 
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".:C (0~97 Lev, 20 e 5 r,LiE.) is convenient for short activation lli"1Q countiLg V3:dods. 

'-

Carbon tcu'[;ets are readily available in the forn of iraphi te or polystyrene. 

Fnoi'lledge of the variation of the cross section with" energy end the 

absolute yalue of the cross section is imlJortant to the extensive use of such re--

-e.etions. 'l~.le C12{p,Iln) cll re~ct~011 lo' s ft· 1 . t t b of t' - \ ~~ ....... o' par locu ar 3.n eres ecause ~le 

IA1..UT,ber of existi.ng proton accelerators. A consid.erable ar;-,ount of worle, botl: GX-

iJ'Sl'imentELL EXid theoretic8~, has alreactv been done at tile Hadiation Laborc.tory on 

t,his reaction. Before the l3L~-inch cyclotron was converted from deuteron to 

proton acceleration, Chupp 8J."ld WcEillan8 measured the relative excitation curve 

UP. to, 140 r1:ev 1.<sing protons II striFped" from 190 Mev deuterons inside the cyclotron 
'f' 

yacuum te;nk. Using this proton source, Mcl:iil1[-t1l and Iviil1er9 determined the 

sbsol'..rt.e cross section at 62 Iiiev. More recently PanofskJ and Phillips, 10 vvorking 

with the Berkeley 32 r;:ev proton linear accelerat.or, established the excite.tJion ,. 

curve up to 27 r~iev. In particular they studied the region just above the thres-

_ ~ho1d in det1:dl where the reaction vks shown to be C12(p,d)cll • Heckrotte and 

Wolfrll have calculated the excitation curve to be eX.f;ected for both the (p ,pn) 

. ~~d (11,2n) rec~ctions up to 100 ri1ev using a model of the nucleus proposed by 

R. Serber. 

. .., Ee Si8L?;bahn and E. Born, Arkiv, Mat. Astron. F'Jsik 30 B, No. 3. f • 

8. W. ~t. Chupp end E .. M. McMillan, Phys. Rev. 72, 873 (1947) .' 

q ;. E. M. McMillan and R. D. t1iller, Phys. Rev. n, 80 (1948) 

. :i.C. Vi. K. 'P fanofsky and R • :Phillips, Phys. Hev. 'l.!z., 1732 (1948) ". 
11. W. Heckrotte, p. Wolff', Phys. Rev. ]J, 264, 265 (1948) 

~ 
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The r;ew ex.perimental wOl'k describGd here vms performed mainly aft.er an 

r- ext.ernal deflected beEm of 3.~O L.ev protons became :,we.ilE,ble froIil the l24-inch 

(w 

j-. 

cyclotron. IlbsolD:t·,:, nl8DCnrements of the (p ,pn) cross section at proton energies 

of 340 I,;ev and below WBTe t.llen pos~ib10 with a -vi'ell~~ollimp.ted bOOlil. .i\.ddi tiona! 

work with tho linelu' accelerator has extended the previous excitation curve up 

to 32 Mev, and an [-ibsolute deter'niination of the cross sectiO!l at .32 L:ev has been' 

made wi tll improved aC:::1Jl'E'(:!'J. Considerqble effo:ct hus been sp:,mt if'. the prepera-

tion !IDa cillibn"ttion of a beta-ra;y standard in c.'l'cl,:;l' to estGblisii tho absolute 

values of the cross s8r::ticn over the entire ener'~:;::,' range. 

using these early vclues )lHve 
•. J.. 

been described h"1'"t:18 1:i_teratl.:rG. 13 · 

E..."'Cf,eriments requiring a well-·colliwe.ted bem:: of high energy charged 

particles ha.ve b88c wade possible by the electroste_ticdly deflected be&m1' of the 

184-incb cyc~lotron. The doflected beEn is bent through about 20 dogrees by. an 

auxiliary magnet after emerging from the cyclc-Lr'on tank. The beoID may be col-

limated at tw:) posj:tioDs, on8 Just before entering trJ.e ;:,m.;:iliary I1bending" 

magnet 31-,c!. the other at the exit end (lIsnout,lI) of the 22-foot long tube :v_~sing 

through the coricretE.s:~j_elding" The nsnout" colliInc:tor is a L:.8-in9h long brass 

colmnn vrlth en 9..Y.ial 2-inch diameter cylindrical operjint~ into which collime.tin,g . 
;, I:' ,':,' ':.t- ' 

tubes of smaller apcl'tu:res mny be fitted. During most of the runs described 

12. L" Aamodt, Vo Peterl;>on, and:,R .. f'hill:i}Js, Ph;y's. f},e'IT. 78, 87(A) (lS'50); and , 
L. li8Jllodt, V~ Peterson, and Re P'ni.llips, UCHL-526 (19~-9) 

i.3. 00 110 Towler and C~ Lo Oxley, 1'hY8 0 Rev e 
U. E. Kl~llse, fu'1d N. Fe Ramsey, UCRL-I097 
Meadows J HulL APS 26, 17 (1951); N .. Mo 

78, .326 (A) (1950); R. B:i.(:'ge, ,''',' .",'" 
(1951); i1. B. Holt and J. ;W •. 
Hintz, Bull. APS 26, 17 (1951) 
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here the eX.it collil!l[,tor hole was 1 inch in diEJneter. The beem 6,:lcrgeG to t,J.:,f) 

i, air d:lTc;ctly ;s.fter collimation through 8 0.010 inch thicle eluminum vrlnc1o\;;. 

Under normal conditions a 340 Mev proton beam of intensity Ve:LJifit; 1'l"\)[;t 

'; ,)",12, -10 
..LL 1',(, 10 2l11lJeres, depending on collimation conditions, is ilvuile.ble. ~'l-:Ie 

:~J'P.;'-riH:c,:;net collill18.tor is adjusted until the size of the beam stI'iking the E:L:it 

i;UU.iIUdc<" is 1182,.1'ly the size of the exit hole. Neutrons and low en8rQ" rrotoDs 

b8tH.1ing .r[;(.~,:n~;t. Neutrons formed by protons.striking the LJ3 inch bru:;s colw:m aTe 
, . 

g1'8s.tly nt t<-;)lUt.t,,,d hI intensity. Using a 1 inch hole, the angulc..r spreed of 

\.:'lctons emerc;:i.ng into the dr is t,bout O.OOi. radian. 

B. Inadequacy .9l"Btackll Techni9u~ 

Measurement of the relative e.ctivity of foils interlerNed with absorb-i _ 

::tng m8.teI'ial gives a relative exCitation curve, p'ovided the bombarding nux 

throu[';l!O"c.t the stack is constant. For 340 Mev protons the range in the ebsol'bor 

is so great th8.t nuclea.r absorption removes more than half the protons by the 

end of the re...nge. For this reason, separate absolute measurements of the (p,pn) 

cross s80tion were made at veerious energies from 34.0 to 93 Mev by bombarding e, 

polystyrene foil directly in front of the Faraday cup used to measure the proton 

CUl'l'E:rrt. The acceptence ar~gle of the Faraday cup is laree enough 060°) that· 

nuclear e18.stic scattering does not result in loss of protons at the cup G.fter 

they have IAwsed through the foil. 

Foils ph.ced beyond the end of the proton range gave 8.ctivi t,ies of 

ab011t O~2 per cent of the initial activity. This indicates that the background 

of neutrons (>20 Mev) is negligible despite the absorptions of protons in 

S ·, (~r.-.]- -;"1 (f co' ,~. ~'n"\ 
'" .L .... J,,~ _.I. C.). ..) ./:,1 .... ., 'rIle ~I:pected neutron activity can be estimated from independent 
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measurements ,of yieldf3-l(' and angular distribution14 of neutrons produced by 11i@l 

.ener!;y protons, a..'1d from the known C12 (n,2n)Cll cross section. 15 
It agrees 

, 
within i3. factor of two with the measured 8ctivitYe 

c. Descf.:iption of .Apparatus 

The experimental arrf..ngement used in most of the Gbsolute cross sEction 

determinations is shovvn in Fig. 1 0 . The 3.4.0 Mev collimated proton beam emerges 

from the Ii snout." WiIldow.1 travels a short distance in air and then impinges upon 

a copper absorber placed on the beam axis directly in front of the Far2.day ~V-p. 

The 2.bsorber-s· ere 3 inches in diameter and the thickness is varied to reduce the 

proton energy to the desired vaue. Polystyrene foils of the SaIne diameter are 

placed direct-ly behind the absorber. The Faraday cup is placed as close as 

. possible to the foil and absorbers, arid all three BIG carefully aligned on the 

beam axis by exposing films. 

The Faraday cup is a solid cylinder of brass, 6 inches in diameter 

and 6 inches' long o ('lhe range of 340 Mev protons in copper is 40 1 inches o ) On 

the incident surface a p::,ojecting collar helps to prevent the loss of secondk.r;y 

\, 

electrons from the cup. A OoObl inch aluminwn foil is mounted directly in front 

of the collar. Various potentials can be applied to the foil to study the effect 

of secondary electron emission. The brass cup and electron suppressing foil are 

:insula.ted from the vacuum chamber body. by polystyrene standoffs and a guard ring 

bet·ween the cup aJl.d foil prevents leakage currents to ·U18 cup. The electrical 

._--.,...- ._--_. 

* See reference 6 0 ThA neutron detectOl~s were Bi. fission chambers havine; a 
50 Mev Un:eshold. 

14~ Ro D. IVliller~ Do C. Sewell, and R. W. if/right, Phys. Rev. 8l~ 374 (1951) 

15. E. fill. Ivicriiillan and He F. York, Phys. Rev. 12, 262 (1948); and 
H. L. Mather and H" F. York (private communi.cation). The (n~2n) cross 
section is 20+ 4 millibarns for neutrons of mean energy of 90 Mev. 
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C:0~mecti(.>'1::i to the cup and foil e!l'e. r:tade thr'ough thE: chamber. wall by Illf;CI18 of 'i'efJ.on 

, .. 4 
the Faraday cUf' is maintained belo1;7 10 nUll E[:; 

"ClonitorEd. b.- an ion chwnber)' .J 

in 

j (;(d.Z6d ::ci. r in[):Lrie tLe CiJ.'') is :::;0 high th<-1.t the potential of· the cUI; !'ol:,[;J,im; Z0Tti 

'.;hu'ge ;:;g::.-1.f l ,. t.Lis r)ei:ig in te:qn'eted as due to the effect::.; of recombL!8.tion oJ. 

';j-.r,,"'(-" I'>'-'~ll r.,~+.'.rl ,,·1" .··).t/J·n .• (j··qr,ll;::;.I'~(_'. ,·C,.~L'~:':'::·"re fl·ur·-i-·u[·,.+.",.q 'opdl
J
" cl~ • .(1 l's" ,,·,l-'·'Ol:.,T.,. ')(.')' pel'" ........ ~/C·:..!. ~->,' ...... , .. __ ~v v ..... ~ ~:.~ _ " ...... 1:' , __ _ 1,"_ .. __ .... ~ ...., f.J ..... 1....:__...... c.;.... ___ ..... _,. ~ 

'l.'b.:":: C;]l'::'.l'ge accumulated by the Farad ev' cu}J was collected on 8. IG'N 

1;?r'~:<j~ r~.lyGtyrt:1(; eondenser.* The voltagG across the condenser was detc.r;u:1.i.10d. 

~., 

'.?n LFJ L,t.o t.he GLe.1'i~e JE:t,.:t'E:inb.tion since the' final potenti8.l drop acro;:;~:; i L is 

ro1yst,j";-'one ins'LilHtcd ,;:o!'.dCl:l::9I'S me.nui';;:.ctul'ed by the John E. Fast 
C}:.j.caf~;J·, Ill5.illj·'~::;1J 
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zero. The integr<::tion condensers ViEH'e. cGlioro.ted by compari:30n V'Tlth ~,t2]:.dord 

concJ.E:nSeI;S~< by bri.o.ge r;;E;thods both at 1000 cycles/sec and at 10" frequol1c:t-

in 0.3 peI' cent and this is ta.1.;:en to be the limit of error clue to sj-lort-term 
I 

dielectric absorption~ Esser.tially the same cOft?~city values were obtainIJd by 

the d~ c. bridt;e j';!ethod for steaciy-ste.te br::u2J1Ceo 

It is esse~1tial that the lee..kage resist2.nce of the integr[:>.ticn systei:1 

be ei tl'!er '1'21'"'',;' high or a.ccurc:..tely known so that a negligible or knoiTI1 eJ,iOunt of 

charge le&ts from the condenser during the COUl'se of the run. The time constb.nt 

of the cmtire inteerating s~T8tem, including the FaradB0T cup, could be (~8L;:rr:L:'l.\ed 

before or after eelch run by Vf2.tching the decay of a potential i~lduced across the 

conGen!3er o T·.'.'o If:ethods of integ:cation werE; useci. during tlK course of the 8:zpe:;:'i~ 

ii:C:l!T,.3. At i'ir:3t c. great deal of care ':18.S taken to prGserve t~le hic;1: lo[·i-~B.Ge 

resistance cf the intcgrc-.tion s}Tstem, so that the :1C tii:!0 constsnt \78.8 very Ei"L'C~: 

grC2.ter t.h3Il the period of illtet?;ration (2U to 1('0 hours vs. 20 mlnu-ccs). In 
• 

this method it V'I6.S DE:C:;::SSPJ.:'- to read .the vol te.ge as a function of time to accour!t 

for occe.sionell fluctuctions in the bea.m current. Later these requirements Y,'6rc 

made ur.JleCei:iSc.r<J by adjusting' the RC to exactly equ2.1 the mean life of the Cll 

activity.. Using Victor-een vacuum-seEled reGistors of approxirr:ately 1012 ohms 

the ftC could be matched wi thin 1/2 per cent, end remained c'onstant froD cne 

run to another 0 In this mMner the. amount, of char~e collected across the con

denser is B.t all time directly proportionci to thee.mount of ell re.dioact:Lvity 

pres8nt in the foil. ** 

-----------_. __ ._._._-------_ .. _-----------------_._-
"* GenGrcl. Radio Company mica condensers calibrated e.t iooo cycles/sec to 

! C.l per cent. 

This method t\'aS suggested to us by \10 Ko Ho I'anofsky 
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The emission of second&ryelectrons froI!l metal surfnces traversed by 

the proton beam inside a Farada;y~ cup may produce anerro!',in the proton current 

doterminationo Accardireg to a simple classical picture of secondary. electron 

. . 16 t f - 1 t . . t 1 ] /E em~SSJ_c·n the produc ion o' seconaary e ec rons varles approXlma e y as - " 

vbere E is the el'iergy of the primary particle. Thus the magnitude of the effect 

lfle:~V be expected to be about l/loth as great for 340 Mev protons as compared to 

32 [EN frotOl1s. A vertical stra~}' magnetic field from the cyclotron of about 

25 gaU$S at the Faraday cUf" prevents electrons of less than 1 kilovolt ki.notic 

energy from escaping. Experimentcl. determiuations of the effect of secondary 

emission weI'e m&Ge by vnrying the bias voltage on the suppressor foil, rnd by 

the t'.se of 8.dcUtional mrtgnetic fields. Fig. 4 shows the relative' current to 

the F8xadey cup for bias voltages of +500 to -500 volts. A slight effect is 

just diSCErnible above experir.,ental error (:!:. 1 per cent ) v.hen only the strey 

megnetic field is prisent. With an auxiliary magnetic field of 100 gauss the 

current is indepef..dent of bias vol te.ge. At zero bias, no effect was noted in 

removing the 100 gauss field. It is therefore concluded that the error in 

c:he.rge collection due to secondary electron emission is, for 340, ffre\T protons, 

less than 1 per cent for this geometry. A larger effect' is noted for 32 WieV' 

protons (see Section III). 

The dimensions of a Faraday cup' to contain 340 Mev protons must 

accourt not only for the range of these penetrE3.ting particles, but also for 

thc,;ir- IdeI'd n:.otion d1J.e to scattering. If the diameter of a cylindrical 

cur is too small, charge will be lost through the sides due to nucle ar .,.or 

rnul til,le Coulorr,b scattering. The r.m. s. lateral displacement of 340 iViev 

-------~- --"'-- ---'.-"-'--'.'-'- -- --_.'---.--.-----. --, 
16 0 i"01" a clclssical treatment of second(:1,ry emission phenomena and reference to 

ex:pi~rimentd v,'Ork, see Eo Me Baroody, Phys. Hev. 78, 780 (1950). 
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protons due to multiple Coulomb scattering, in slowing down to the end of their' 

17 range in copper, calculated using Folc1y! s formula, is 0&L1-5 cm. Assuming a 

Gaussian distribution j,n displacement, one mo;)r therefore' estimate that the radius 

of the Faradey cup must be 2.25 cm gre.ater than the radius of the be8.Jll in order 

to contain 9909 per' cent of the Coulonlb sce.ttered protons •. Nuclear elastic 

scattering of protons in copper' should not ~roduce a measurable loss of charge 

since the diffraction pc:ttern is reldively harrow (half-width at first minimwn ' 

. 'h 870' 18 ~s 'f 0 )" In order to test these conclusions e:A.-perimentally? o. series of 

copper Faraday cups of incre8.sing diameter were used to stop a 1 inch diameter 

.340 Mev proton beam. The relative current retained. by each cup as a function 

of its diameter is shown in Fig. 5. It ccn be seen that the cup diameter should 
1 

be at least two inches greater than the maximum diameter of a full enel'gy be@ll. 

The Feradey cup adopted for use in these experiments was 6 incbes in diameter. 

A sensi ti ve te st to set an upper limit on the total charge lost by this cup was 

made by placing nuclear emulsions (ilford C·-2) at selected points around the 

sides and rear of the cup during a bombardment by full energy protons. Protons 

of er.ergies' below 50 L:ev leave detectable tracks, even if passing Dormal to the 

100 micron emulsion, and consideration of the total surface area of the cup 

1eE'.ds to an upper limit of Oe02 per cent of the incident beam 10sto 

Considering all the sources of error in making on e.bso1ute me&5Urement 

of charge collected by the Farade,y' cup, it is felt that the results are gooa. to 

.-:--_____________ .....ii'..:. __ _ 

17. Lo·L" Foldy, Phys. Revo ]2, .311 (L) (1949) 

18e Angular distribution of .diffracted protons aDd variation with energy 
based on optical model of nucleus is given by So Fernbach, Ro Serber, 
end To B" Taylor, Phjrs o Revo 12, 1.352 (1949) 0 
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,!.2 per cento In relation to the difficulties in determining the ~:bsclute rnu:lber 

of betc particles emitted by t..he radioc.ctive foils (discussed in ..iectioIJ IV), the 

ChbTCe t:eo.f3urem€nt is I? minoT sonTce of error in determination of the absolute 

cross section. 

'to 

ll" Direct me&sun;Q.E.nts of the nur:Jbe:c' of proton::; required to pl-oduce: e -

ac.tivjt,y il!, O. C-05 inch poly::·:tYl'ene foils W0H'; made for proton enerl.;i8:'; dCi":n to 

93 Ley using t.he .€;enen:cl arrfJYlgemer1t of F'ig. 10 Bonbardr.lent periods of 1C to 

2i,) ul::"nutes v.'ers W.:i6C: •. The foils were counted on the lower shelvei5 of an end-

Yi'iEao\,/ Geiger countc:,r end their countii;g rc::.tes COI:lr:ared v/itL those of a standard 

. \ '\,; t ' (' ,,' l' - '1' 
':',':lO .. c; S ouree Sf!0 vec ~J.()n -L. ) 0 

bODibErded for a t.irae .1 by d. constE:nt current 1. (V.ll. amps) of protons, the cross 

. s .. ::ction (in millibarns) per' carbon etm:l for producing ell activity is: 

N' (T) 
tr (mb) - 3.4J~ ..... _._--.-

, -~T).· 
\1-6 .wI 

~. 

v .. here j~)(T) is the mU:lber of ell disintegrations/sec. at the end of bor.ibc.ro.r;1ent. 

In &ctuc:;l pL"L.ctice the proton current from the cyclotron often vt;:ries ebruptly 

1:::7 es 'l~:1J.C'h as c, factor of tVIO during the course of a run. The several contri-

butions to the total activity time T must then ~e computed, for each intervd 

of constu1t currento This is e. tedious task and inaccuracies msy z'esul t 1rOI:'1 

the detcrrl.inntion of the slope of the vol t<..ge/time curve. A more desirc.ble 

metho(~ is to ad,inst }te :.; l/~., In this case: 

(i (00) - 0.00612 Nl..UJ. 11 w 
Q(t) 

(r{,et:r~ ad B) 

i:lcH.m3 (~(t) j.s in miero coulor.;bs, reD.d at tJ:e SaJYl6 time that NI(t) is deterrrined •. 
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Tbe use cf abscrbe:..'s to reduce the rroton beare enerwr introduces renee 
~ 

straggling which lirr.i ts the usefulness of this method to enercies above 100 l\;ev 

if one wishes energy definHion within:!:. 10 per cent. The r.m.5 0 straggli.ng in 

range and energy of an jni tially monochromatic 340 lliev protcn beilin in cop}.'er is . 
1 . Fi ' al ul t d ft· . f - 19 S-.OiID.1n go 0 9 C C £.8 rom s andaro. ormU.1.as. An energy spread of 0 0 5 

I 

20 
per cent in the prim:::ry proton beGlll increases the observed energy in.nortlogenei ty" 

The use of lower Z absorbers would not reduce the total straggling signific8Etly 

since for c~I-l:.er the parts contributed· by the prinw.ry b.eGm energy spreDd and 

absorber are approx:imate~ equal.· At 32 riley mean energy the energy spree.d due 

to both soUrces is about!. 20'·tiev, making it difficult to establish a direct 

connection between cyclotron and linear accelerator absolute measurements. 

Another difficulty irillerent in using a degraded energy beam is multiple 

Coulomb scattering which }.:rocluces broadenine and angular divergence of the proton 

beam. E'ig. 7 shows c'alculated. curves for r.m. So lateral displacement (y) and 

. plene-projected scattering anble (eo) for 340 fl·lev protons in copper. The lateral 

spread of the beDID has been measured experimentally by. counting annular rirlgs in 

a foil. These measurements co.gree with the calcul8.ted lateral distribution and 

shoi','~ for e:>:ample, t..lJ.at 99 }jeT cent o~ the activity I'lill be containedv.:i thin a 

circle vihose diameter is 2 inches at 100 ~jev. However, it is elso important that 
I. 

all the proton flux passing ttrollgh the foil should also enter the Faraday cup 

v,hich bas en angular acceptance of :!:. 30: degrees from beam axiso AssW!.ing a 

--_._-_._--_._------------
190 M. S. Livingston .8nd.H. A. Bethe, Hev. fftod. Pbyse 2,·283 (193?) 

20. Co J •. Bakl-;:er and E. Segre ,Phys. Rev. 81, 492 (1951) 
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< r, ;ul<::.r distribution He) d ..fL = 1 
-- 'J' e .. 

o 

\. 

(;J.r,x to tLe i&r1. d::,' (:]11: ,'iil:dc~;' 7;E.rC n':u<:e (or l:-,rcton encI'[) es rc',].: ,; £'1'0r.. 

! l-. 1 t'" f" / 2 , .:: 
j, C'-,' I:,' '.> ; ,'::'\/, c'r ior 2.1.'i;Cl' ,('r 'DlC!iQW;3S0S 0 l' gm ~r:: to 82 gIV cm. i: ,;u;:., 

}- r(:tGjr~ (':ro::;s ,section LE. 0':" 

]'~:l'~. :[";.~~,- l:lB-lDer l".E;81 Ve.1ue j;iean 
1; c~"! i._ . ___ ._,_.~,_~'... full1l' ___ ._._ (illil1il)u'll!U ___ . __ ._.ll~]JJll£l:.Tl'.) 

ji,C. 12 41.2 0.6 

:313 1 47.6 2.1 

~-)(;,} 5 47.7 1.0 

"I' ~ .: .:;j 1 jO.5 2.6 

2/,:'; 4 49.8 1.2 

l')4 3 52.0 1.5 

U,!. J 5b.5 1.5 

'/'j 1 70.5 J.6 
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The energy spread of the proton beam from the Berkeley c-j"clotron rapidly 

increases at degraded energies so that only the general outlines of the excitation 

curve can be observedo Fortunately, Dro No IvloHintz has investigated the Cl ? 

(p,pn)Cll reaction using magnetically focussed 110 Mev 'protons in the Harvard 

qyclotron. Tnis proton energy is ideally suited to provide data in the region 

32 to 100 l.iev, and Dr. I-lintz has kindly consented to allofl us to include his 

resul ts~ The relative exci tation curve~ corrected for nucleaI absorption in 

brass absorbers (1. I barns) and then fi ttedto the Berkeley data ,is shoi'!Yl in 

Fig" 12. 1"01' the fit, both curves were plotted using a semi-Iogari thrnic scale 

for the cross section and a linear ,scale for the energyo Adjustment wes made 

along b()th cross section and energy scales to achieve the best match of the 

shapes in the steeply rising region from 20 to 30 hlev. When this is done, the 

curve also agrees wi thin the proba_ble error with the Berkeley cyclotron data 

at 93 Mev" 

10 Freviously reported measurements include data on the relative 

excitaticn curve from threshold (18,,5 + 0.3 IViev) to 27 I~ev using the Berkeley 

32 Mev proton linear accelerator. Using the Siline stacked foil technique the 

exci t&tion curve has nov: been extended up to full beam energy D 

.stacks of 0.010 in. polystyrene foils were bombarded by the full 

energy be8.IIi;l and the foils were then Gounted with an end-trindovl Geiger counter. 

In order to obtain good counting statistics, only enough foils were counted to 
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obtc:in L'. slAfficient overlap with the previously established curve. 'lhe cu:cve of 

thE': 1'1.1!1 vc'hich yielded the highc;3t activity, fitted to the data. from thre;:;llo::'d to 

2'7 IJ;ev is shown in Fig. 8. The probable errors sho\m are due to counting st[~-

tistics.. The two curve:, o\rerlap f(Jr, about 2-1/2 Mev in a regi.on where a br:)nd 

p~rr:Jits a:;cu:::'ate activity and-energy normalization. The fittL'1g of the two CUl'VE-;S 

does not. pem.i t a shift of more than:!:. 0.15 Ii!ev, v/hich introduces an uncertcinty 

of only 2 milliba..."Y'J.1s. Ht the .i"ull energy. Although the incident energy of the b8DJ11 

rr:o.7 vD.r;/ d0rm~';ard as much as 1 Mev, the best fit re3ul ts from assuming tl1G :Lnci-

dr)l1t energy to be the sarr.e as for the lower :t-art of the curve U:2.0 :!:. 0.1 !\,:ov). 

A fon plt._ced bey0l1d the proton ran~~, as a neutr'on r.:oni tor sho',;ed tbat 

e:r-:co:c frOlic this source could be considered negligible. 

Due to the cOl':!.p8J.'atively small thicknesses of b.bGorber~ u::JeQ to slow 

dei\·;:n 32 ii,eY p:coton3: no nuclec,?' e.b~30rption correction has been applied to the 

G.:~:ti vi t;/ cl.t:cve s. l"nrthc;ruore due to the 31:lall bet::.m diameter (1/4. incL ) relative 

to foil dialTjGt(~r (1 inch), no scattering loss is ezpected. 

""h b ' t t' t t 32 I' '1 t .10 L,,6 a SO.l.U e cross sec ~on measuremen s a 'lev prev~ous y repol" ed . 

112:';8 been ex-tended p.nd improved, primarily as regards beta-stendardization 

(,secti,)!1 IV) ?Jld detennination of the effects of secondary electrons. Thin 

(C.OIO inch) polystyrene foils we::.'e bombarded at full bewil energy, fu'1d thE: 

CU1"X'8nt. IV;)':; cDllected in a Fc.!,llday cup. Due to high average beaT:J. intel1si ty 

~10'-8 c.u"l1ps.) it is rossible to use short bombardments (6 to 120 ::;ec.) e':"'1.J t:lex'e-

for~, rende::- n8g1igible an;}' error due to inconstnnc;.? ·of the beaL', current. Tr:e 

v",-c:'mn ci1ar:ioer. The method:3 of charge deterrdnation have been descd.bcd in 

;; tote.1 of 34 separat,8 runs \'/ere me.de on the [lbsolute cross D8Ctioi: 
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at full, b(~o.YJ' energy. Three different t:::.rget-?aradC1Y cup e.rrangements nere used 

as sh01,rn in Fig.. 9 in order to assess and eliminate the error due to secondary 

cJectron emission. In the early TIllIS as illustrated in Fig. 9a a cjTlinder at 

high (8000 v) negative potential removed most low energ,/ charged partic:.les' from 

the beam before lit entered the Faraday CUpe The cup aperture was only 3/4 inch 

diameter 1 with the target foil inside. Since the solid angle of this aI~8rture 

to particles emitted from the target GIea is only 1-1/2 percent (of 4n), this 

geometry might be expected to trap nearly all of the secondary electrons. How'-

ever, it does not readily Frovide a means of measuring the magnitude of the effect .. 

Intermediate runs as shovm in iig. 9b "'vere made rlith the t8rc;et i'oil 

outside the cup ch2.lTlber and a secondt1ry~suppressing cylinder before the cUl-e 111e 

cylind'3r' bias was kept at 200 to 400 volts negative. A series of foils waS 

. !:' bombarded vlitb. c1iffere·nt \'oltages on the C"ylinder. The .results indicate t~lat 

secondc.r.l el(3ctron emission from the Faraday cup decree.ses by approximately 5 

per cent as the bias is decreased from 0 to 400 volts. This figure agrees 'with 

21 
the secondary emission check made by Cork for 32 Mev protons. 

The :final runs as shovm in' Fig. 9c were m.::.~, with a perrnarleDt magnet 

\idch produced a field of 400 ga'.lSS inside the Faraday cup. A variation cf 

suppressor voltage from 0 to 400 volts produced no observable change in the 

C:C03S sect-ioYl. 

The aver&ge vdueG of the measured cross section using the three 

methods of intGgrution are sbown in Table II. The agreement between methodG, 

combined vrL tb the vol te.ge ef'fects noted above, indicates t..l1at most of the 

secondalJ electrons are of low energy and that the su~pression measures 

employed ware adequate. The estiinated systematic error in cross section due 

to secondary electron effects is 3 per cent. 

,21. B. Cork, l-hys. Rev. 80, 321 (1950) 
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finally adopted value at 32 i~'ev is 

"32 I::ev .. 89 :. 4 millibarus. 

The lUlcer·tainty includes errors due to integration and counting 
fl.' . 

stat-i.sties hl:;t dGea not inelEde the probable error in b<::t.s.-::;tc:.r:de.rd eeli .. 
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The absolute values of the cross section are dependent on a kno:'lledge 

of the .number of ell nuclei produced in the target foil, and therefore, ~~e 

disintegration rate at a later time~ This rate is found by comparing tIle counting 

rate of the tq.rget foils with the c01mting rate of various ~ emitters of knoyitl 

disintegration rate under identical geometrical conditions. 

Ideally? foils used for absolute beta activit;}- deterr.lination should 

be very" thin to minimize self-absorption wd scattering in the source. The 

necessity for. suf.ficient activity in short bombardments sets e. lovler limit on 

') 

foil thickness, however, and OoOO? inch (",,13 mg/ CQ"') and 0.010 inch polystjTrene 

foils were used in the Cj-clotron and linear accelerator runs. 1he foils Vlcre 

counted on the lower shelves on an end-windoIT Geiger-I'frucller counter of 2 

mg/ cm2 ,·n.ndoY{ thickness. The i..~eometry is ShO?ffi in Fig. 10. 

Significant corrections for absorption and scattering of low energy 

bete. particles in the source, air andcbunter window must be made if tile 

geometry or beta spectrum of the target foil and strindexd are different. These .. . 

corrections are difficult to assess and involve dubious extrapolations to zero 

thickness. Here such corrections have been avoided by choosing beta-standards 

of rLeo.rly the same energy as ell and counting them in geometries as nearly 

1 °' t' t f' t' ell f' °1 °bl Half 1 ° f' 1 t f °1 l~e na o· ae _01 _as POSS1 eo -tl1ckneBses O~ po ys yrene ~Ol s 

were placed above and below the active deposit in counting stende.:rds, and 

the same foil holders were used. Since the standards were effective point 

sources: e smQll geometrical correction for the finite extent of the active 

region of the cyclotron-bombarded foils had to be made. This· correction was 

bD.sed on a series of measurements, as sho,m in Fig. 10, of counting rate as 

a function of lateral position off the counter axis, made by r,irs. Beverly 

Lec in this Laboratory ft The counting rate of a uniforn distribution of 
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v 
':'!"!:,';:)'i~~'- O',,;,~ u or\,:;--L:cL di;':Jjet~r centered circle, as cOElpared to a pOL1t 30',t:;:',.:!C 

L.; <.; l,'n' cent lo~;' on t!'!G Jrd shelf, GJld J per c~nt lo,'! on the ,!;,th 

5'-'1T"2.'1::1 1)etc-stnndc:,:cds of energie:J briicLeting that 
11 , 

of C (C.9? M8Vj 

(1.17 Lev), 

wld 

. 24 
b;;" tl1C:: b,:.;t~:.- gc.r:ll!le. coincide'llce method. 

bJ' ::;C:W'!"i:,int; the oll~h[.s from the daughter Ib,~1i' ii1 a sto.ndc..rd geometry &1:::;11a cm:r.!.te:.'. 

tln,t t.he :~aF WD.:; in equilibrium with the RaE. Each of thei]8 stn.nde.rds':;as th8'tl 

G.t tJ,c r&tu cf N c/m, a's cO];'Pured with N elm for ti'Je ell foil, t;!en 
'1 2 

(7,; hi ) if :.: 1;( ... , the di~inte'o"ration rate of the ell foil. It i.3 con-" 2· "1" S _' 

rat~: iJ3 e/lTt we '~<\y tJlis nUmber Heq. = 
'flWll if at a later tiJEe tJ{c 

11 " ,'. ' 
e is counted i~ t116 same geonetry, 

since thi; equals (l'!2Ji~J) (NyH1 )Ns 
.. ,.,'~.:, :-;~ '.~,-:~ '. :~'.: ;, 

-----.'--_._-- _._ .. _- _. __ .-
'») ,~ r,l' ";-

and I. Fe rIm t:<.D, Rev. h,.od. Phys. 20, 585 (1943) 1_ ... (I. l.l'. 1« l~enborg 

" .... \.J", IJ o Ie&cCJc:l-~ ~"1d R. G. :Iilkinson, Phys. Rev. lir., 297 (1948) ~.)ti ,,, Q Gook. , E. JU1~i1ey and L. Iv:. LaI)ger:, Phys. .,Rev. 70, 985 (1946) 'J 0 .. ...Jo(I 

2/-;.. \v •. Sl!'i, :Lsotopic Tracers and Nuclear Radiations (rf:cGrai7-:lill, 1949), 
('.r:. 13. thG Na 2!; saml,le was kindly made availablE. b;r 1)T. C. A. TobL:s, 

4 h •. "' +. • ...t-
Q:) '.73';; ':'.,8 Clj~H~lo.'';:·lC8-counvlng equl1)Jilenv. 
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Obviously this number H mU3.t be redeterGlined v1.1en· the target thick-. eq. 

ness or the geometry is changed. 

Values of Neq• for the vario'lJs standards with gepmetr.1 sho~m appeo.r in 

Fig. 11, where the probable errors, includi::1g the str.ndardization 3tCltistico.l 

probable error, are shovm. It is assumed that the pro1Jer value of Neq• for a 

lmoVIl1 cll activity would lie somenhere in the shD.ded area (.!. 7.5 per cent f;rob:J)le 

error) .. 

V. DISCu.:.;SION OF RESULTS 

The COl:lbined data from the Berh:eley: linear accelel~ator, Harvard cyclo-

tron, and Berkeley cyclotron is plotted in the Jinal curve of Fig" 12. The 

probable errors shol'm are those of absolute measurements but only relative to 

one another, i. e., they do not include the probable e:cror of 7-1/2 per cent i::1 

beta-staJldard calibration. 

o 
kn independent absolute meG.sur8;nent z.t 62 ff!ev by kcL:illal, and L'r;iller, / 

in v~1ich the present uranium "intermediate" beta-stand.:ud was used as the 

primary standl1rd, may be corrected in Vie\i of a more accurate cc.libration of 

the equiv::-:lent cll beta-activity of the uranium. The corrected value is 82 + 

11 millibarn8 end is plotted for comparison in Fig. 12. 

Tl 1 · . t r> Cl ' T" Ie ·11 8 . + 1 ~ 1e ear ler experlrnen '5 Ool . 1UpP ana "C .. ll an, USlng S vQC '-P 01 

grnphi te plates bombarded internally in the cyclotron with protons stripped 

from deuterons, indicated that'the excitation curve was flat from 140 to 60 Eev. 

No correction for nuclear absorption was Elude in these earlier e:cperimerlts. 

However, a correction based. on a nuclear absorption Cl~GS?> section of 0.25 berns 

in carbon does not entirel:r account for the c1iscrepancy app<ITently. The 

remaining discl~e~ililC"J resul t:J fron some other source of' error, probably a 
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contamination of the proton beruii inside the cyclotron tank from lower energy_ 

particles. 

Tile shape of the excitation curve has several featured of intere::;t. 

As shown earlier by Penofsky and Phillips~O the low threshold energ'J provides 

definite evidence for the existence of a (p,d) reaction in this region. Evidence 

for tlle persistence of the (p ,d) ree.ction with good probe-bili ty for protons of 

• ,-32 Mev occurs in the independent experiments of Levinthal, et. ale 25 In t.'1is 

energy range the (p,pn) and (p,d) reactions represent inelastic proce~3se3 be:3t 

'described by the theo17 of the corapound nucleu::;. The low energy excitation curvo, 

Fig. 8 , exhibits irregularities which are experimentally significant, 1,)ut diffi-

cult to analyze in terms of the capture process. The peru( of the curve occurs 

~ 11 
at ,,5 kev, in· agreeQe;lt with the calculation::; of Heckrotte and Vlolff but the 

w:ldt..l) of the peak is considerably greater than their evaporation theory estimates. 

At bif;her energie~ noncupt1.U'e processes may be expected to become more 
• 2~ 

important. \) Heckrotte and WolfrIl have considered the effects of (a) non-

capture excitation or a (p,n) exchange, followed by evaporation of a single 

neutron or proton, and (b) direct "knockout" of· a neutron. The resulting curve 

is nearly flat up to 140 IAev, the limit of the calculations. The experimental· 

curve does not show this plateau but decreases \vith ener5J approximately as 

E-l/2 above 60 This energy dependence is very similar to that of the 

neutron total cross section in carbon, and the Cll cross section is about one-

sixth 
2 27 

as large. ' 

25. c. Levinthal, E. Martinelli, and A. Silverman, :Phys. Rev. 78, 199 (1950) 

26 0 - H.. Serber, Phys. Rev. 72, 1008 (1947) 

270 J. De Jur'13n, J?hys. Rev. 81, 919 (1951) 
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- t' .... t t t t th 't' ( , ) t' b- ,,"' t ,..11 . i ' 1 ~s o~ ~n eres 0 no e _ a"L 'ne p ,et con r~ UlJ~Gn 0 v proc:uc -,lU!, 

",~'" be ";gr~; 1'; C""lt 6"8'- rt h'; r'11 en"'rc-';e" Thr~_ e'/'-'.'-~erl· n'.-ent'" of .Ti"Q'le~l c~_n_(1_ '.J'or,.,Z8 '''~ ;).L.' • .L_ •. = '. d c:. .... 0 -:: I:>.L'':'. ,- 'I:" _ - _.c.. _ .I' 

Sh07/ th.,t half as rnc::ny deuterons as protons li.re J;noclced out- 0';:' carbon by 9C Lev 

neutrons. If the deuteronr:; are formed in a "pickup" p;ocess~29 one would also 

expect then) from proton bomba-rdJtient. The total cross section for ueuteron Hjr·· 

r:-'2.tion in curboD by 90 I:;~ev neutrons was estimated at 2(; f:lillib 8.rn3. 

r.~ " • th 'C12( ) ell t· to' lile Cllp:1.n e ,p ,pn _ cross sec ~on a 34 I>lev represents a 

significal1t chELnge from the gr1lducl decrea:~e in crose sc:ction at hiGh energies. 

11 
of the C backGround procuced by seconci2.I'y neutrons forDed ir. the 

'copper r,bsorbers ampUl~ts to only lilt millibarn increase. The ell acti \.i t,; in 
" 

t.he foils showed no signs of contmrrin&tion by radioactive recoil ion:; froh. the 

coppero The oaly kno\'m high energy reE.ctio'n heving a thrc'!sl101d in tLi~~ rq,;ion 

is rnG80n proGuction wi tll a totd crOSf; sectien of about 6 millibe.rns, but it 

. t· ,. t 1 b' , th . 1'" . tl t, 't'- ell lS no lnuneo.~a e y. 0 Vl.OUS noY! .. lS cou Q a~rec y compe e \/J.. n fOI'DQtion. 

;1e vlish to thank Frof. I'J. K. H. }'aIlofsky for his constcnt advice 

md encourUCE:i!lent throughout the history of this €J..."J)eriJr.ent. The generosity 0,;:' 

Dr. N. 1\';. Hintz in a.llol'd.ng us to incorporate his data is grec.tly 8..ppreci&t~;c.o 

This \'!o:;:-}~ waf:: sponsored. by the Lton:ic Ener'gy Coml;.ission. 

28. J. Ead18J and II. York, l-hyso nov •. 80, 31;.5 .(1950) 

29. G • .Fo Cherr, and rl. L. Goldbcrger, Phys. Rev. 77, 470 (1950) 

Informaticn 1i,·.risi.on 
9'-lLI-~'51 
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