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I I~roduot1on •. 

The teot that gamma rap (.tha~ is high 8nersy x-rwUation) cause 
. . ( 

nuclear reactions has been. kn~n -t<m seve1"61 t~s. In. 1935, Chadwiok · 
. . . . ~ 

and Goldha.borl demonstrated the :pll~o-41siiltegrat1on of the deuteron . . . ' -, ~ 

• f. # 

using ~emma· 1"83'8 ·tram Th ell. ·The. products ot these reactions b.avct been. 

stud ted using the samma 1"878 ot suoh re41oact 1 ve ·nuclei as Na84, a 56; 

ae.'12, Lal40 Whose energies -&re 2.76, a•'!., 1.5. end 2.3 Mev respeottvely. 2 
. . 

the 17 Me" ~amma rays trem the L17 · (p, ?") .r&aot ion haTe baen ~eed extensively 
. . 

by aeverel group~·5 

With the oonsttuct1on ot ldgb enersy electron. eoeeletetors such as . ' ' ·, . - . ' . ' 

·' •· . - ,, . . . ' . ~ ' . . . . ~· '•, . . . .. ' . . . '_ ~ 

betatrons and synchrotrons thi~f ~oi% h~s been extended ~0 the higbar enersr . . . . ' ' . ~ . ~ .. . . 

• regiO!fs~ ' 'l'he.:General ltleotric ~up4~ ~ the 1.00 Mev betat~n, and stud1etJ _ 

·are now 1n progress 1n this ·laboratory using the be~ trom the ~J.tev 

synchrotron. ·-

MOst or the experimimta referred to bATe been studies ot· the radiO.. 

. active. on<l products. of various neor1ons,- so' that the total erose; S.Qt1o~ 
·' . ' ' : . . ·' 

were obtained tor ( .Y, "I')), ( .Y, p) •. · ( '/, 2 ~) rio, ret\ot1.oll8 w.1 th various .._.. .......... 

.n&rsr · ge.mme. J!'a.)'S on ·ditterent elements. ·It. has bee:n ·:rOUnd that at least 

up to 100 Mev the most probable reaction is one in which only a sitlele 

· ~rticl.e is emitted.'' In t~ case ot oarlx>n, copper a:ad tantalum the (-/,n) 

reaotlon e.ppe~s -t:o have. a very pl'OnO\U:I.ced ma.xiJ'nwn for gamma rays between 

20 ~ 00 Mev. 
•'fl ••• 

. . . . . ,_ . ~ 

In order to Wlderstand ··'he possible mechanisms_ 1a ·these ~cttons 

it is first neC.ssa,ey to eons1deto sOJIJS ot •he propoaaltf which he.ve been 

made about nuol.ear reactions in general. The concept WhJ.~h has been most 

uaetul in cioaling wUh b.eavy perticle 1.n4uced reacti011_s belovr ·about 50 Mev 

19. that of the .comp~d nucleus._ ··.This idea, illtrciduol3d by sotu-5 in l9'J5, 

is .baaed 0.11 the strong nucle~-nuo~eon interaction 1n the nucleus .• - It is · 

\' 

' 
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assumed that it a neutron. tor example, impinges on a nucleus, then by 

successive oo~iaions within the nucleus its energy is distributed among 

all the nucleons~ 'rhus a oQlllpouJ.l(l nuolaus is formed of the original tar

gat nucleus plus the incident :partlcle. Since no one particle now has 

Gllough energy to overcame its b1n.d1ngt the compound nucleus lasts for a 
. I . . \ . . 

time long OO.Ill.pe!rl;)d to the time Of S. nurleO.D9 S flight across the .D'UCleus, 

i.e. lon& oanpa.red to 10-21 sao. Fi.oally a particle will I)OOumulate the 

naoessary anctrgy to escape and it will "bo1l out"'. This dis1ntegtat1on 

Will oont 1nue by successive evaporation of pa,rticlea until. the available 

energy is less than the binding energy of any particleo 

Using these ideas we ·oan analyze a nuelear r&aotto:n in two paris: 

first, the absocytion ot the 1.f1:0idant particle a to form. the compound 

nucleus, tha cross section for this process we call ~a(e): second; the 

poss1b1lHy Yl p ( EJ) of tho $1Il.1ssion of' a pa.rt iole J3 vrtth a..n energy C • 
. . -

The fundamental idee of the compound nucleus is that we oan write the total 

cross sect ion tor th& process 

a- {a,p} • O"a (c} 1'/~ (E) (1} 

A method of dea.li:ng with tho evaporation process has been discussed 

by Weiesk:opr$. He uses the principle or detailed balruHHt between the 

I 

. . 

·emission of a particle tro.m tha coltlpound nucleus and the absorption or this "' 

particle •. 1n this way the probability ot the em.iasio.n ot a particle ot 

energy£.. trom a n'U(I:leus excited t~ an e.n.01"gy E is found to be -· 
(2) 

,, 

.. 
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where w (I) is the lMel density of ~he nucleus at the on•rQ 3!,. batore 

the em1ss1oa; w (.&- t. -~) 1s the level d&nsity ot the residual nucleus 

after a part1cla with a bt.ndtng entWgJ r.., has been e.mitt&d with a kinetic 

eaerQ £ 1 8ll4 a'~ { e. ) is ib.a aa:ptun cross seotion or 'the reaidu.Ql 

nucleus· tor the particle p. '!'he ·~ct tonal form ot the levei 4ensUy 

4epu4s O!l the model one takes to repl"eeent the nucleus. :aut mo.st models 

w (I) • ce-a.ll: n (3) 

where n ls close to 1/2. 

ror n.eutroas and protons, the capture cross section oan be computed 

to reasouble aocraraoy.'1 Using these results in Equatio.u (l) and (2)~ 

we can calculate the cross sectiOA tor tho eut1ss1on ot any particle ·s.n a . . . 

Hilotion induoed· by heavy pal"tlclee. 

'the problem is imlne41ately $.&de more d1tt1oult 1n the cue of gamma 

ray 1Dduce4 reactions a1nce we do not know the probab1U'ty that they Will 

exo1 te the compoua4 nucleus. Bow ever i it the pi nUN ot the compowa4 

rmoleua 1a at ell applicable to gaJIIIJIA J"ef processes "he" are soma oonoluaions 

tilat 01.U1 be drmm. The relatiY8 probab1lit7 of two reactioAS SUoh 6.8 ( ?",p) 

and ("/,n) can be ce.lo~ wi~ no assum;ptions as to the probabU1ty ot 

U:01tation by the ~ 1'81• Tbia ratio 1a.TolT8S only the integral of 

lquat1oa .(2) over the en•l'CY N&ion aTailAblo 1Jl the two' cases. The ratio 

', 

ot ( .Y ,p) to ( --1 ,n) oaloulated 1a this way tor 1? Jtov gaiii88S oan be CGlllparecl 

with the .Xperimntal :results ot it1rtzel and Wittler& who ussd tne Ll (p, 7) 

reaot1oa to produce IDI')ll0ftnef'g8t1o samma.e. The oaloulated results tor the 

re.tio Gl'G ot the order ot a taator ot 100 lov.rer than the obsei."Y44 reaults. 
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Sb.itt9 attempted to expl.ain the experimental results by. aesumi.ng "that tbs 

samma rays can e:xc1te only a few of the nuclear energy levels. and that 

the density of those levels 1s a very slowly varying function of th0 energy. 

Goldhaber ond Taller-1° have discussed .nuclear dipole 'Vibrations 1n 

ool'Ulection with th~ observations. ot Baldwin and Klaiberl-1 that ( 7,n) 
r,aotions haTe rather sharp ma·dme. tor i• s of about 20 Mev. This work 

considers the volume and surtace T1brat1ou of the protons with respeot 

to the neutrons. It 1s ~hown that there would be a resonance ro:r these· 

v1brat ions at about 20 Mev so that the observed mxi.rna would then correspond 

to a high probability of formation of the compound nucleus. 

There 1a one more approach wh~ch b&s been used. to exp;J.a·1n some gamma 

ray induced reactions. One can cons14er :the aet1im ot the electromagnetic 

field ot the photon on a single part10le .. in tha nucleus.· This typo ot 
. 

ealoulatio.n 1s a.nalegous to that used for th& photoelectric effect. ot 

electrons in GD. atoml-2. Tha · oal.cu.lations neve been done tor the photG-

13 1 ·.15 . -
disintegration or the deuteron • 4 .eaa. tor Be9 , but n.o ·attempt_ has 

been. IIBde to use these concepts· tor the photo-reaot iQ.DS 1n heavy elements. 

In c~aidering experi.ments done with the gamma ray beam trom an 

electron aecolerator, the spectral diatribut ion ot the photons Jmst be 
t 

kept 1.n mind. ·The synchrotron aooelaratea eleotrob..a to a maximum .energy. 

ot 535 :Mev, and th.e.n allCMa them to atrlke a 0.020 in.oh pla:Unwn target • 

When th.e el&otrons are accelerated b:y ~e couloml;l t1eld ot the platinum · 

atoms tboy radiate ~ rays. The Bremsstrahlung {continuous .. ssmma ray) 

ap.c:trwn 1s approxtma.teq such that the number ot quant~ per unit energr 

' 1s imeraelJ. proportional to the energy up to a maxilmlllo1' 335 Mev. 

( 

/ 
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These experimOnts were undertaken in tb.a hope that they might 

help explain tho ~ahan,_sm_ of J~e.mma ray i~ced reactions. With this in · 

" 
mind the energy diatribut ion of the protons ejected by the synohrotrGJ:l 

beam trom carbon, copper, and lead was studi!Jd. A.."l angu.lar distribution. 

of the protons at one energy wee made with·. targets of ~arbon Slld copper~ 

Ani an attempt was mdo to determine tb.o absolut~ value of the oross aeo-

t1on for·these processes. 
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II O.neral E:xperilHntal J:ethod. 
,....-· 

The main problem ill this experiment V!as to count protons and . 
4 . 

mea.suro their tanga. Fundamentally, the procedure used was the ~sure-

mant of the specific ionization of particles a'- two points -along their 

• 
path. If we consider "the en&rgy loas formula of Bethel& we cu -write 

dE 2 
dX "' K z t (v) • I • spec1t1o ionization {1) 

where ~ ta the_ energy loss duo to ionization per Wlit length ot path' 

z ia the oharge ot the 1o.n1z1ag ~iole 1n units ot the eleotron charge; 

t(Y) 1s a fUnction of the velocity ot the particle only; 8nd K is a 

constant dependant only OA the properties ot the stoppi.Dg material. We 

can rewrite this as 

(2) 

It E:quation (2) 18 integrated trom zero anergy to an eD.ergy E 

oorrespondi.D8 to a re.nge R, we have 

, (!) • (3} 

.Ar. exact numerical integre.Uon ot too energy loss equation·up to 

one hun4re4 MeT shows that for stopping Eterials in tb.a middle ot the 

periodic table we can wrttel' 

R • K' m ( !)1.8 
.'ift m 

(4) 
• 

Therefore 

I " ~: r l· (: r"5 
(5) 

·I 
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This approximation 1s valid aown to about 2 Mev tor protens. 
I 

It ue mao.sure l e..t two points separited by a knCJ111n th1oknass -ot 

stopping material. •e havo r1 at R. end 12 at R plus .AB. Thus ~1tb the 
. •' 

'wo equations ot the rorm of (51 for I 8lld t1 we c~ solve tor th'e two~-, . 

unknowns R en4 m. · In pr1no1ple this process can be· carried to ~7 desired 
' 

4egree ot pr801S10n but in this experiment .S&VGl'Ql s1mplif'ltat10nS were . . . 

made. 

We- shall designate the first cowner entero4 ·b7 the pe.itiolo as 

the tront, and the seco.nd as the back countar. If we .accept in the back 

oounter only veey large pulses this ll8ans that the initiating particle is 

near the end of ita range. Lat us assume, tor tha ntamon.t, that the perU• 

olea being ·measured are all protons·. We oe.n daterl!line the ran£6 interval · · 
- . 

a.coeptEJd 1n the back counter by examining the pulse height distribut1oA 

iU the froJit counter. Figure II·(l) illustrates this point~ ·In the back · 

counter we accept all pulsss oorreapondin& to dE/ dX greater t~an A. • 'i'hen. 

the pUl.se height analysis in _the tro~t o~ar should give A III. in the 

example ahawA ot 19 percent. The. 1nn1"8e of this can of course also be 

clone. It we measure J/I, end know A R. the value of R ou be tound f'rara 

1he ~. 

or Al. .. (R + A R) ,4:4 • l 
it. llR 

or R ~ .c.a [(~l. + ~a.u··l] {~) 

.. 

.. 
·1 

- ~ . ~ 

. j 

. 

/j 
' 
J 
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'I 

1 
~ 
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.6R = 35 mg /cm2 
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EQUATION (6) GIVES R=.6R x .48=16.8 mg/cm 2 
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FIG. ll-(1) 
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EQUATION (6) GIVES R' = 32.7 mg/cm 2 
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.. 
>,~ R' 
w' 
~E' .6R -.06 
wlx "0"0 

14 R 

I 

.02 

10 20 30 40 50 80 90 

RANGE IN M5 /cm2 ALUMINUM 

FIG. IT- (2) 

100 

100 

14463-2 

n7 Q 



.. • 

:; 

\ 

11CIU. 569 

In this way we determil2e the equivalent range 1ntorvul that 1s 

accepte4 by the back counter •. Tbe calculatiou can be che9ka~ by changing 

tha discrtminat1on on the back counter by a given amount--say to 75 ·percent. 

Then_ tram Equation~) t4e rangeR should c~ by a !actor ot .75 raised 

to the 2.24 power. F.rom Eque:tion {6) or from a graphical analysis as in 

:figure II-(2) the naw value A. Ijl can be ,computed an:o_ eoiapared with 'the 

Sll&a.8Ur8d result. It thiS ohe"Ok 1s satisfactory it cap.· be concluded tht!t 

we are aotws.lly dealing .w.ith only one k1nd of particle as was assumed. 

Another check llth.ioh can be made or this letter a,ssu&ptio.n is to 

increase the amount of .nztertal .6 R between the· ooun~ers ~d again 

measure the pulse height distribution~ ,Since ·b.i/I ·is now small, different 

kinds ot particles would show up as two or moM different peaks in the 

pulse heigh~ distribution. 
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III. Appuatus 

Counters ----
As stated above, the b~1s :Of these· e~iJ'Dents is a measurement 

ot the rate ot energy loss ot a particle at t.o points·along tts path. 

Particles mOYing with non-relat1v1et1o velocities, i.e. muoh less than . . . ~ 

the velOcity of light, lose their oneraY by .. oollis1on with, and iottiza-

ttoa ot the matter through which they·paaa. ThUs it is only ne~e·ssary 
·"· . . . 

to measure the ionization produced in· a. t.llin regi!>n to know the. rate ot ' 

energy loss of the pa.rt1cle. This was done by means ot proportional gas 

counters s1noe their operation has 'been studied rather extensively and · 

their output is known to be· proport.ioDal to the toilization over very wide 

limUs. 

A proportional, counter is essentially a vessel tilled ~ith gas and 
I, • • \ ' 

~ ; 

. . 

oontaaing a thin wi.re held at a positive voltage with respect to the . . 

walls. Electrons which are liberated 1f1 the or.iginal ioniZnUoli dritt 

toward the wire and it they reoe1 ve sut.t1o1ent .e.ne:rgy f!om the electric · 

tiel4 theJ produce secondary ions in_ the gas. 'rhe s&eond~ electrons . 

thus produced also d.rif't tne.rcl the wire and eventually all are o olleoted 
·' 

on' it~ The .motion of the electrons and the positive ions induces a charge 

on tbe wire ca~at.ng a drOp .in 1te 10ltage vlh1oh then oan be aaipllt1ed and 

measured. 

In the low ti-eld reston t~ from th& wire .eleotrou gain eD&rgy 

very slowly. meld.llS thouSands of ooll1s~ozis with gas .moleoul&s betore 

ge.ini.;a one electron 1'0lt. .In this region it is nr11oh more probable tb.Ert 

they tinally lose their energy by raistng a molecule to an excited 
' ' 

.. , 
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electroniG state rather than 1on1z1Dg it. It however the. electric field . . 
gradient 1s sutfio~ently high_, electrons will gain. the enbl'§ neoessat7 

to OA\1.88 ionization in a tew mean ~ree paths, so that in. such a region 

1on1zat1oo wi'll take place. In a proport1on8.l. OO'W'lter the voltage ia 
' 

adJusted eo· that aeoonda.J."y iona are ·torme4 oaly veri close to .the win, 

tJa1 within a tew thouS&Ad8 of an inoh. Thus the multiplication remaina 
... 

th1 te and ·does not eauso a complete electr1eal discharge as in tb.a case 

ot a Geiger cOUD.ter. A oountei' operate4 1.n this region will be truly 

propon1on.al prcrt1ded a) that recombination ot el..ectrons w1ih 1oaa or 

electron attacbJoont to nsutral molecules 1s nsgl1fd.ble ~ b) that the 

space charge 4\le to the electrons near the wi'rtt dO.s no\ .Cesstvely 

distort the eleetr1c tiald.. It bas been found experimentally by the 

Loa Alamos workerala that a) is se:Ust11Jd tor rr..ost ot \he ~Ollll<$ gasses, 
. • I 

even for very heavily ionizing particles. However, the spe.oe charp 

orteot will ot course become important it. eutt1c1e.n:t· ionization takes 
- • . I 

place i.n the counter. Corson an.4 W1laon19 have ~own that the efteot 
' . 

is negligible it the anergy lost per centimeter· in the counter (in eleo-

tro.n volts) &lt1p11ed by tha gas .mu.lt;pl1cat1o.n is less. than 109 • .T.hia 
. . 

ia only' a very rough rule of thumb, S.i.Jl.ce the space Char&'& etreot is 

stronaJ.y depanclent upon the path ot the primary particle. It does indicate 

however. t~t ·in the present case the problem 1s none:dstent. e1noe the 

above quantity was neTer more than 10". 
' i_ I 

By oonaidering the momentwn 'balanoo tor electrons 1n a unit vol\tlle 

ot the gas, the problem of the d1ttus1oa ot electrons 1n an electric t1eld 

cau b11 solved. The result g1Ten by Rossi and. staub20 ·1;-ib81i the dritt · 

Y'el~1t7 w 1a given by the equation 

., 
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where e a.nd m are the electrord.o charp and ·mass; A _is 'the Jrl&8Jl tree 
'-- ,_ --path ot the el.Mtroaa lll.tl4 u is th$1r aean agltatioa velOotty. E is the_ · 

. . . . ' . . -

eleotno f1el.A 8\rcmgth aa4 p the pressure. In' argeo the ts.rst excited 

state to •Moll the electron oan tl'&llSter ita energy is at U •·•· so that. 

the mean a.cttatioa 'f&loClt,- ool'ftapon4a to about 9 e.v. At this eurg 

the_ mate~.\ tree path is very amall. tt a ~ quantity ot eo2 ,ts at4ed to 

the &r80Jl. the IH-81'l. agitation ea.I'(O' is .ke~ ~ by exo1tat1on ot 14w

l.71Dg v1brat1oaal states. The a4d1ttonal ettectlveneae at the co8 can be 

a.-a troai thS uta of Brode21 whioh -~s that tho eonter1D8 cross sec• 
·. ,. 

1 

t1oa at eleotrOD.S OJl arson go88 almost to Ml'O for low qilergies. !hU 

~e mean tree path Will elao be much lODger 1t the eleotrou an kept at 
• -, J • 

low ac1tat1•a velocities. Thia o:pla1A8 the e:cperimentall,-_ Yer1t1et\ re

sult tilat the 4ritt velooU7 is ao.u14on1tl.J h1£.ber 1A aa arpn~o1 m.txttU'e 

tha!l ln. either gas b7 1 tselt. 

A ~ure ot 96 percent ~ e.n4 6 :Panent O()a was used 1A the&e 

oouters •. ~r this mixture_. aa4 at the voltages_ use4.- the. dr1tt veloc1i7 

is about 6 x lo6 oentimetera/aeooad. ''l'he protou .were aoll.1mate4 so 
.. ' ' 

that their maximwn· cUstanoe tree the Wire was about 2 centimeters. 'l'hu.s. . . . . 

the delay before the gas mult1pllcati91'L started was .less than 4 x lo-'1 

seoQ.U..da •. Th~ counters wae reotangul.ar in ehape with dimeno~ona of 

4-l/2 X 3 X l-l/2 UOhea. 

' 
the re~angl.e. It was tel-mlnatect on one an4 by a silver solder bea4 

&Ad oa the other by a number 18 copper w1H with a sol4e:r connect1oa. '!he 

80lde'1" bea.d we.a dr1llo4 -ana supported trom the walls .with a nylon strtns • 

f 
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The oopper wire was brought out· of the counter thl"'U8h a Kover glase 

seal and was then ootineote4 to a high voltage supply and the input of 

· the p~lltier. On the la.I"SD taoes of the OOl,l.Uters tlanges were 

mOW1te4 to support 8-1/2 inches 4'W:-al toils. 'l'b.us we etteot:l.vely have 

counters wlth a oyl1ndr1oal aot1'f'e rftgion ot roughly 2-l/2 inch d1e.-
• 

ater e.ad 2 tAch depth. 

. 

J~l.eotron10$. 

(A bloak diagram of the equipment is shown in Figure III-(1).) 

The sanel"fll requiremellta ot tb~ eleotronioa associated with' the 

couter.a were l) tha.t they h&:Ye a wide enough band width to pass the 
' . 

l&adin8 edp ot the pulse trom. the counter; S} that the response ot all 

the o1rouUs be ltnear1 that 1&1 _that the output of the amplit1ers be. 

/ pro;porUonal_ to the !A put 1 3) that the pulMs illto the diserim1ne.tora 

... 

must be as short as pcaslble to avoid haviDg several S!llall pulses build 

up to. resemble a l8rg8 one; 4) that the pulses 1l1to the ootn.etdence 

circuit must be 88 short as possible 80 that aeo~ental oolncidonc-es . 

between the counters coul4 be_ reduced; 5) that the amplifier, pulse · 

height 41sori.tnil'lators. and the high voltage supply wst be .sufficiently 

a-table so that there would be negligtble dritt over a period ot several 
' 
hours. 

lt was found that all ot these requirements could be l!Bt to the 

degree demanded by these experiments by usl.Dg tor the most pa.rt standard 

oo.mpo~aaats which had been designed and built by the Eleotronios group 
' -

under tha d1~1o.n ot H. Farnsworth. 'l'he pre...amplifiers ware a l!i0dit1e4 

nrslon ot those designed by Mr. Bru" cork. They ware made to tit directly 
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on the counters with banaona ,plug o~tiODS ·and. as used here had a . . ~ ,~ ,,~ ,.. ... -~ . . 

gain ot about, 1001 and a nl~t1ve. ~~put. The outpUt of. the pre-&npl1-

t1ers we.a q.el1 vered to tho aaunt ing racks from t}le , mae:n_e-; room ot the 

synohrotro.a via coaxial cables. At this point the signal was ted into 
• I , . 

-high MJ,n l_inear ampl1t1ers (maximum gain lO,OOO). However, 1n parallel 

to the lnpU't of the linear amplltiers. there was a shorted coaxial cable 

100 teet long which shaped. the pulse into the linear amplif'ie,r; ·to 
·. ' ' 

about 4 x w-'1 seconds. Tile outpUt of the linear emplitier went into 

the- d1sor1m1n.~tor ot a ctrouit which -generated a gate ot _constant· ampl1• 

tude and variable width and variable delay •.. The w:ld:th ot thi's gate was 

e~t at 4 :z: lo-7 seconds and was then ted tnto a coincidence circuit. 

For these experiments in which the pulse height distribtrtion was 

want~)(! a io channel pulse height analy'zer we.s ·used. ~is ·device v1as 
' . ' 

built by Clyde Vleigand and w. Gold~hy tolloettng the design of 

Dexter and sa.nds22• The pulse height analyZ$r needs an input pulse ~ 
- . ~ ' . . -~ 

2 x 1o•6 :seoonds to operate with .~- ~tab111ty .so that a: longer 

shortei line was used at the 1z:1Pu't of its linear amplifier. In order 
' ' 

to measure the height of only those pulses Whioh were in time ooillo1dance 

with pulses trOJil th.e oth9:t:' count-er, tha register pulse ot the analyzer , 

was gated with the output ot the tirtl~ oo~no1tlenoe unit. A blook diagram_

ot the set-up with the pu.lse height analyzer_ is shown in Figure I_U-(2). 

. . 
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IV. Arrange.m.ent ot Oomponents. ··--·--· -- .. ····--·----·-··----
Tb.s arrangement ot the targets and counter was quite simple as 

shown in F~gure lV•(l). The terge~s wore made 3 inches square and mounted 

on a holder centered directly below the beam. The target ho~er oould 

be rotated and locked at any angle wit~ respeot to the beam. In lll08t 

· runs the front or the counter· telescope. was 6 inches troii. the ·-tarpt 
center. Directly 1n front of the oounters.was a collimating hole 1-l/• 

. inch 1n d1a.meter, drilled 1n a 2 inch lead brick. At the back ot this· 

~rick a l/4 inch recess was milled so that absorbers could be placed 

immediately in 'front ot the counter. The axes of the counters and tba 

· center ot the. oollimater ere aliened so that they pointed at the spot 

when the center of the beam etruclc the target. The entire counter 

syatesn wu surrounded by lead except oa the top where the pr&-amplitiers 
I 

were connected. For the energy distributions, which were aU taken with 

t~ ~ount$r axis at 90° to tho beam. 2 inches of lead was pl.aoad un~r 

the oounters and 4 inches on the sides. ihen tha counters cere rotated 

to other anel•s. same of the lead on the sides had to be removed. 

The counto~, · shielding and target holder were arranged on an 

alwainum plate which was bolted to a heavy matB;l ste.nd. The center ot 

the target holder was al:!gtl&d w1 th the beam axls by us1.118 a trEUlSit 

Which was· in turn. aligned by taking photographS at t~e beam. 'lb.e counters 

a.n.d. shiol41n8 actually rested em. a l/4 inoh aluminum plate Which co~d 
~ . . 

be rotated 1n a horizontal plane about a point whioh was .under the center 

ot the Ux-got holder. The target holder did no1i mov-e with the counters• 
1~~. 

80 the axis. ot the OoWlters rotated about the center. Ot a statt.onary' 

target • 

' 
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The. S)'llChrotron beam was collimated to a diameter at one inCh. 

by a tapered hole in a 6 inch lead 'blOCk. This coll.imator. placed 60. 

inches trom. the platinum target ot the sync:hrotron. passed about 40 

percent ot the total boem intensity according to the bewn measurements 

.made by the synchrotron crew. 

Ia mas' ot the runs, the target UD.4er 1nvest1gat10D. was placed 

lO .tnohes trom the bee aolli.mator 1 so that the beam woul4 be spread 

·to ?/G inch 1n 41wnete~. The tact that the beam intensity is ».ot Ulli-. 

torm cmtr 1-ts one inoh diameter U .1Jilportant 1n tlwae 'inTest1gat1ou 

oaly 1n d•tetm.1Dg the etfeot of mltiple scattering in the absorbet 

an4 ln the ~aloulat 1oas ot absolute Y$.1\ie ot the crosa-aeet1oa. .AB ou 

be seen 1n figure IV-(2). the mio ot the .1nteris1t,- e:t the ceater to 

that at a hUt inoh radius is 2.6. 

The b9am was monitored by a thin walled 1'0n1zat10n chamber oOllB'tru.cted 
. ' 

by Mr. · Cra18 Nunnaa and calibrated by Blocker e.nd Ken.ae;r25. 

. . 
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Before 'ti.rying to obtain any detailed. information about the 

protone from the gu.ma ray reaetfona it was necessary to demonstrate 

that the counts recorded actuall1 represented protons coming fro111 . 

.. 
the taraet. 

Throughout this work a 1 milligram 'radiUil source 'was used to 

. supply low energy electrons with •hich the counters could be. cheeked. 
' 

The largest pulses produced py thes$ electrons were used as a rough 

etandard in setting the wire .voltage in the count.er, the gains ot 

the amplifiers, and the pulse height d1sarimil'l.8.tors. Thie type of 
t • • • 

calibration is of course not very precise but it is extremely convenient 

and enabled resetting ~f the overall .gain to 1dthin abo~ 10 percent. 

The first series of , cbeoks of the co~nter S1tl'J:.em wae a~e with 

the alpha-particles from a rolonium eouree. For this purpo~t!t a 

·Jpeeial thin window wae ·put on one of the ool.Ulters. The 11indo1t was a 

piece of 0. 00025-ineh nylon covering a 1/16-inch hole in the end plate 

or the oounter, and it allowed the 5.16 Uev alpha-pariicles .to-enter 

the cotmter. 'the olpha-particles were u&ed to measure the gas 

. multiplication of the counter as a function of the voltage on the 

wire. When these measurements were made~· the diame~et of the wire 

.•.as o. 010-inch and the gas mixt\ire was 97 percent argon and 3 percent 

co2 with e. total pressure of 1/2 atlll()sphere. 

*Targ~t a~·us~·here and in the following means the matf:!rid·beinlf· 

boJr~b~ded b;y ·the gamma ray beam, not the platinum target in the 

synchrotron which produces the beam. 

-~ . - ... -

' 

' ' 

.. 
•'. 
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The assumption made- for these !teastzrements •as. that below 800 
,II ' ' 

_volts on the wi~e, 'Where the .output"p~se Might !ild not change, 

the multipl1.cat1on l'ias unity.- Figure V--(1) shows the 'results. 
I 

The crosses are the valuee obiained fo_r our counters, and the solid . --. . . 24 
line represents the data obtained by Diven and Rossi •. Their 

- -("-

counter was cylindrical in shape' with a 0.010-inoh 1rire, and outer . . . 
diameter of 0.8?-inoh, and filled with a 98 percent argon and 2 peroeni 

~ 
< • ' • • 

co2 mixture at 4_0 centimeters ~essure._· _The multiplication in ~a 

cylindrical counter should be. a ~c-ticm of' 

M : ~ [_y_ __ , Pal_ 
" lna,n) · J •. 

•. ' ~ . 

( 1} - ,. 

where a and b are the diameter o-r the wire 'and _the walls- respectivelj.J 

P is the gas pressure and V the voltage on tbe wire. __ The circles in_ 

Figure V-(1) show the mUltiplication for our counters plotted at the 
) 

voltages reduced by the appr~priate ratio~. ot ln( b/a) assuming ours 
- - I 

to be equivalent to & oyli.ndrical ·.counter of 4 inch d~8lll&ter. It is 

evident that the agreement ie sufficient so that. the extrapol.tion,ot 

the data given by Diven and Rossi ,to the present case will give the 

multiplication to within a factor of 2~ The voltage used in the 

actual experiments correspond to a mul tiplioation of about 10. Under 
. I - -

these conditione, the cha.nge in .the amplitude of the pulse trom the 

counter is about 1.5 percent per volt change in the counter voltage. 
- .. 

\This voltage was held constant to ~ithin 2 volts by an electro,nic 

regulator and frequent checks on a precision meter. 

-~ . 
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In addi tioo tc:> the meaaurements of gas multiplication, 1the 

oountera and electronics -wGre checked as to dead time and coin· 

ciden6e resolving_ time. -The former was do~e with 8. Yari-~ble 

repetition l'ate pul$6 g~merator and th_e lat.ter by me-asUring the 

ace:S.dental co1neidencetl betw.en two counters each bombarded b7 a 

- strong beta eotiree. The eoiftcid.ence reaol Ting 'time was ·found to 
. ' 

be equal to the width of' the gate formed by the TariabU,. gate 

c~rcuit., thus indicating that the ,system was •orking properly. 

The dea.d time was just about a· ldcrosecond longer t~an . tbe aum of 
the dele¥ and the gate w14th set into ~~ variable gate circuit. 

This is only slightly more than is to ee expected for the recovery 

. of the type of eiroult uaed. . 1'be blportance or the_ coincidence 

resolving time 1t1 readily understood. When 1 t is recalled ihat the 
' 

beam·trom the synchrotro~ is puieed. The duration of ~he' pulse .is 

about . 2 milliseconds and there . are 6 . pulses per second. Thet beam 

therefore is striking the. ·tuget for l/80th or th~· tOtal t~. 'rhie' 

meitls 'that the' instantaneous oountir;g rate 1~ 80 taes urgijr· than 

the measure:d_aounting rate •. The acciden~al ·ao1na1dance.rate is 

then given by 

1 = 21: il I accid .r 1 2 

where ~ 1
2 

and Ne.ccid. are the recorded counts per second in. . 

' 
cl..~t II., counter #II and the acc·identals 1ri. the coinoidettce 
Ct rc::. IA--"t'r- · . 

~C1B··~ 1'e11peott vel1 , and "L .... 1s the coin~idence resolving time in 
,., 
'•. 

seconds. Sin~e for some -of the_ date. the Bingle counting r;atel 11 
. . ' 

and tr
2 

were quite high and the t!Al !l.eincidenoee were la. 1 t ttae 

4 

' . J, 

. • . , I . -'j 
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necessary to be able to calculate the aocidentals with reasonable 

accuracy. Actually no data were taken with tne accidental coincidences 

more than 15 percent of the rEials, so calculating the aooidente.ls to 

within 20 percent meant only a 3 percent maximum uncertainty in the 

result. 

The correction due to the time that one of the ci.ro\tita is unable 

to respond to an incoming pulse is given by 

t. 2Ld N (3) 

where r is the fraction· or the counts lost 1r. a counter •dth a 

counting rate .N and dead timeT d. The dGad time was always less 
I 

than 5 microseconds, and with the maximum counting rates used this 

correction was less than 1 percent. 

The first actual operating check of the counters was made uaing 

protons from the line.ar accelerator scattered from carbon. The 

distribution of these protons has been studied using photographic 
.. 25 12 

plates 1 and it is known that the first excited state or C is at 

4.6 Mev. Therefore the protons elastically scattered at 90° should 

have 4.25·Mev.more energy than the first inelastically scattered 

group. The counting rate vs. absorber thickness (in mils of alum

in~) is shown in Figure V•{2). _For thfs experiment only a single 

counter was used and the pul~~ height_ discriminator was biased so 

that only pulses 4 times as high as the largest fro~ the ra~ium 

eouroe were counted. lt is elear ·from the results that proto~s 

passing through the counter with more than a few mils residual range 

did not produce large el!ough pulses to count. From the width of the 
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peaks we can say that the range intervel counted ~as certainly less 

than 2 mils of aluminum. 

It was expected that the background of electrons nee,r the 

synchrotron beam would make counting proto1_1s very much more dlfficult 

than it had been at the linear accelerator. However, this was net 

entirely so. The electron backgroUnd was somewhat troublesome, hut 
• c;'o 

it did not lead to an appreciable amount of piling up of electrons 

in the half microsecond times involved in one ~se. Neglecting fer 

a moment the problem of multiple electron pro(!uet1on,i.e. showers, 

1 t is elear that one can select the large pulses due to J:'rctons 

without counting any electrons by runl'Jing at sufficiently low beam 

intensi tie.&. The only real problem was whether one could count 

protons at e reasonable rate and· still not be bothered by electrons. 

This •as demonstrated in the first few runs by a series of cbeeke. 

For tt!e following discussion let us call the height of the 

· large.st pulses from the radium soul".oe unit! ~d des1'gnate the a~ll .. 

est pulses counted in any counter on this scale. The first count . 

was taken with a 1/4-inch carbon target end the t•o counters set at . . . . 

0 \' 
90 to the beam direction. The biases were adjusted so that the 

first counter accepted pulses"of height 1, and the second pu1sea of 
height 2; with no absorb~r in frQnt of the counters this gave a 

cohcidence counting rate of 51 counts ·per minute with the best 

beam available. At the ssme time the front counter had a rete ot 

850 counts per minute; and the ba.ck counter 70 counts per Jr.inut:. 

The calculated accidental counting rate was 0.07 counts per·ll'!inute 

1.. ·, 
. i 

I 

I 

·~ 
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and with a 4 microsecond delay introduced in one channel, no coin-
·~. 

cidenoes were recorded in 5 minutes. With the target removed, the 

coincidence rate 'Went down to &bout 0.5 counts per·minute. Then 

with the target in place and a total of 15 mg/cm2 ·or aluminum betuefl 

the counters the amplifier gains were changed. so that· the first 
' 

counter accepted eize 2 pulses and the back counter size 1. The 

cou.nting rate waa then down to 20 counts per minut•. At a later 
2 ., . 

time this was done wi tb 28 mg/cm of aluminum between the counters 
... 

and the counting rate •as lee!S than 7 \ount per minute. 11th a 2 .. 

inch lead absorber in front of the counters the· coincidence rate 

. also went to lese than ~ count per minute.· From this data several 

conclusions can be drawn. First, the counts were due to particles 

coming directly from the target; second, they are heavy particles 

near the end of their range; third, the range i'nterval counted ie 

equivalent to about 30 mg/o~? of alum~nwn. 
The fact that electrons are not producing the coincidences can 

be understood by considering the only events in which electrone 

could produce counts. The discriminators are'set so that a single 

electron •ill not produce a count in the back counter and •111 count 

in the front counter only if it just stops in it. However, there ie 

sufficient material between the counters so that if an electron 
. I 

proclucee a large pulse in one counter it •ill be very olo!e to mini• 

mUJJI 1oniZ8tion in the other and will produce a pulse of about 1/S 

unit am:pli tude. Therefore, for eleetrors to produee a coincidence, 

2 or them muat stop in the back counter and another in the trent 

•'' 
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co~nter t all •1 thin a time of 4 X 10 seconds. J'urt,ht\more , 1 t this 

event did happen, it would be Just as likely that 2 electrons would 
. , . l 

etop in the front count(tr and 1 ,in the second; but when the gains 
. ! 

., 

a.re reve:raed, thia . ie .!'.lot round to 'be 190. 

~ The counting rate was also cb~cked' as the beam intensity we.e 

reduced. The beam was reduced by as much as a factor of 5, &?d. tbe 1-· 

. 
coincidence oo\mting rate wae a.l•ays proportional to. the beam .• and 

-not to the square of the beam as it would be if accidental pile-up 1 

•ere involved. The reeUlts of these checks are sUinmarized in the 

typical data given in table v-{1) • 

Finally, the distribution in ~plitude of the pulses in the 
' 

first. counter. was determined for those pulses 'lfhich were accompanied 

b1 oowrt.s in the second counter... The electronic system .for t~is 
. '· . 

. ' 

measure~nt was discussed in eection !II and the results are civen 

in Figure V-{l). 

'. 

' 

• ',I .. 
.. 
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l 

. VI CalqulatiQnS and CorreotiQDSl, 

The measurements made in these experiments give the distribution . 
range of the protons and the en~gy distribution must be inferred 

from these data. 

We can consider the target surrounded on all directions by a 

sea of material in •hich the counter system records all the protooe . 
that come to rest in a certain solid' angle and in a small interval 

of range. This interval of range is calculated as described in 

Section II from the data such as are givem in Figure V-{3) • In all 

of the runs it was a~prorlmately equal to .30 mg/om~ o.f alumi!lum. 

In practioe,.of course, the counters are not ~ved but are kept fixed 

in space and varying thicknesses of absorber are placed in front of 
' 

them. 

In addition to the interval in range accepted by the counters 

there. ie an uncertainty in range due to the finite thickness of the 
. 

target. Since the count:i.ng rates are genera~ly quite low it is 

necessary to ~se as thick a target as is reasonable. ~o•ever, 

reaeonablenees in this connection must be considered in terms of the 

energy distribution which is ultimately to be ca1.culat.ed. Differen

tiating Equation II-(4). we haver 

-!!. = 1.a AI ( l) 

For the energy distributions {j E/E was peld between 10 and 30 fA!rcent 

so 6R/R could be between 18 and 54 percent. 

•. \ .~ 
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• 
The final fEJBUl t of the calculations.; is the.. determination of the 

differential cross section for the photo-ejection of protons of energy 

E at an angle e • 

be abbreviated to 

We write this quantity as 

do-(E,S ). 

d v- (E,e ) which will 
dE~ 

... 
\ 

The differential cross section is given by 

dO""(E,9) -.. 

where N (E, 9 ) is the' number of protons coUnted at the energy E, and -
p . 

angle 9 ; ~ E is the ·energy regio~ accepted by the countir.g S11Jtern 

and. A A tMI solid angle subtended at the target by the opening to 

the counting system. I 2 . . 2 
N em is the number of target nuclei per em 

t 

as seen by the beam; and Nin is the ntlmber of gamma rays incident on 

the target. At leaet some degree of arbitrariness is involve~ in the 

definition of Nin because of t~e nature of the Bremsstrahlung beam. 
\ ' 

For the first of these calculations N will be taken as the number 
in 

of "effect! ve quanta" by •hicb we mean the total energy in the beam 

in Mev divided by the maximum energy of 335 Mev. 

t.E is equal to ·dE/o:r (in Y.ev/mg/en?-) multiplied by the range 

interval 6R, "Which equals .)0. mg/cm2 as mentioned above, accepted by 
• 

the counters. The rate of energy lose, dE/dx, is that for the protons 

as they le.ave the' target. The absolu~e error in .6R as obtained from 

the pulse height distribution is Probably lees than 25 percent but 

this error is difficult to evaluate; and the same statement of error 

aprli~s to the solid angle. However, Np' the relative value or N10 and 

. " 
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Nt/cm2 are known to about 3 percent. Therefore the absolute value of 

the cross section may be in error by as much as a factor of two, but 

the relative cross sections have errors which are determined primarily· 

by the counting statistics since 'the .. large errors mentioned do not 

effect relative cross section calculations. 

For the lo111 energy region of the energy distribution •here very· 

thin target.! must be used, the no -target background becomes signi ficent. 

Cor.sidere.ble effort went into attempts to reduce this source of back-

ground, but the best that could be achieved was a no-target background 

equivalent to about 15 percent at· the 9.4 t~v point. 

In addition to the accidental coincidence o,o·rrection which was 

mentioned above there are two other sources of error which must be 

considered. These are; first, the effect of nuclear absorption in the 

absorber; and second, the multi~le scattering in the absorber. The 

correction for nuclear absorption can be made quite simply. If we 

take the geometrical erose section for the absorption, the fraction of 

the rrotons absorbed is about 9 percent per centimeter of copper 

absorber. Thus for the highest energy point taken this effect rroduces 

a correction of about 6 perc~nt. 

The effect of multiple scattering is more difficult to evaluate 

with accuracy. Scattering which takes place in the material between 

the two counters cannot cause any error except for very large scattering 

angles, and this effect has been ignor,d. The root mean square 

scattering angle of the particles as they enter the fir.st counter can 
26 

b:e obtained from the calculations of R. R. Wilson • The formula 



UCRL 569 

-25-

given by Wilson is plotted in Figure VI·(l). The maximum value of the 

fraction of the range traversed before entering the first counter was 

0.98, and since the portion of the absorber close to the counter was 

always aluminum, the maximum value of ~r.m.e. was 0.11 radians. 

The effect of the scattering was calculated. after making the. 

following simplifying assumptions: 1) the probability of scattering 

into an angle e ie taken as a gaussian function of e; 2) the problem 

is treated as though it were two dimensional; 3) a rough numerical 

' integration was made by dividing the target into three zones as shown 

in figure VI-(2). This correction was 6 percent of the high energy 

point, and was not n1ade since it is small and not accurately known. 

At all lower energy pointe this correction is certainly negligible as 

can be seen from the way e r.m.s. falls with decreasing (x/R) in 

Figure VI-( 1) • 

Ang!Mfr Distributions. 

The' angular distributions were taken with the target fixed and 

the count;ers rotated about the center of the target. The ratio ot 

the counts at two angles was measured in successive runs. For these 

measurements the- target was fixed with the normal to its surface 

bisecting the engle made by the two counter positions; in this way 

the target presented the same aspect to the counters in .both rune. 

This procedure eliminated all cor'reotione in the angular distributions 

and the ratio of the d a- (E ,e) at the two angles was just the 

ratio o! the count.e divided by the reading on the beam monitor. 
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Yll Results and Discuss~ 

The averages of the results of the energy distributions a.re given 

in Table VII·( 1). As stated above, the accuracy of the relative ,Jaluee 

of all of the data are limited only by the statistical erTOre (given 

throughout as etandard ··errors), and the corrections due to multiple 

scattering. The absolute values of all of the cross.acotions·are 

believed to be correct to within about a factor of two. The dis-

tributions for each of the three elements measured are shown in 

Figure VII-(1), with the cross sections for each element divided by 

the 2/3 power of the atomic number. It can be seen that the data for 

lead begins to deviate from the trend in carbon ar.d coprer at about 

13 Mev. This decrease in yield from lead at low energy is to be 
< 

exrected,because of the coulomb barrier which is 13.7 ~ev. The fact 

that this effect of the barr~er appears at about the correct energy 

ie further evidence that we are counting protons. 

To show the form of the energy distributior.e, they ere plotted 

on log-log paper in Figures VII-{ 2), (J), and {4}. Except for the 

effect of the coulomb barrier in lead, the,data are all consistent 

with the best fit straight lines shown. Thus the yields are pro

s 
r:<>rtional to 1/E where s is 2.2! .2 for lead, 1.'9::!: .1 for copper, 

and 1.7 ~ .1 for carbon. The differences seem to be beyond experi-

mental error but not enough that very much signifieenae can be . 

attributed to them. 

The angular distributions consist only of three an€1es for 

carbon, and four for copper. All of these measurements covered an 

\ 
I 
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Table VII - (1) - Continued 

LEAD 

d<J(E, :t/2) 
E to Target Center (Mev) E Minimum E Me.ximum -·-----

in Mev in Mev dEd.£2 

in cm2/Wev Star~dian 

9.4 7.25" 11.4 zs5.2 x lo-30 

12.5 10.7 14.1 43.1 

19.1 17.8 20.2 31.0 

25.0 22.3 27.6 19.9 

' 34.3 32.3 36.3 10.2 

40.0 32.3 47.0 a.o 
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energy region of 25 to :38 Mevo The relative yields, normalized to 

90o, are as follows& 
ggr:~r C§:rbon 

45° 1.31 .09 1.25 .09 

67° 
. 

1o~)O .13 

90° 1.00 (by definition) 1.00 

1.35° o. 70 .04 0.58 • 04 

We shall now attempt to show that the data obtainerl in these 

experiments suggest the direct photo-effect as the mechanism for the 

(·(,p) reaotio~s. This means that the gamma ray interacts primarily 

with a single proton and does not deliver its energy to the nucleus 

as a whole. Interaction with a single particle ie immediately 

suggested by the angular distributions as it is difficult to imagine 

how a compound nucleus effect could produce the rronounced forward 

peak which is observed. If -e consider a single Farticle interaction, 

then the forward r:eak will be explained at leaflt in rart as due to 

the aberratior. of the angle of incidence of the gamma ray as eeen by 

the rapidly moving rroton. The relativistic transformation of the 

2 
angles is given by 

cos e = cos e' ....- f3 
l-tf>cos9' 

(1) 

where e is the angle between the direction of the protons' motion 

and the beam i.n the laborat:ory system, e' is this angle in the rroton 'a 

system, and ~ is the velocity of the proton divided by the velooi ty of 

light. From Eq~tion ( 1) it follows that the soiid angle ·d JL, which 

is proportional to sin e d e. transforms as 

d jL : 
( 1 -f t~ • COS e I)· 2. 

( 2) 
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Applying these transformations to our data with ~ = • .26 for a 30 

Mev proton we obtain the following: 

9 proton's system d o- '/d r' d. E 

" Copper Carbon ---
.93 + .07 .89 + .03 - -

1.00 1.00 

1.04 + .06 0.56 + .06 - -
These results indicate symmetry about 90° to wit!lin the accuracy 

of the experiment. Such symmetry 1s to be expected if we consider only 

the classical electro-mag.oatic interaction of the gamma ray sn.d e1. ~ingle 

proton.. 

The energy distribution and the absolute value of the cross section 

also support the idea of a photo-effect. If we consider the calculations 

tor the photo-disintegration of the deuteron, we have for the energy 

depend~nt term28 

d 0' (E)"'' y3/2 
(l+y)' 

(3) 

where Ebinding is tho binding sn0rgy ot the proton to the nucleus which 

we can take as about 8 !.~ev, and E is tha energy of the proton as it leaves 

the nucleus. Th.ie type of process i.mplies a connaction between the energy 

ot tho proton and that ot the photon which caused tho ejaotion, :.Yhon a 

particle is pulled out ot e nucl~us in this fashion there is not sufficient 

tir.w for the rearra.n.e;ement to the ground state wave function of the residual , 

nucleus. Calculations of the energy necessary in such a non-adillbat1o 

process have not been done, but tho experiments of York29 with high anergy 
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nautrons indicate that about 12 M9Y will be lett in the nucleus. 

'l'he number of photons of anergy (F.: + 20) }'DV mult11?11ed by Equation 

(3) is plotted in Figure VIl-(5), along with the energy distribution from 

copper. 'llhe curve \'VaS normalized to fit the data at ;JO ~.~av, and it can 

be seen that the agreement is quite good 1n th9 high energy region. It 

this explanation of the results is eorreet, the d1saeroement at low 

energies can be ex;:>lainad either by the -crudeness ol.' the model taken in 

the calculat, ons .or as dua to the neglect of the expected lov1-energy 

protons from the compound nuclei in. which tha ~arnma roy energy has besn 

completely observed. 

The absolute value of the cross section obtained from these 
' 

calculations is approximately 

{4) 

This rosult is obtained from the Bathe Paierls caleulat ions of 

tha photo-disintegration of the deuteron together with the assumption that 

only those protons at tho surface can be successt'ully ejected by a gamma 

ray. The value obtt.ined from ll:quation (4) multiplied by tho nwnber of 

{SUmma rays of energy (r;; + 20) per equiva.lent quanta ( using the Bremsstrahlung 

spectrtA.m t;i ven by ~rei tlar30) is ·in surprisingly good agroemont with the 

the results giv3n 1n Table VII-(1). For inntance, for lead at 40 Mev, 

and nt 90°, equati.on {4) gives d a~40I )=1.'7 x--l0"!'29cm2, while the 

observed value is d cr"' 8 x lo-30cm2. 

It should ba notioad that tbis type ot nuclea1·. photo-effect 1s not 

pri.mar1ly a hi€91 anergy pha.nomenon. For tha energies considered here the 

wavo longth of thn photons is long compared to the 9 siza' of a nucleus. l 
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A particular proton is selected tor ejection because it has the appropriate 

momentum components when the photon strikes. Thus a further study of 

this process both theoretically and experimentally might yield information 

about the momentum distribution of particles in the nucleus. 

\ 
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