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The fect that gamma rays (that is hish anaray x-radlation) cause . R

1 Introdustion.

| nucloar reactiom has been. xncmn tar smral years. In 1935. Chadwiak
and Golahavert aemonstrataa the photo-aistntegration of the dauternn F
. using gamm rays’ rrum 'm On  The producta of these reactions havo baen -
:‘ . A studioa using the samma rays ot snoh radicactive: anclei as ua34 m56
-Ga"a 1‘140 ¥hose energies are- 2 76, 2.? 1.5, and 2. 5 Ysv reapectivaly.g
The 17 Mey gamma rays rrcm tha Li" (p, ?’ ) reaotion have ‘been used extensivsly
by oavaral groupe.3 _ c ' _ _ |
' with the constru&ﬂon or high anargy eleetron eecaleratora such aa ' | v‘
"Vhetatrons and mchrotrons thia work has been extended to tha higher onsrgy ” ”
:ragmns. The General Eleotrm group“' md the 100 Mav botatmn, and studiea o
-are now in progress 1n this laboratory using the baam from the 355 m .
| synehrotron, . | N |
> N Y Most of' fha expérim:ehta'reféirédﬁtolhave- beén atudies.ot ‘the radié-'-v
- aativa and pro&uets of various raactions, ao that tha total oross sactions : _
“were obtained for ('?’ 0y (7 D)y ('7’ 2 1?) ato, raactions with vertous t_~‘»?""'>~‘
: enargy gama mys on dirrerent alomnta. v It has baan rmmd that at laast -
- up to 100 Mov the nost probable reaction 18 ‘one 1n which only a aingle _
r\ parucle is omittea. In the case of carbon, copper and -tentalum the (‘/ n)
reaotion appears. to hava e vary proneuneed maximam for gamma mys botwoen
20 end 20 Hov. L - o :
| In erder to underatand tha poaaible meahaniams 113 these mcuona
A it 13 tirat nacessary to comider aom ot the propoaals whieh have been
| S | mae about nuel.ear reactions in. aeneral  The moept vmieh hes boen most
userul .'m doa.ung uith honvy particle mduced reacticms beloa abont 50 Mav
1s tnaz of the. eompound nucleus. This 1dea, introduced by BohrS in 1935,

15 based on the sﬁrm nucloan«nuc;aon 1ntemction in the nuelous. It 18

S
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assﬁmed'that if a meutron, for example, impinges oﬁ a nucleus, then by
successive collisions within the nucleus its energy ié distributed among
all the nuclecna., Thus & compaundvnuolaua is formad of the origin&l'tar~
8ot nueleuvs plus the ineidént partfble. Since no ona particla now has
anough endrgy to overcome its binﬂingﬁ?tha campound nucleus lasts for a
time long aompared to the time of & nubleon's flignt across the nucleus,
i.e. long cempared to 10-21 sas, Finally & particle will acoumilate the
nacessary enargy to ocseape énd it will "boil out" Whis aiaintegration

-will cont {nue by auccassive avnporation of particles until the availablo
J anergy is less than the binding energy of aay particle.

Using these ideas we can analyze & nuclear reaction in two parts:
fir;t, the absorption of fhe incident particls u to form the compound
nucleus, the oross saction for this progess we call o,{c): second, the

possibility n g(g,)vof_tha emission of a particle P with an energy e' ‘

pA3

B

The fundamental idee of the compound nucleus 13 that we can write the totel

ofoas section for the process
¢ of(ap) =oale)mBle) ()

A method of dealing with the evaporation procese has been discussed

by weisekopfe. e uses the principle of deﬁailed balencs between the

‘emission of a particle from the.compound nucleus and the absorption of this

particla.. In this way the probability of the émiaaion of & particle of

energs‘i from a nucleus excited to an energy & is found to be

v

I(e).= Ke“"& E- By

lET op (g) | | , N 2y
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whare </ {R) is the lovel density of the mucleus at #ﬁa‘baargy 3; before
the emission; o {B~Z ~By,) 18 the level density of ﬁﬁe-reaidual ﬁucleusv
after a particls with a binding snergy By has been emit'tea'wﬁh a kinetic
energy £ 3 and 0B ( & ) 19 the eapture crosd section of the rasidaal
ngclaus for the partiola ﬁ. The funotianal ronm ot ths laval density
depands on the model one fekes to mpmaant the nucleus. But most models

proposed, for instance both the liquid drop and the Fermi ges, give

w(E)tCﬁ"-"'»‘E‘.rn | A - | (3).

where n m elogs to 1/2,

Tor neutrons and protoua, the capture orose section can de omputod :

to msombla aoouraoy." Using these results 1n Equationa (1) anﬁ (a).

~ We can caloulate the ¢ross section ror.thov emission of any partiele in a

reagtion mduood by haavy particles,

The problem 13 maiately mde pOYe ditﬂcult in the case of gama
ray induced reeetions since we do not knau the pmbability that '!mey wul _

excite the compound nmucleus, .Bowovar,' if the picture of the compound

TR

pucleus is at ell applicable to gamma rey processes iham' are some soneluaions

that can be drawn., The relative probability of two reactions suchi as | 7’.p). "
and (7,n) can be mwym no assumptions as to"thg probability of
excitation by the gamme ray. This retio involvas oﬁly the Aintegral of
Equation (2) over the enerey mgion'avaimw in the two' caaes‘.' 'mo ratio

of ('Y,p) to (7 ,n) calouleted in this way for 17 Mev gmas ean be cempared
with the experimontal results of Hirtzel and witfler® who used the Li {p, )

reaction to producs monoenergetic samiaa. The caloulatsd results for the

ratio are of the order of a factor of 100 lower thah_ tho observed results.
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shif® attempted to explain the experimental results by essuming that the

gemme rays can excite only a fow of the huélear energy levéla, and that

the aénsity of those levels is & very alowl& varying funotion of the energy.
Goldhaber and Tallerlo_have‘discusssd,nuolear dipola-vibraxiena in

connection with the observations of Baldwin and xlatbert! thet {7\n)

reactions have rather sharp mexims for 7's of about 20 Mev. This work

cqnsiders the volume end surfate vibraticms of the protons with respect

to the poeutrons, It 1s shown that thers would be a resopance for these

‘vibrations at about 20 lov #0 that the obsarVod maxima would then eorraspond

'to a high probability of formation of the ecmpound nncleua.

Tnere ia one mors approach wnich has boen used to explain soms gamma
ray induced reactions. OCne can consider the aetion of the electromagnetia

field of ths photon on & singla partiole in the nueleua. This typo of

' ealculatiun is analagous t0 that used for the photonlectric offect of

‘electrons in an stom'2, The calculations have been done for the photo-

a1sintegration of the deutercnl3s14 ena for Be% 1%, but no-sttempt has
boen made to use these concepts for the photo-féécthns"in heavy eléments.
iIn considering exporiments done with ths gamma ray.beam_frcm an
electren aecolerator, the spectral diatributién of the-photona'mns€ be
kept in mind, The syachrutran acoeleratea elaotrons ta a.maximu energy . - .-

of 338 Nav, and then alluwa them to striko a2 0,020 1nch platinum target,

Whea tha elactrons ere accelerated by the eoulomb field of the platvinum

atoms thoy radiate gammé rays. Thé_nramssfrahiuna (eontinuaus_gﬁmma ray)»

’ apoctrum is appraximatoly guch that the number of qnanta pay unit energy

is 1nvorsely proportional to the energy up to a maximmof 335 Mﬁv.

+

— e a e e e meemm tRn o e agey 1c ANt mm L emm e e e e s mmn i e B g U



: UCRL 569
B

These experimonts wore_unﬁertakenlinAtha hope fhat‘they might

'Help explein the mechanism of gemms ray induced reactions, With this in -

nind the energy distribut ion of the protons éjoeted by the synohrotron

~

of the protons at one eonargy wes made with tergets of &axbon and'coppot; 

beam from carbon, eopper, and lead was studied. an angular'distribution--v,

And an attempt was made to'daterminﬂ tha'abQOIut@'valug of the ¢ross aecél '

tion for these processes.
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II Goneral prerimsntal Method,

B S e,

The main problem in this axperimanx was to count protons end |
msasure their ranga. Fundamentelly, the procedure usad was the measure-
M ~ment of the spdeific ionization of particles at, two points.along their

path. If we consider the enmergy loss formule of Bethel6® we esn write

aE
& = K2z 2 f(v) =1~ specific ionization . (1)

. uhefo —%% is the energy loss due to ionization per unit length of path;
Z 18 the charge of the lonizing particle in units of the eledtron charge;
£({v) is a funoction of the véloeity of the particle only; énd X is & '
constant aépcndant only on the properties of ﬁpe stopping material. We

c¢an roewrite this as

S.xz? r*(%) o | (2)
It Equation (2) is 1ntegiated from zor0 energy to an energy B

corresponding to a range R, we have

‘R = %ﬂi Vs E) . . - V ‘.' 3
‘ (=) - (3)
An exaot numarioal 1ntesration of tno ensrgy loas eqaation up to

one hunarod Mev ehcws that for atepping materizls 1n the middle of the

. ~ periodic table we can writed?
. N 1.§ _ . »
v R = X¢ L <§> ’ 4
. | 28 \m/ y . @
Thérafora
.g dE - 2 o 0“5 .
' I« Z-K"2 (T) . ()
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This epproximation is valid down to about 2 Mev for protone.

If we msasure I at twe pointe separdted by 2 known ihiokness of

atoppmg' matarial, we have I at R, and Ia at R.plis AR. "nms with the

$wo equations of the form of (5) for I and Iy we ¢an solve tor the two ir o

unknowns R and @, - In prineiple this process can be carried to any dgsired |

-dagrca' of precision but in this axpertm’ént several simplifications g;are_
made, | | | o | | |

We shall designate ihe ﬂrst cMar enterad by the pax‘ticm as -
the front, and tho seccnd as the back'é#t_mtar. If we ',aeéept in thé ‘back

counter only very large pulses this msans that the initiating perticle is

near the end of its range, Lot us assume, for the moment, that the parti-

. 6les being measured are all protons. We aén-detemine the rengs mtaxjval -

accepted in the back counter by examining the 'puls_e haightidistributiqn

P ....-—g:
*

R

! v,
——— s

g e GRS 2

in the front counter. Figure II-(1) illustretes this point. -In the back =

counter we acsept all pulsss corresponding to dE/AX greater tl_x_ah A, Then
the pulse height anaiysia in the front counter shoﬁld'give 2%/, in the |
exaizxplo shown of 19 peroent, The inverse of this ean of courss also be

done. If we measure AR/I, and ¥now AR, the value of R can be found from

the ourve, If the apprximation of Eqimtiap (4) s valid we can write

AT . Xyolg . .o .
'f;” %E& (AR)=*%4.(r ¢ aR)74
' T {R ¢ A R)=e%s

or Al . (R.* AR)‘“ .1
L. AR

T B ' . iy
or meon [ )R] e

. -
bt e

o ol A .

N T
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In this way we determine the equivé}.ent'.ranga intorvel that is
accapted .by the baok counter. The caleula'tieg ean be chegked by changing
tho diacriminatlon on the back ‘counter Sy a'giw-:m w@t--wy_to 75 -poreont.
Then from Squation {5) the range R should enaage_by a factor of .75 raised
o tha 2,24 poifiér. From Equanoxi {6) or from a gx'aphicai analysis as in -
Figure II-(E) the new valuo 01/1 cen be computad ami eomparad with the |

maasursd result. If thie ohack is satisfactory i‘c can be eoncludod that

Ancther check whieh cen be made of this lstter assumption 1s to
incroase the amount of material AR between the counters and agein
measure the pulss height distﬂbution;_,smce AI/I 48 now small, diffé:'ent

kinds of particlea would show wup a8 two or more different peaks in the

-pulse height distridution.



UCRL 569

111 Apparatus
As stated abové,‘the'basis of theaé‘62pé§imants is a maaéuroment
of the rats of enorgy loss of a pﬁrﬁielo'aivtwo pointé-elong its path.v

Particles’ noving with non-relaxivistia valooitiea, 1»0. muah less than

_ the velocity of 113ht 1osa thoir enargy by oollieion with, and 1oniza-

%. | ‘7 o tion of the matter through which thay paaa. Thna it 18 only necessary

| ‘to measure the 1cnization produced in & thin region to know theﬁrate of -
‘energy loss of the particla. Thiavwaa-dona by means ot proportional-gas

i ‘ | | eountera sznna their operation has baen studiad rather eztensivaly and
their output is known to be. proportionnl to the 1oaization ovar vary wide
| limits, o o | -

A praportional\oounter is essentially e vessel f1lled with gaa and _
; | oontaining e thin wire held at a positive valtage with rQSpsot to the ;'

| walls., Electrons which are liberateﬂ 1n the original 1onizttion drifs
toward the wire and if they receive surfioient anergy trom the elsctric -

field thay produce saoondary ions in the gas. The seeonﬁary electrons

thus produood also drift toward the wire and evantually all are collested
on' 13. The motion of the electrons and the positive ions 1nduces a charga

on the wire cauains a drop in its valtagn which then can be amplitied and

' measured.

oo , . In the low ficld region farifrom.thé wire elactrone gain enargy
very slowly, making thouaande of collisions with gae ‘molecules bsfore |
gainipg one elsotron volt. In this ragion it is muech more probable that

they finally lose their enargy by raising a moleeule to an axcited

o

C}y.f
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electronic state rather than lonizing it. If howsver the.eleotrie f£isld -
gradient 1é suffieiently'hish, oleetrons will sain}the ONSTEY NGBOsgaYy
to causs ionization in a few mean free paths, 50 that in such a region
ionization will take place, In a proportional eqantar the voltage is

ad justed so that éaoondary ions are formed only very close to the wire,

. say within a fau thanaanda7of'an ineh. Thua the mnltiﬁlicatibn remaing

finita and -doeas not cause & complsta elactrieal discharge as 1n tha cege

| of a Gelger cauntar. A countsr operatad in this ragion will bo truly

proportional provided a) that_recombination_ot quctrans with_icna or

electron attachment to nsutral moleculas is negligible and b) that the

‘spsgce charge due tb'thé_eloetrans pear the wire does not sxcessively

" 8istort tho electric fisld. It has been found axperimnﬂtally by the

Los Alsmos workersi® that &) 1s satisfied for most of the somon gasses,

‘even for very heavily fonizing particles. Tiowever, the space charga_

effact will of sourse become important it,surrieient‘tonizatiag takes.

. place in ¢the counter. Corson and Wiléonlg have ahcwn tbat the effect

is negligible if the enargy lost per centimnter in the cauntar (in elao-
tron volts) miltiplied by the gas multiplioatlon 16 lese than 10%, his

is only @ very rough rule of thumd, aince_the gpaee cngrgn-artaet 18‘
strongly dependent upon the path o: the primary particle. It does ipdicate
however, that in the pressut case the problem is nonexistent, éinoﬁ the
ebove quantity was never more than 107, .

By eonsidering the momentus balanoe for electrons in & unit volums

of the gas, the problem of the diffusion of electrons in an electric f£ield

ean be solved. The result given by Rossi and,Staubgo 1s that tha drifﬁ

velocity w is givan by the equation
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where e and éz ave the eleetrbaie eharga and sB8s; )\ '1a the} ma.n troe
© path of the elaotrona aud v is their mean agitation velooity. E 13 the |
elestric field etrongth and p tha prossnre. ‘ In.argon t_ha ta_rsf oxcited
 state to whioh the electron can transfer its energy is 'at 11 e.v. o that
the mean agitauen veloetty commda to ahtmt 9 e.v. : At this eROYRY
the mean troo path is very amll. I.f & small quantity of cog :La uﬁ&eﬂ to
the argen, tha masn agitetion onorgy 13 kept mu. by exoitaetion of lmw
lying vibm&onal states. The additionsl ctfmwenansvot the ccog can de
goen from the date of Brodedl whioh Shows Shat the mm—m oross sec-
tion of eleeﬁrona on argon gces almoat te 2070 tor low qnergies. Thna
the meen free path will elso be much lemger it che eleotrons are kept at -
low asitatian valmitios. mu oxplam tha axpermntany Verined re-
sult that the driﬂ velocity isa oonsiaemw higher 11: an arsen-cog m,xtnre
then 1z either gas by itself. C

A mixture of 95 percent Argon and B poment coe was nsed in thess . -
dounteras. For this mixture. aaa at the voltaeas usod, the drift veloeity
1s edout 6 x 108 centimetors/eooond. m protons were collimated so
that their maximum distance from the wire was about 2 nam‘.imters. mds‘f
the delay bafore the gns mltiplieatien starbod was less the.n 4x 10-7
segqnds, The countars were metangular in ahapo with dimanalons of
' 4-1/2 x 3 x 1-1/2 inches. ' -

A 0.003 inch tungsten wire wes .c'o.ntqred valong' tho ma jor axis of o
the ractangle, It was terminated on cne snd by a_’sil#e'r sc,;ldor.beaa |
and on the other by & number 18 copper wire with « solder conﬁeotién. 'me .

solder bead was drilled and supported from the walls with a nylom string. -
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Tha copper wire was brought out of the counter through a Kover glass
gseal and was then Gonnected to a high vo1tage supply and the input of
“the pre~amplitiaé. On the large faces of th§ sounters flanges were
maunted.to support 2-1/2 inches dhfai'fbils.. Thus we erreetively have
oounters with a oylindrieal active region er roughly a.l/z inech 4le-
moter and 2 inch ~depth.

Eleoeronioa. :

(A dlock tuagram of the equipment is shm in Pigure III-(1) )

Tho goneral roquiremants of the electrunies agsosiated with the
countora ware 1) that thay have a wide ennugh band width to pass the
loeding edga‘of the pulse from the eounter‘ 2) that the rosponso of all
the oircuita be linear, that is, that the output of the amplifiers be
propertional to the 1nput; 5) that the pulsea into the diaeriminators
must be as short es pessibls to avoid heving sevsral spall pulsas build |
-up bo,rasemhla>a large ons; 4) that the pulses 1nto tha eoincidence o
:_oircuit must be as short as possible so thaf_aca;denial aoincidences.
fb;twuen‘the eoﬁgtarn could be reduced; 5) that the amplifier, pulse
haight disoriminators, énd tﬁo’high.voltage supply must be sufficiently
© stable so that there would be negligible drift over & peried of severel
hours. ‘ . v o

It was found that all of these requiromantg‘could be mat to‘the
: degree domanded by these experimsnts by using for the most part standard
eampenants which had been dosignnd and built by the Eleetroaica group
under tha_a;rpetion of ®. Fernsworth. The pre-amplifiers were a modified

. version of those designed by Mr. Bruge Cork, They were made to'tit directly
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‘on the dounters with banannavplug”bénhections'and a8 used here had 8

gatn of about 200, and a na&ativa output. The output of the pre-ampli-

fiers was delivered to the eountins racks from tpe magnet roam of tho

aynchrotrun via coaxial aahles. ‘At this'point tna eignal was fed 1nto

'high galn linear amplifiers (maximnm gain 10 ooo) Howéver, in parallel

to the 1input of the linear ampliriera. there wag a ahorted eoaxial cable
100 feot long whieh shaped the pulse into tho linear amplifier, ‘to
sbout 4 x 10~7 seconds. The output of the Llnear-amplitie: went into

the diseriminator of a sirouit whiech gensrated a gate of constént amplie

tude and variable width and varisble delay, . The widsh of thra’gate was . -

eet at 4 x 10’7 seconda and wag than fad inte a eoinaidence cirouit.

For these experimants in which the pulse hsight diatributioa was

wantec a 10 channal pulse height analyzor was ueed This device was

~ built by Clyde neipand and W. Goldaworthy follaw!ng the desigzn of

Dexter and Sandsgz The pnlse.ha;ght an&lyzer neads_an.input pulse ;f_
2 x 10°® @econds to operate with mazimnm'éﬁabilityvso that é'longar
shortei line wes uaeé at the 1§put of its linear amplifier. In order
to measure the heighﬁ of oniy';hose pulées ﬁhiah Qera 1n‘tié§ cbinbidsnee |
with pulses from the other caunter, tha register pulso of the analyzor A
was gated with the output of the first ooinoidanoa undc. A block d;agramg

of the set-up with the pulse height analyzsr 1s shown in Figure ITI-(2),
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IV Arrangement of Components,

Ths arrangement of the taggets and'cduntér wag Quita éimplé as
ehown in Figure ;v-(l);} The targets were made 3 1nches’équare and mounted
~on & holder centeféd direotly beiow the beém. 'Tho target holder oculd
be rotated and loeked at any angle with respoat to the beam, in nost

- runs the front of the counter telescope was 6 inches from the target

vv‘eenter. Directly in front of the eounters was s collimating hole 1=-1/4

ineh in diamter, drilled in & £ ineh lead brick. At the back of this
priok a 1/4 inch recess was milled so thet abaorbers ¢ould be placed
1mmadiatelyv1n“front_of tha'céunter. The aﬁas of the_coﬁnters and the
' ¢onter of the eélliméﬁer were aligned 80 that they pointed at the spot
whnra the center of the beam struck thé tazget. The entire counter
syatem was surrounded by lead excapt on the top whara tho preoamplifiera o
"'were connected, Tor the energy distributions, which were ell taken with
f§e ;ountér axis at 960 to the beesm, 2 1nchés of lead wﬁs.plaoed undér
ége counters end 4 inches én the sldes. ﬁhpntthe'couﬁxers wore rotated
tc other anglea.soma of tha iead on the sides had to behramovadﬁ

_ The caunters, shielding and targat holder were arransnd on an
aluminum plate which was bolted to a heavy metal stand., The center of
thﬁ targat hnlder wag alighad with the beam axts by using a tyransit |
whioh was in turn alisnad by’ taking photographs of the baam. e countara
and shialaing aotually rastod on & 1/4 inch aluminum plnte which could
be rotated in a horizontal plane’abcut a point which was under the canter
of the targat holder. The varget holder did not move with the oountors,

6

80 tha axis ot the countsers rotated aboux the center of a atatiunary

"

target.
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The synchrotron besm was collimated to a diameter of one inch
by a tapored hole in a 6 ineh laad block. This collimater, placed 60

1nnhes from the plaetinum targat of the synchrotron. pesaad about 40

percent of the total beam intensity acoording %0 the beanm msaauramanta 

, made by the synohrotron erew

in moat of the runs, the tarsat underxr invoatigatinn vas plaoe&

10 inches from the hoam oollimator, so that the beam*would be apread

‘to 7/6 ineh in diametet. The fact that the besm intenaity 18 not uni-

form avar its one inch diameter 13 1mportant in these infestigatlons
only 1n deterning the erfeet of anlzipla scattering in the- absorbar

and in the ealoulations of abaoluto valuo or the cross-saoiinn. A8 gan

" be seen 1n risnro IV-(2) the ratie of the 1ntan81ty 8t the cemter to

that at a helf ineh radius 18 2,8,
The boam wes monitotea by a thin walled 1bniaation chamber constructed

by ¥, ‘Craig Nunnan and calibratod by Bloeker and Kenney®S,
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B ggg g;; Checgg.

Before trying to obtain any detailed information about the

.

protons from the gemmwa ray reactiona it vas neoeeaary ‘to demonstrate

that the counts recorded actually repreeented-protons oooing_from

e ¥

'the target.
Throughout this work a 1 milligram radium source was used to

' .supply low energy elaotrons with which the eounters could be chécked,

The 1argeat pulaee produced py theso olectrons were used &8 & rough
atandard 1n astting the wire voltage in the counter, the gaina or
the smplifiers, and the pulse height discriminators. This type of e
'colibration isiof.course not 7ery:preéisevbut it is'extremaly convenient
an&'enabled resetting of the overali‘gain to withio-ubout 10 peroent.
Tho first seriea of cheoks of the counter syatem vas made with

the alpha‘partioles from a poloninm sourca. Por this purpoao a
‘epecial thin window was pmt on one of the oauntors. The window was a

) pioce of 0. 00025-ineh nylon covering a.1/i6-ineb hole in the end plato ‘
of the oounter, and it allowed the 5,16 Mev alpha-pgrticlea to. enter
the counter. The alpha-particlea nere used ‘to measure the gas
.multiplicntion of the counter as a function of the voltage on the
wifa. Whén these ooasufemenis were ﬁéaé; the diametef ¢f the wire

was 0. 010~1nch and the gas mixture was 97 peroent argon and 3 percont

i st vy

co, with 8 total pressure of 1/2 atmoaphere.
Target e used-here and in the following means the materied boing
bombarded by the gamme rey beam, not the platinum target in the , o b

synchrotron which produces the beam.'

TR T L iy i e



| The aseumption rade for these maasufements was that below £00
_ volts on the wire, where ihe outpu; pulae height did not change,
the multiplication was unity.. Figure v-(1) shows the reaulta.
The crosses are the values obtained for our counters, and the solid

line represents the data obtained by Diven and Rossi?é,- Their

counter was cylindrical'in shaps with a 0.010-nch iire; and outer

e

diameter of 0. 87-inoh, and filled with s 98 pereent argon anﬂ 2 percent .

CO mixture at 40 centimeters presaura.' The multiplication in" a '

cylindrical counter should be a function of
» B !«!ﬂa .L,., Pa| (1),
N M LJ
uhere a and b are the diameter of the wire and the walla respectively;

P is the gas preseure and V the voltage on the wire. The circles in

Figure V—(l) ghow the multiplication for our countera plotted at the
voltages reduced by the appropriate ratioﬁ of ln(b/h) asauming ours
to be equivalent to a cylindricglAcounter of 4 inch diameter. It is
evident that the agreem;nt is éufficient 80 that.ihe éxtrapolation,ot
the data given by DiVeé'and Rdéai>x6 the presenﬁ'caaa-will give the =
ﬁultiplication to mithin a féctor of 2. The voltage used in the |
'actuai experimenta correspond to a muliipliba£ion of about'lo,_ Under
these cbnditidns; the change ianhe aﬁ;likudevof>the‘pu1ée from the
counter is about 1.5 percent per volt change in the counter voltage.

. This voltage wae held constant to within 2 volts by an electronic

regulator and frequent checks on a precision meter,

UCRL 569.



Table V - (1)

; ; ; S - - e RS R S Uy

- Front Back Konitor  Time for Rum
Counter Counter Coincidence Divisions :  (Minutes)
1/4 ine. C Target; No Absorber . ‘ -
Diseriminators; Front Size 1, Back Size 2 4,249 321 258 100 , S.1
Same with 4 p Sec. Delay in Back

Channel - 4,468 354 0 : 100 6.0

No Target; No Absorber :
No Delay : 374 287 .2 100 5.5
Digceriminators; Same

1/4 in. C Target; Ko Absorber :
15 ms/em® Between Counters - 1,018 3,182 113 100 5.7
Disoriminators; Front Size 2, Baock 8ize 1

1/4 in. C Targgt; ¥o Absorber ‘ o
28 mg./om® Between Counters o 8,310 423 349 100 _ 8.4
.Disoriminstorsy Pront Sige 1, Back Size 2 '

1/4 in. C Target; No Absorber

28 ms/om® Between Counters 815 . 10,510 . 39 ‘ 00 - 9.5
Digcriminaters; Front 3ize 2, Beck Size 1 ' N

e e e e e .. Lol e}

-'e&‘(-
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In addition te the meaanremente of gas multiplieaticn,;tha
-counters and electronics were checked a8 to dead tine and coin-
cidente resolving time. ‘The former waa_dqns ‘with & variable

repetition rgtevpulse.gpneratcr and the latter by méasﬁring'the

,aoéidentél colncidences between fno‘counté}s ed¢h‘bombardéd’by”a

'_'strong beta sodrce. The coinéidénce resblving‘%ime was found to

be equal 4o the width of the gate forned by the variéble gate
circuit, thus 1ndicating that the system ®as vorking properly.

The dead time was just abcut 8 miorosooond longer than the sum of

the delay and the gste width sat into the variable gate cirouit
. Thie ia only slightly more than 1s to be expocted for the recovery

;of tha Lype of cirauit ueed., The 1mportance of tha coincidence

resolving time ie readily nnderstoo& then it 1a recalled that the

.beam from tbe synchrotron ia pulscd. The duration of the pulse is

f"i about 2 millisuconda and there are 6 pulses per aecond. -Tho beam :
- '_tharefore is striking ‘the target for 1/80th or the tctal tm Thia

: means that the- 1nstantaneeus qountiag rate is 80 times 1argér than

’ the meaaured.counting rate. The accidental aoincidenco rate 18

then given by

N
aecid

-

where RIH and N, 44 8Te the recorded counts per seconﬂ in

mmt 1, sounter #11 and the aocidentals in the coineidence _

CArcwTr
dﬁanmns respactively; and (v ie the coincidenoo resolving time in

seconda. Since for some of the data the Bingle counting ratea ﬂl f?»

and Hé were quite high and the real ¢ coineidences were low it was

i N
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necessary to be able to caleulate the asccidentals with reasonable
sccuracy. Actually no data were taker with the accidental coincidences
more than 15 percent of the reals, so calculating the aoéidentals to
within 20 percent meant only a 3 percent maximum uncertainty in the
result, ‘ | |
The correction due to the time that one of the circuits is unsble
to respond to an incoming pulse is given by
e, N S (3)
/ :
where f is the fraction of the counts lost ir & counter with a
coqhting rate N and dead time‘de. The dead time was—always less
than 5 mierosecords, and wifﬁ the maximum eoﬁntihg retes used this
correction was less than 1 peraeﬁt. |
The first actusl operating check of the counters was made using

protong from the linesr accelerator acattered from carbon. The
di?tribution of these protons has been studieé using photographic
plateszs, and {t is known that the first excited state of 012 is at
4.6 Wev. Therefore the protons elastically scattered at 90° should
have 4.25 Mev.more snergy than the first inelastically scattered
g:éup. The counting rate vs. absorber thickness (in mils of elum-
inum) is shown in Figure V-(2). For this experiment only a single
counter was used ahd the pulse height.bisqriminator was biased 8o
that only pﬁlseav& times as hiéh as the largest from the radium
source were counted. It is clear from the resalts that protons
prassing throﬁgh‘ﬁhe counter with more than a few mila_residﬁal rangs

did not produce large emough pulses to count. From the width of the
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peaks we can say thai the fange interéai counted was certaiﬁly lese
then 2 mils of aluminum, |

It wag expected that the backgtbunﬂ of electrones near the
synchrotron beam would make countihg rrotons very much more difficult
than it had been at the linear accelerator. Héﬁever, th;é-sas not
entirely so, The electron backgroﬁhd.was somevhat tréubl&some; but
it 4id not lead to an aﬁpéeciabls amount pf.piiing up of eiectrbns

in the ﬁ@lf microsecond times involved in one pﬁlae‘ Keglecting for

a moment the problem of multiple electron production,i.e, showers,

it is clear that one can select the large pulses due to protons

without counting any electrons by runming at aufficiently'lav beam
intensities, The énly reél rroblem wes whether one could count

protons at e reascnable rate and still not be bothered by electrons.
o . ’ :

This wes demonstrated in the first few rune by a series df checks,

For the following discussion let us call the height of the

‘ largest'pulses from the radium source unity and desfgnate the small-

est pulses counted in any counter on this scale. The'firat»céuﬂt .

was teken with a 1/4-inch carbon terget and the tro counters set at

90° to the beam direction. ‘The bieses were adjusted so th§¥ the
firsi counter acespted pulses of height 1, and the squond'pplega of
heiéht 2; with no absorber in frantlo{ the couﬁtér# thiﬁ gave a
coiricidence coﬁnt;ng rate of 51 counts per minute with the beét_
beam available. At the same time @he.ffcnt_countef hed & réte of
850 counts per minute ana the back counter 70 conﬂgg.per minﬁtz;'

The calculated accidental counting rate was 0.07 countg'perlminute'
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and with & 4 microsecond délqy’intrgduced in one channél} no coin-
cidences were recorded in 5 ggnuteé. ‘Fith the target removed, the
coincidence rate went down to about 0,5 counta'par'minute. Then
.with the target in place mnd a total of 15 mg/bmz'of aluminum between
 the counters the amplifier geins were changed 8¢ thag'the first
counter accep£ed size 2 pulseé and the back counter size 1, The
counting raté was then down to 20 counts per'minute. At a later |
time this was done with 28 mg/'cm2 of“aluminﬁﬁ between the counters
and ghe counting rate was lege than 7 tount per winute. With a 2-
inch lead absorber in front of the counters the coinciderce rate
'aiao went to less than 1 count per minute. From this data several
conclusions can be drewn. First, the counts were due to particles
- coming directly from the targét;vsecond, théy are heavy particles
néar the end of their range; third, the range interval counted is
.équivalent to about 30 mg/bmz of aluminum,

The fact that electrons sre not rproducing tha>coincidéqces can
be ;nderstood by considering the only events in which eleqt}ons
could produce counts, The discriminators ére'set soc that a single
electron will not produce a count in the back counter and will count
in the front counter only 1f.1t Just stops in it, However, there is
sufficient meterial betweén the counters so tbaﬁiif &n electroh
produceﬁ a large pulse in one counter it will be v§ry'cloae to mini-
mum lonization in the oéger and willyproduce a pulse of about 1/5
unit amplitude, Therefore, for electrofs t§ rroduce a cbincidence,

2 of them must stor in the back counter and another in the front
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counter, all within a time of 4 x 10 seconds. Furtherwore, if this

" event did happen; 1t would be just as likely that 2 elﬁctrons would

stop in the front counter and i.gn'the,éécond; but whaﬁ the gaing

are reversed, this is mot fouod to be so.

The counting rate was also checked as the beam intensity was

reduced. The beam was rsduoed‘by a8 much &3 a faétor of §, and the

ecincidénce counting rate was always proportional to the beam, and

not to the square of the beam as it would be if acoidental pile-up i

]

were involved, The results of these checks are summerized in the

. typlesl data given in Table V-(1), =

?inally, the distribution in smplitude of the pulses in ihe

first counter . was detérmineé for those pulses which were'aéeompsnied

by counts in the aeoénd counter. The electronic system,for this

heuéuiim@nt was discussed in sectiqn’III and the resulis are given

in Pigure V~(3).

S
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. V1 Cglgulniigns'Qgg:Correckignsg

The measurements made in these experiments give the distribution
ranée of the protons and the energy distridution must be inferred

from these data.
¥

We can consider the target surrounded on all éireationa by a
'aea of material in which the counter system records all the protone
that come to r;at in a certain solid'anéle and in a small int&rval
of range.‘ Thie interval of range is calculated as degcribed in
Section II from the data such as are given in Figure V-(3), 1In all
of the runs it was approximately equal to 30 mg/bmg of aluminum.
In practice, of course, the counteéa are not moved but are kept fixed
in space and varying thicknesses of absorber are placed ih'front of
- them,

Ir addition to‘tﬁe irterval in range accerted by the counters
‘there is an uncertainty in range due to the finite thickness of the
ta}get.. Since fhe countihg rates are generally quite low it is
necessary to use as thick‘a target aelis reasonable. Hoﬁevér,
réasonablenega in this connection must be considered in terms of the
energy distribution which i3 ultimetely to be calculated, Differen-

tiating Equation II-(4), we have:

g = 20sg g
Fo:‘{h§~;;;;gy distributions ABE/E was held between 10 and 30 percent

5o AR/ could be betwesn 18 and 54 percent.
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The final result of the calculations.is the. determination of the

differential cross section for the photo-ejectionvof protons of energy

E at en angle 6 , We write this quantity as __d 2  (E,8 ) which will
. dEd q-

x
i

be abbreviated to dO (E,8), O Y

The differential cross section is given by
d(T(E,Q) H NP(E’G)
_ 2

L (Nt/cm JAE AL

where Np (E,0 ) 48 the numbser pf rrotons ccunted ai th;.energylﬂ, andﬂ’
angle 8; A E is the energy region accepted by the counting,syntem

end A Nt the‘solid'angle subtended at the target by the opening to

the counting system, Nt/cmzkis the number of‘target'nucléi per e’

as seen by the beag; and Nﬁn is the number of gawma rays incident on

the target. At least some degree of arbitrariness is involved in the

definition of Nin because of the nature of the Bremsstrahlﬁng‘beam.

, . | L
For the first of these calculations N, will be taken as the number

of "effective quanta" by which we mean the total energy in the beam
in Mev divided by the ma#imum energy of 335 Nev.

AE is equel to dE/dx (in ﬁbv/hg/bmz) multiplied by the range
interval AR, which equals jovgg/bmz aa mentioned sbove, accepted by
the counters. The rate of energy loss;‘ dB/Bx, is that for the protons
as they leave tﬁe’target. The absolute error in AR as obtained from
the pulse height distribution is probably less than 25 percent but

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

aprlies to the solid angle. However, Rp, the relative valuve of N, and
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Nt/cm2 are known to about 3 percent. Therefore the absolute value of
the cross gection may be in error by as much as a factor of two, dbut
the relative cross sections have errors which are determined primarily”
by the counting statistics since the large errors méntioned do not
effect relative cross section calculations.

For the low energy regiﬁn of the energy distribution where very
thin targets must be used, the no-target background becomes significent.
Considerable effort went into attempts to reduce this source of back~
ground, but the best that could be schieved was a no-target background
equivalent to about 15 percent at the 9.4 Mev point.

In addition to the accidental coincidence correction which was
mentioned above there are two other sources of error which must be
considered. These ere; first, the effect of nuclear absorption in the
gbsorber; and second, the multirle scatter;ng in the absorber. The
correction for nﬁclear absorption can be made quite simply. If we
take'the,geomatrical cross section for the absorption, the fraction of
the rrotons absorbed is about 9 percent per centimeter of corper
" absorber. Thus for the highest energy point taken tbis effect produces
a correction of ebout 6 percent.

The effect of multiple scattering is more difficult to evaluate
with accuracy. Scattéring 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 ignored. The root mean square
gcattering angle of the particles és they enter the first counter can

be obtained from the calculations of R. R. Wilscn 26. The formula
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26

given by Wilson is plotted in Figure VI-(1)., The maximum value of the
fraction of the range traversed before entering the first counter wae
0.98, and eince the portion of the absorber close to the counter was
alvays aluminum, the maximum value of © r.m.s. was 0.11 radians.

The effact of the scattering was calculated after making the.
| following simplifying aesumptiong: 1) the probability of scattering
into an angle © is taken as a gaussian function of ©; 2) the problem
is treated as though it were two dimensional; 3) a rough numeriesl
integration was made'by dividing the terget into three 2ones as shown
in Pigure VI-(2). This correction was 6 percent of the high energy
point, and was not made since it 1s small and not accurately known.
At all lower energy points this correction is certainly negligible as

can be seen from the way © r.m.s. falls with decressing (x/R) in
Figure VI-(1). |

Angular Distributions,
The angular distributions were taken with the terget fixed and

the counters rotated about the center of the target. The ratio of

the counts at two anglees was meamsured in successive runs.‘ For these
measurements the target was fixed with the normal to ifs surface |
bigecting the angle mede by the two counter prositions; in this way

the target presented the same aspsct to the counters in4both runs.
This procedure elininated‘all corrections in the angular distributions
and the ratio of the 4 G'(E;G) at the two anglea was just the

ratio of the counts divided by the reading or the beam monitor.
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VI1 Results and Diescussion,

P

The avereges of the results of the energy diatributions are given
ir Table'VII;(l). As stated above, the accuracy of the relative values
of 8ll of the data are limited only by the statistical €TTOTE (given
throughout as standard errors), and the corrections due to multiple
ecattering. The absolute values of all of the cross.sections are
believed to be correct to within sbout a factor of two. The dis-
tribtutions for each of the three elements measured are shown in
Figure VII-(1), with the cross sections for eéch element divided'by
the 2/3 power of the atomic number, It can be seer that the data for-
lead begina to deviate from the trend in carbon arnd copper at about
13 ¥ev. This decrease in yield from lead at low energy is to be
exrected, because of the éoulomb barrier which is 13,7 Mev, The fact
that this effect of the barrier arpears at about the correct energy
is further evidence thaﬁ we are countinrg rrotons,

To show the form of the energy distributiors, ihey are plotted
on log-log paper in Figures VII-{2), (3), and (4). Excepi for the
effect of the coulomb barrier in lead, the data are all consistent
vith the best fit straigh£ lines shown; Thus the yields are rro-
rortional to l/Es where 8 is 2.2%,2 for lead, 1)9 X.1 for copper,
and 1,7 * .1 for carbon. The differences seem to be beyond experi-
mental error but rot enough that ver&»much significence cen be
attributed to them.

The angular distributions consisf only of three angles for

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

-



E To Target Ceuter (Mev)

8,7
12.2
19.1
3345
41.5
54.

67.

™~

Table VII - (1)

| a7 (8, 7/2)
in cm /&ev Steradian
6.6 10.7 9.2 x 1070
10.8 1346 5.2
17.7 2045 _ 2,78
Slel 34.8 «88
3243 50, | o544
48, 6C. «490
62, 72, . 272

a (8, 7/2)
a2/34zq |

17.1 x 10~51
9.6
5.12
1.65
1.19
.91

«50

Standard Error
Percent

10

12

12

15

69¢ TYON
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. Table VII - (1) « Continued

COPPER . ‘
@) s

E to Terget Canter (¥ev) E Eiinimum B Maximum o T , v Y. o Sﬁandard Brror
" . ) ' o . GEd 1 52/3‘53‘1 2 " Percent
in Hev - in Mev o ‘

. o

in cmz/!t(ev Steradian

9.5 - . . 725 - 114 47, x 10790 29.6 x 10‘?1 4.4
148 13,3 182 16,9, 108 845

20,2 180 B ‘ 22,1 9.9 ‘s.zA B 840

29,0 o282 316 e 3.0 T I
'~46  o . 35;3 a0 , 2.85 - ; ': L7 ' 548

68 62,0  73.8 - 0.9¢ Cuse 14

-q42-
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E to Target Center {(Mev)

9.4
12,5
19.1
25.0

-i‘34.3
40.0

67,5

E Minimum
in Mev

7.25°
10.7
17.8
22,3
32.3
32,3

82

Table VII - (1) - Continued

LEAD

E Maximum
in Mev

11.4
14.1
20.2
2746
3643
47.0

72.2

40 (B, 7/2)

dEd 2

in cm®/Mev Steradian

35.2 x 10750
43,1
31.0
19.9
10.2
8.0

2‘0

d~ (B, 7”’/[2) .
ar T Btandard Errae

Az/sdEdJQ Percent

93, x 10752 To4

113, 6od

81, 1l. 2
~3
[

53, 10. V

26.1 15.

21.0 4,5

5.4 15,

69¢ THON
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energy region of 25 to 38 Mev, The re;ative yields, normalized to

909, are as followss

Corper Carbon
45° S .09 1,25 .09
67° 1,50 .13 -
90° ‘ 1.00 (by definition) . 1,00 )
135° . 070 .04 0.58 .04

We shall now attempt to ghow that the dsta obtsined in these
experiments suggest the direct photo-effect as the mechanism for the
(¥,p) reactiors, Thie meane that the gamme ray interacts primariiy
with a single proton and does not deliver its energy to the nuclaﬁa
28 a whole, Interaction with a single particle is immediately
. suggested by the angulgi distributions as it is difficult to imaginé
how a compound nucleus effect could rroduce @he progounced forward
peak which is observed. If we consider a single particle interaction,
then the forward resk will be explained at léast in part as due to
the eberratior of the ﬁngle of incidence of the gamma ray as seen by
thé rapidly moving rroton, Thé relativistic fransformation of the

angles is given by‘

cos & = cog 8 + /2 (1)
1+7 cos e

vhere & is the angle between the direction of the protons' motion

and the beem in the laboratory system, ©' ie this angle in the rroton's
systém, and_@ is the velocit& of the protbn divided by the velooity of
light. From Equation (1) 1t follows that the solid angle -4./l, which

is proporticnal to sin & d @, transforms as

a /1 = 4.1 (2)
(1+,/~’= cos 6’).7‘
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Applying these transformations to our data with f = ,28 for a 30

Mev proton we obtain the following:

@ proton's system do'/ar & E
Cbppgz Carbog :
57° 93 L .07 .£9 £ .03
108° 1,00 1.00
144° 1.04 £ .06 0.86 £ .06

These results indicate symmetry abdut 90° to wituin the agcuracy
of the expsriment. Such symumetry is to be expacted if we conslder only
the classical electro-magnstic interaction of the gamma rey 88d & single
proton,

The enérgy distribution and the absolute value of the cross section
also support the idea of a plotco-effect. If we consider the celeulations
for the photo-disintegration of the déutaron, wevhave for the energy

A
dependent tarmze

3/ I
a OI(E)-af{;7 y= Ehiggi&& . (3)

where Ebinding is the binding snergy of the proéon to the nucleus whish

we can take as sbout 8 lev, and £ is the energy of the proton as it ieaves

the nuelsus, This type of process implies & connection betwsen the energy

of the proton and thet of the photon which'caused the ejection, When a
particle is2 pulled out of a nucleus in this fashion there is not sufficient
time for the rearrangement to the ground state wave function of the residual .
nucleus, Caleculations of the energy necessery in such a non-adifbatic

procaess have not been dons, but the experimants'of Ybrkgg with high energy
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noutrons indiecats that sbout 12 Mev Qill be left in the nucleus.

'he numver of photons of energy (£ + 20) lMev multiplied by BEquation
{3) is plotted in Figure VII-{5), along with the energy distribution from
copper. The curve was normalized to fit the data at 30 v, apd it can
be sesn that ths agreement is quite good in ths high energy region. If
this explanstion of the results is correet,.tha disagroement at low
energies can be exdlainsd either g& the’crudénosa bf the model taken in
the calculat.ons or as dus to the neglect of the exvected low-energy
protons fron the compound nuclei in.which tﬁe gamma ray energy has been
conpletely obsgerved.

The absoluts value of the oross sect ion obtainaﬁ ffom these

calculations is approximately

-4 o (B,0) = (;§%5> o geometrical (¥§£§§73' sin® @ (4)
This result is obtained from the Bethe Peierls calculations of
the photo-disintegration of the deuteron together with the assumption that
only those protons at the gurface can be succesafully ejeéted by a gemma
ray. The value obtzined from Equaﬁion (4) rmltiplied by tho number of
gasma rays of energy (% + 20) per equivelent guanta ( using the Bremsstrahlung
gpectrum given by Veitlerso) is -in surprisingly good agreement with the
the results given in Table VII-(l’. For instance, for lesd at 40 Mov,
and ot 90°, equation (4) gives 4 014012"i 21,9 x-10"%%nm®, while the
observed value is d o = 8 x 10~0en?, )
It should be noticed that this type of nuelear photo-effect is not
primarily a high energy phencmenon. For the energiss considered here the

‘wave longth of ths photons is long compared to the 'size' of & nucleus.
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A particular proton is selected for ejection because it hes the appfopriato

" mamentum componants when the photon strikes, Thus a further study of

this process both theoretically and experimentally might yield informetion

about the momentum distribution of particleas in the nucleus.
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